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ABSTRACT

Rare-earth orthovanadates constitute a paradigmatic family of ternary oxides, due to their
striking properties and their manifold polymorphs. Many of their different phases can be achieved
by submitting these crystal structures under extreme pressure and temperature conditions. In this
dissertation we study the behaviour of NdVO,4, GdVO,, PrVO, and TbVO, under high pressures
and different temperature conditions. Different samples of these compounds were characterized
by means of several experimental techniques such as X-ray diffraction (XRD), Raman scattering
and optical absorption. In addition to this, many of our experimental results are also supported
by ab initio calculations, which allowed a better understanding of the pressure behaviour of these
compounds. With regard to NdVOy, our experiments under quasi-hydrostatic conditions showed
that there is a zircon-to-scheelite phase transition at ~ 6.5 GPa and a scheelite-to-fergusonite
phase transition at ~ 20 GPa. Similar findings were found in GdVO, at 7.0 and 20 GPa respec-
tively by means of XRD, Raman spectroscopy and optical absorption measurements. Moreover,
the Raman scattering measurements found a third phase transition to a post-fergusonite phase at
~ 30 GPa. With respect to PrVO,, XRD experiments at high pressures found a zircon-to-monazite
and a monazite-to-PbWOy-III phase transition at ~ 5.5 and ~ 12.7 GPa, respectively. Motivated
by theoretical predictions, we also synthesized the scheelite phase of PrVO, at high pressures and
high temperatures in a Paris-Edinburgh large volume press cell. The recovered scheelite phase
was later studied upon compression by using Raman spectroscopy. In general, the equations of

state of the different phases observed for NdVO,4, GdVO,4 and PrVO, are also reported, as well as



the pressure evolution of the Raman active modes. The experiments and calculations on these
orthovanadates show that kinetic barriers play a crucial role in the zircon-scheelite/monazite
systematics of RVO, compounds. By gathering the data available in the most recent literature as
well as our ab initio calculations we could unveil the mechanisms that govern in these structural
sequences. In particular, the zircon-to-scheelite and zircon-to-monazite phase transitions are trig-
gered by dynamical and mechanical instabilities respectively. Finally, we explored the Jahn-Teller
effect of TbVO, at low temperatures (and high pressures). Optical absorption experiments at low
temperatures and room pressure show a progressive widening of the electronic band gap below
35 K as a consequence of the Jahn-Teller distortion. XRD measurements at low temperatures
and low pressures show that the transition temperature considerably increases with pressure. A

tentative pressure-temperature phase diagram is proposed for TbVOy,.
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RESUMEN

I OBJETIVOS

Los compuestos RVO,, también llamados ortovanadatos de tierras raras (R = atomo de tie-
rra rara), constituyen un subgrupo particular de 6xidos ternarios, los cuales han suscitado un
interés generalizado, principalmente debido a las numerosas aplicaciones tecnologicas para las
cuales han demostrado ser utiles, tales como centelleadores, termofdsforos, laseres de estado so-
lido, materiales para el almacenamiento de residuos nucleares, materiales fotocataliticos para la
purificacion de agua, etc. Ademas de esto, los compuestos RVO4 muestran una gran variedad de
fases cristalinas en funcion de las condiciones de presion y temperatura a la que se encuentren
sometidos. Este amplio polimorfismo hace todavia mas interesante el estudio de tales compues-
tos, ya que algunas de sus fases de alta presion pueden ser recuperadas en condiciones ambiente
en un estado metaestable. En términos generales, se puede decir que los ortovanadatos de tierras
raras constituyen un paradigma dentro de los 6xidos ternarios, por lo que su estudio bajo diferen-
tes condiciones termodinamicas puede arrojar luz sobre el comportamiento de un grupo mucho
mas amplio de compuestos.

De esta manera, los objetivos fundamentales de esta tesis doctoral pueden resumirse en los
siguientes puntos: (i) identificacién y caracterizacion de las diferentes estructuras cristalinas en
varios compuestos RVO, sometidos a condiciones de extrema presion y/o temperatura, (ii) com-

prension de los mecanismos fisicos que subyacen a las transiciones de fase observadas y (iii)
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busqueda de sistematicas en la familia RVO,. Para ello no solo caracterizaremos nuestras mues-
tras mediante diferentes técnicas experimentales, sino que también dispondremos de calculos ab
initio que nos permitiran obtener una mejor comprension de los fenémenos observados. Nuestro
trabajo se centrara en aquellos compuestos en el que el atomo de tierra rara pertenece a la serie
de los lantanidos, en particular, estudiaremos experimentalmente los compuestos en los que R =

Pr, Nd, Gd y Tb bajo altas presiones y, ocasionalmente, altas o bajas temperaturas.

En primer lugar, el estudio experimental de estos materiales permite la obtencion de diferentes
parametros fisicos caracteristicos de cada estructura cristalina. Por ejemplo, la difraccion de rayos
X permite identificar la fase, hallar experimentalmente la ecuaciéon de estado presion-volumen
y evaluar la anisotropia que el material presenta bajo compresion. Por otra parte, gracias a la
técnica de espectroscopia Raman es posible encontrar la dependencia de la frecuencia de algunos
modos de vibracion con la presion. Asimismo, puesto que se trata de materiales semiconductores,
la caracterizacion optica de la banda prohibida puede ser especialmente relevante para detectar

cambios en la estructura electrénica del material.

Sin lugar a duda, la obtencion de sistematicas constituye una de las motivaciones principales
en el estudio de los compuestos RVO, bajo presion. Previamente a nuestros estudios, la siste-
matica establecida en la literatura relacionaba la estructura de alta presion con el tamafio del
cation de la tierra rara. Mas concretamente, la sistematica se expresaba en los siguientes térmi-
nos: excepto el LaVOy, todos los compuestos RVOy, cristalizan en la estructura tipo zircon (grupo
espacial I4;/amd) en condiciones ambiente; cuando estos compuestos se comprimen lo suficien-
te a temperatura ambiente, sufren una transformaciéon de fase a una estructura tipo scheelita
(grupo espacial I4,/a) cuando R** es un catién pequefio (R = Sm - Lu) o a una estructura tipo
monacita (grupo espacial P2;/n) cuando se trata de cationes grandes (R = Ce, Pr y Nd). Esta sen-
cilla sistematica, sin embargo, no da cuenta de algunas excepciones a ella cuando se modifican
ciertas condiciones experimentales. Por ejemplo, diferentes condiciones en la hidrostaticidad del

medio pueden alterar el resultado final, como demostraron nuestros experimentos. Por ello, es
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conveniente también realizar un estudio tedrico acerca de los fenémenos fisicos que subyacen en
los procesos de transformacion de una estructura en otra, de modo que podamos encontrar una

sistemaética relacionada de una manera maés directa con los mecanismos de transicion.

II METODOLOGIA

II.1 METODOS EXPERIMENTALES

Puesto que nuestra investigacion es principalmente de caracter experimental, conviene hacer
una exposicion resumida de los métodos y materiales empleados. La mayor parte de nuestros
experimentos requieren la compresion de muestras cristalinas, generalmente en polvo, mediante
el uso de celdas de alta presion. En este caso, los dos tipos de celdas empleadas han sido la cel-
da de yunques de diamante o DAC (del inglés Diamond Anvil Cell) y la celda de gran volumen
Paris-Edimburgo. Comenzaremos nuestra exposicion por la primera, puesto que has sido la mas
utilizada en nuestros experimentos.

La celda de yunques de diamante es posiblemente el aparato mas empleado hoy en dia para
someter materiales a presiones extremas. La principal caracteristica de este dispositivo es que, a
diferencia de otras celdas de presion, proporciona una excelente ventana 6ptica para los rayos X
y la radiaciéon comprendida entre el infrarrojo lejano y el ultravioleta en el espectro electromag-
nético. Ademas, el tamafo usual de estas celdas es lo suficientemente pequefio como para caber
en la palma de la mano, lo cual facilita su uso en multitud de montajes. Mas especificamente, este
tipo de celdas consiste en un par de yunques de diamante contrapuestos, cuyos «culets» tienen
didmetros comprendidos entre 200 y 500 micras. La reducida superficie que ofrecen estos yun-
ques permite alcanzar presiones muy elevadas, generalmente de decenas de gigapascales (GPa)
o incluso de cientos en algunos casos particulares, aplicando una fuerza mucho menor que en el

caso de las celdas de gran volumen. Por lo tanto, pese a las increibles ventajas que proporciona,
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la principal limitaciéon de este mecanismo es que requiere cantidades muy pequefias de muestra.
Entre ambos diamantes se sitiia una junta de metal (generalmente acero, wolframio o renio), pre-
viamente preindentada a un grosor adecuado y perforada en la zona central. En esta junta se in-
troduce la cantidad de muestra deseada (en polvo o monocristal), un medio transmisor de presion
para optimizar las condiciones hidrostaticas (generalmente una mezcla de etanol-metanol-agua
o gases nobles como el helio, neén o argoéon) y un estandar para determinar la presion de la ca-
mara. Como estandar de presion pueden emplearse rubies, cuyos picos de luminiscencia tienen
longitudes de onda calibradas con la presion. Es decir, los rubies pueden excitarse empleando un
laser y medir los picos de luminiscencia con un espectrometro convencional. El desplazamiento
de estos picos hacia mayores longitudes de onda con la presion estd ampliamente estudiado en
la literatura (~ 3,65 nm/GPa en el rango del visible). También puede emplearse algiin material
cuyo comportamiento bajo presion sea conocido. Por ejemplo, en difraccion de rayos X, puede
emplearse NaCl, Pt, Au, Cu u otro material cuyos picos de Bragg estén calibrados con la presion.
La presion en la camara donde se encuentran los materiales aumenta al aproximar los diamantes.
En funcién del tipo de celda de diamante, esto puede hacerse de diferentes formas. En nuestro
caso particular, el tipo de celdas de diamante empleadas son las llamadas celdas de membrana.
Estas celdas estan constituidas por tres partes principales: el cuerpo de la celda y el piston, ca-
da uno de ellos con un diamante, y la membrana. El principio por el que funcionan este tipo de
celdas es sencillo: el piston se desplaza progresivamente contra el cuerpo gracias al empuje de la
membrana, la cual se hincha empleando gas a presiones moderadas (< 100 bar). Esto permite el
acercamiento de los diamantes, asi como un mayor control de la presion a la cual se somete la
muestra. La relacion entre la presion de membrana y la presion de la muestra depende de cada

experimento.

El hecho de que el diamante sea un material transparente a los rayos X de alta energia (E > 10
eV) permite estudiar la evolucion estructural bajo presion empleando la difracciéon de rayos X

(DRX). Esta técnica constituye uno de los métodos mas comunes de caracterizaciéon de materia-
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les. Consiste en un proceso de dispersion elastica coherente, en el cual la radiacion dispersada por
los atomos se amplifica por interferencia constructiva en determinadas direcciones, dando lugar
a un patron de difraccion caracteristico. En los materiales cristalinos estas direcciones estan rela-
cionadas con las distancias entre los diferentes planos cristalinos segtn la ley de Bragg. En nuestro
caso particular, se emplearon muestras policristalinas en los experimentos de DRX. Debido a que
el polvo contiene una gran cantidad de pequefios cristales orientados en multiples direcciones
arbitrarias, algunos de ellos se encuentran en posiciones en las que uno de sus planos cristalinos
cumple la condicién de Bragg. Como consecuencia se generan una serie de conos de difraccion
que se registran como un conjunto de anillos concéntricos en el detector bidimensional. Cada
uno de estos anillos corresponde a una determinada distancia interplanar del cristal. Para realizar
el analisis, estos anillos concéntricos se integran en patrones de difracciéon bidimensionales que
representan la Intensidad frente al angulo 26. Puesto que la posicion de los picos en los patrones
integrados est4 relacionada con las distancias interplanares del cristal, es posible deducir los para-
metros de la celda unidad del cristal. El proceso mediante el cual se refinan los parametros de red
en funcion de la posicion de los picos de difraccion es conocido como indexacién (refinamiento
LeBail). Por otro lado, la intensidad relativa de estos picos esta relacionada con la posicion de los
atomos dentro de la celda unidad, por lo que es posible determinar estas posiciones. Este tipo de
refinamiento se denomina método Rietveld. No obstante, este proceso solo puede llevarse a cabo
cuando el patron de difraccion tiene una buena calidad, lo cual implica, entre otras cosas, que el
polvo esté molido muy finamente, que no existan orientaciones preferenciales y que la muestra
se encuentre en condiciones hidrostaticas. Si, por el contrario, no se cumplen estas condiciones,
se alterara de forma espuria la intensidad relativa de los picos de difraccion y solo sera posible

realizar la indexacion de los patrones de difraccidon y obtener los parametros de red.

Respecto a las fuentes de rayos X empleadas en los experimentos, podemos describir dos ti-
pos fundamentales: las fuentes convencionales y los sincrotrones. Con respecto a las primeras, los

rayos X se suelen obtener acelerando electrones que posteriormente impactan contra un blanco
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metalico, normalmente de cobre (Ax, = 1,5406 A) o molibdeno (Ax, = 0,7093 A). La radiacion se
produce como consecuencia del decaimiento de electrones del &tomo del metal desde niveles su-
periores a niveles internos menos vacantes. Aunque hoy en dia siguen siendo muy utiles, este tipo
de fuentes convencionales cuentan con una serie de limitaciones. Por ejemplo, el brillo propor-
cionado por estas fuentes es mucho menor del que pueden proporcionar las fuentes de radiacién
sincrotron. De hecho, un sincrotrén de tercera generacion, puede suministrar radiaciéon entre 12
y 16 6rdenes de magnitud mas brillante que un tubo de rayos X convencional. En los sincrotrones,
la radiacién electromagnética se produce acelerando electrones mediante un campo eléctrico y
curvando su trayectoria mediante campos magnéticos. Cuando las particulas cargadas se encuen-
tran girando a velocidades relativistas se produce un haz de radiacion electromagnética colimada
en la direccion tangencial. Mediante el empleo de dos tipos de dispositivos conocidos como «wig-
glers» y onduladores, los cuales consisten en un conjunto de imanes que «ondulan» la trayectoria
de los electrones, es posible aumentar ain mas el brillo, gracias a la superposicion coherente de la
radiacion emitida. Tras pasar por estos dispositivos de insercion, el haz electromagnético incide
sobre un conjunto de espejos de silice que actian como monocromador, de forma que es posible
seleccionar una determinada longitud de onda. A continuacién el haz pasa por una serie de fil-
tros y espejos que focalizan el haz monocromatico sobre la muestra. Los haces difractados por la
muestra son recogidos por un detector bidimensional. Habitualmente, el procedimiento de medi-
da consiste en insertar la celda de yunques de diamante cargada, de modo que el haz se focalice

sobre la muestra.

Por otro lado, el estudio de las vibraciones de la red cristalina resulta crucial para la compren-
sién del comportamiento de los compuestos RVO, bajo presion. Por ello, una de las técnicas que
mas relevancia han adquirido durante la investigacion ha sido la espectroscopia Raman. Esta téc-
nica se basa en el fenémeno de dispersion Raman, en la que se caracterizan modos de vibracién
en el centro de la zona de Brillouin cuya simetria induce una variacion no nula en el tensor de

susceptibilidad. Como consecuencia, ademas de la luz dispersada elasticamente, obtenemos dos
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contribuciones de menor intensidad, cuya frecuencia es la resta y otra la suma de la frecuencia de
la radiacion incidente y la frecuencia de los fonones. En estos casos hablamos de dispersion Stokes
y Anti-Stokes, respectivamente. Se trata, por lo tanto, de un fenémeno de dispersion inelastica.
Para estos experimentos hemos empleado un montaje que incluye un laser de He-Ne (A = 632,8
nm), un monocromador con una red de 600 lineas/mm y un detector CCD multi-canal con un
sistema de refrigeracion termoeléctrico . Ademas de ello, la linea laser se eliminé mediante el uso
de diferentes tipos de filtros. Este sistema permite obtener espectros Raman con una precision de
1 cm™! aproximadamente. La calibracion de este montaje se realiza tomando como referencia las

lineas de plasma del laser He-Ne.

Ademas de las dos técnicas mencionadas, algunas de las muestras fueron estudiadas mediante
la técnica de absorcion oOptica, la cual permite estimar el tamafio del la banda prohibida de estos
materiales, asi como su evolucion con la presion o la temperatura. Para ello se seleccionan mo-
nocristales delgados (ad ~ 3) de caras plano-paralelas, de modo que el grosor de la muestra sea
uniforme. Mediante un sencillo montaje en el que empleamos una fuente de luz cuyo espectro esta
comprendido entre el ultravioleta y el infrarrojo y un espectrometro, es posible medir el espectro
de transmitancia de la muestra, para después obtener el espectro de absorcion. La dependencia
del frente de absorcion con la energia muestra de qué tipo son las transiciones desde la banda
de valencia a la banda de conduccidn, es decir, si son directas o indirectas. En las medidas bajo
presion, la celda de diamante se inserta en el montaje de forma que mediante un microscopio
puede observarse la muestra contenida en su interior. En el caso de las medidas a presion casi
cero y baja temperatura, los monocristales se dispondran en el interior de un criostato de helio

comprimido, que permite enfriar muestras hasta los 14 K.

Durante nuestra investigacion, se llevaron a cabo diferentes sintesis en la celda de gran vo-
lumen Paris-Edimburgo. A diferencia de la celda de yunques de diamante, esta celda permite la
compresion de cantidades mucho mayores de muestra (3 mm?® aproximadamente) hasta un ma-

ximo de 15 GPa. Ademas, este tipo de celda cuenta con un sistema de calentamiento eléctrico
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controlado por ordenador, por lo que es posible realizar sintesis de compuestos a altas presio-
nes y altas temperaturas (hasta 10 GPa y 1500 K empleando un horno de grafito) y conseguir
un volumen considerable de muestra. Pese a que no permite un acceso Optico a la muestra, este
tipo de celdas pueden emplearse en experimentos in situ tales como medidas de transporte o di-
fraccion. Este tipo de celda de gran volumen esta equipada con dos yunques conicos de carburo
de tungsteno contrapuestos. Entre ambos yunques se sitia la junta o gasket de pirofilita, la cual
contiene la muestra en su interior y se halla rodeada de un anillo de teflon que evita una posible
extrusion lateral del material. La muestra compactada en un cilindro se introduce en un pequefo
tubo de nitruro de boro, el cual actiia como medio transmisor de la presion. A su vez, éste es in-
troducido en un cilindro hueco de grafito, empleado para aumentar la temperatura de la muestra.
Este conjunto de elementos se introducen en la junta de pirofilita y se tapan con unos anillos de
molibdeno que actiian como electrodos. La presion de la celda se aumenta mediante un sistema
manual de bombeo de aceite que desplaza el piston, aproximando los yunques. La temperatura de
la muestra se eleva calentando el horno de grafito mediante una corriente eléctrica controlada.
Para evitar el sobrecalentamiento de los yunques, éstos disponen de un sistema de refrigeracion
de agua fria. Las condiciones de temperatura y presion de la muestra estan previamente calibradas
con la potencia eléctrica y la presion del aceite respectivamente.

De forma muy sintetizada, el cuadro 1 muestra un resumen de los detalles experimentales
con los que se estudié cada compuesto. Se incluye el nombre del compuesto, el tipo de muestra
(polvo o monocristal), la técnica empleada, los dispositivos utilizados para cambiar la presion y/o

temperatura, las condiciones a las que se sometio la muestra y el medio en el que se encontraba.

II.2 CALCULOS AB INITIO

Gran parte de nuestro estudio, en concreto el de los compuestos NdVO4, GdVO, y PrvVO,
incluye también un analisis tedrico mediante el empleo de calculos ab initio en el marco de la

teoria del funcional de la densidad o DFT (del inglés Density Functional Theory). Este tipo de
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Cuadro 1: Resumen de los detalles experimentales segin cada compuesto. Las condiciones a las que se
someti6 las muestras se denotan como AP (Alta Presion), AT (Alta Temperatura) y BT (Baja temperatura).

Compuesto Muestra Técnica Dispositivos Condiciones Medio

NdVO, Polvo DRX DAC AP He
Polvo Raman DAC AP Ne

GdVO4 Polvo DRX DAC AP Ar
Polvo Raman DAC AP Ne
Monocristal Abs. 6ptica DAC AP MEW

PrvVO, Polvo DRX DAC AP Ne
Polvo Sintesis fase Celda gran volumen AT-AP BN

scheelita Paris-Edimburgo

PrVO, (scheelita) Polvo Raman DAC AP Ne

TbVO, Monocristal Abs. optica  Criostato BT Vacio
Polvo DRX Criostato + DAC BT-AP Aceite de

silicona

calculos se realizan con el objetivo de complementar a los resultados experimentales, de forma
que sea posible obtener una explicacién mas completa y precisa de los fendémenos observados.
La estabilidad de los diferentes polimorfos de un compuesto sometido a altas presiones puede
estudiarse mediante el calculo de sus curvas de energia libre de Gibbs. El cruce de estas curvas
coincidiria con las presiones de transiciéon. En estos calculos se deberia tener en cuenta tanto
la contribucion de los efectos térmicos como de la presion. No obstante, es comun despreciar
los primeros (asumir que T = 0), por lo que las curvas de energia libre serian equivalentes a las
curvas de entalpia. Esta aproximacion se ha demostrado razonable en una gran cantidad de casos,
pues suele introducir variaciones muy pequenas en las presiones de transiciéon. Empleando estos
calculos es posible ademas relajar una determinada estructura y hallar la correspondiente presion
para un conjunto de volimenes de la celda unidad. Esto permite analizar desde un punto teérico

la evolucién de los parametros de red y posiciones atomicas con la presion asi como hallar la
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ecuacion de estado tedrica de una determinada estructura.

Por otra parte, una transicion de fase no tiene porqué necesariamente verse reflejada en las
curvas de entalpia. Es posible que la estructura, a determinada presion, sea dindmica o mecanica-
mente inestable. Para analizar el primero de los casos, es necesario calcular la dependencia de la
frecuencia de los fonones con la presiéon. Ademas de esto, los calculos permiten estimar la evolu-
cion de los modos que no son activos Raman, como los modos infrarrojos o los modos silenciosos.
Los calculos son especialmente interesantes en este ultimo caso, ya que los modos silenciosos no
son detectables mediante las técnicas convencionales de espectrocopia. Las inestabilidades di-
namicas se producen por el ablandamiento de un fondn, lo que significa que su frecuencia de
vibracion se hace cero a una determinada presiéon. Como consecuencia, se produce un despla-
zamiento de algunos atomos o estructuras poliédricas dentro de la celda unidad, lo que puede
introducir cambios en la simetria del cristal. Por otra parte, las inestabilidades mecanicas estan
relacionadas con las propiedades elasticas de la celda unidad. Por ello, es necesario calcular el ten-
sor de constantes elasticas a diferentes presiones, el cual relaciona una determinada deformacion
con un determinado estrés. Asumiendo condiciones de presion hidrostatica, es posible calcular a
qué presion se produce una deformacion finita con un estrés adicional nulo. Dicho de otra ma-
nera, los calculos permiten hallar a qué presion se produce una deformacién espontanea de la
estructura cristalina. Este tipo de inestabilidad suele dar lugar a transiciones de segundo orden,
en las que no se produce una discontinuidad en los parametros de orden. No obstante, si estas
inestabilidades se producen en una estructura metaestable, es posible que sirvan para disminuir
la barrera de activacion entre esta fase y la fase termodinamicamente estable. En otras palabras,

las inestabilidades dindmicas y mecanicas pueden favorecer una transiciéon de primer orden.
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Il CONCLUSIONES

En esta tesis se muestran los resultados obtenidos sobre diferentes tipos de compuestos RVO,
en condiciones extremas de presion. El orden establecido en este trabajo comienza con la expo-
sicion de los resultados obtenidos para los compuestos NdVO,4, GAVO, y PrVO, bajo presion en
tres capitulos diferentes. En el capitulo que sigue a continuacién, exploramos la sistematica de los
compuestos RVOy tipo zircon sometidos a altas presiones, mediante el uso de calculos asi como
de los resultados experimentales obtenidos en nuestros experimentos y aquellos disponibles en la
literatura mas actual. Por ultimo, la tesis cierra su exposicion con el estudio del efecto Jahn-Teller

cooperativo en el TbVO, a bajas temperaturas y altas presiones.

[II.1 ORTOVANADATO DE NEODIMIO

Respecto al compuesto NdVOy, nuestros experimentos de DRX y dispersion Raman bajo pre-
sién en condiciones quasi-hidrostaticas (empleando He y Ne como medios transmisores respec-
tivamente) confirman el comienzo de una transicion de fase zircon-scheelita a 6.5 GPa aproxima-
damente. Esto constituye una diferencia notable con estudios experimentales previos, donde la
fase monacita, en lugar de la scheelita, aparecia a altas presiones. Este resultado pone de relieve la
enorme influencia de las condiciones hidrostaticas en la secuencia estructural que los compues-
tos RVO, muestran bajo compresion. Ademas de ello, experimentalmente se observa un colapso
de volumen del ~ 11 %, lo cual es tipico en las transiciones zircon-scheelita, ya que la estructura
scheelita es mucho mas compacta. Asimismo, los calculos ab initio predicen inestabilidades dina-
micas y mecanicas a presiones similares a la observada experimentalmente, por lo que es posible
que alguna de ellas intervenga en la disminucién de la barrera cinética entre las fases zircon y
scheelita. Se observa también una segunda transicién de fase a 20 GPa, la cual se corresponderia
con una distorsiéon monoclinica de la fase scheelita que da lugar a la fase fergusonita. Segun los

calculos esta distorsion se produciria como resultado de una inestabilidad mecénica relacionada
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con el tensor de constantes elasticas. Con respecto a las ecuaciones de estado, se obtienen moédulos
de incompresibilidad de By, = 118(2) y 143(8) GPa para las fases zircon y scheelita respectivamen-
te, lo que supone un aumento del 20 % después de la transicion. Los valores experimentalmente
obtenidos tienen una buena compatibilidad en general con los valores teéricos. Por otro lado, pa-
ra la fase fergusonita se obtiene el mismo méodulo que para la fase scheelita, lo cual es razonable
teniendo en cuenta que se trata de una version distorsionada (monoclinica) de ésta. En referencia
a los experimentos de dispersion Raman, la distribucion de los modos Raman de las fases zircon
y scheelita presentan algunas similitudes. En ambos casos los espectros se encuentran divididos
en dos regiones separadas por un gap en el que no existen modos Raman. En la estructura zir-
con, los modos en la region de alta energia, los cuales corresponden a vibraciones internas del
tetraedro VOy, poseen coeficientes de presiéon sustancialmente mayores a la del resto. Asimismo,
la frecuencia y el valor de los coeficientes de presion de los modos internos disminuye de una
fase a otra (de dw/dP ~ 5 a ~ 3 - 4 cm™!/GPa en la fase zircon y scheelita, respectivamente). Ello
se debe principalmente a que existen ligeros cambios en la direcciéon de vibracion y una menor
contribuciéon del atomo V al movimiento. Por otro lado, en la fase zircon es necesario destacar
que el modo B, posee un coeficiente de presion negativo (dw/dP = —1,1 cm™'/GPa), el cual es-
ta asociado a la inestabilidad de la fase zircon a altas presiones. Asimismo, los calculos ab initio
predicen el ablandamiento de un modo silencioso BV;, a 7 GPa. Por otro lado, con respecto a la
fase scheelita, solo la frecuencia de los modos E;l) y B_,gl) tiene una dependencia negativa con la
presion a partir de la transicion. Una vez se descomprime la muestra, se recupera la fase scheelita
en condiciones ambiente, lo cual demuestra la irreversibilidad de la transicion zircon-scheelita y

la existencia de una barrera cinética entre ambas estructuras.

1.2 ORTOVANADATO DE GADOLINIO

Por un lado, los experimentos de difraccion y espectroscopia Raman confirman la transicion

de fase zircon-scheelita en el GdAVO, por debajo de 7,0 GPa. Como en general sucede en las transi-
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ciones zircon-scheelita, se produce un considerable colapso de volumen (AV/V; ~ 11 %) asociado
al aumento de la eficiencia de empaquetamiento en la fase scheelita. El analisis experimental de las
ecuaciones de estado da como resultado un valor del médulo de incompresibilidad de By = 122(5)
y 137(2) GPa para las fases zircon y scheelita, respectivamente. Estos valores son similares a los
obtenidos en el caso del NdVO, y concuerdan mejor con los calculos ab initio que los valores
previamente reportados para muestras dopadas. Por otra parte, los calculos predicen el ablanda-
miento del fonén silencioso By, a 8,2 GPa, cerca de la presion de transicion observada. Como se
muestra en capitulos posteriores, el ablandamiento de este fonoén esta directamente relacionado
con la transicién entre las estructuras tipo zircon y scheelita. Al igual que ocurre en el NdVOy,
se observa una segunda transiciéon de fase a 20 GPa, en la que la fase scheelita se transforma en
fergusonita. Ademas de esto, en los experimentos Raman se observa una tercera transicion de fase
a 29 GPa. Segun los calculos, una estructura con grupo espacial Cmca es mas estable a partir de
~ 30 GPa, por lo que esta fase es una buena candidata para la nueva estructura. Por lo que respec-
ta a la evolucion de los modos con la presion, se observa un comportamiento similar al NdVO,.
En particular, se observa un aumento de la frecuencia de todos los modos en la fase zircon, con
excepcion de los modos E_(gz) y Bag, los cuales tienen una dependencia negativa con la presion. Por
otra parte, en la estructura scheelita, la mayoria de los modos se endurecen bajo compresion, sal-
vo los modos E_,gl) y B;l). La evolucion con la presion de este ultimo modo B;l) es particularmente
interesante, pues permite identificar la transicion scheelita-fergusonita. Mas especificamente, la
frecuencia de este modo disminuye desde 8 hasta 20 GPa, punto a partir del cual pasa a convertirse
en el modo Ay de la estructura fergusonita, cuya frecuencia aumenta ligeramente con la presion.
Tras la descompresion de la muestra, se obtiene la fase scheelita en condiciones ambiente, en un
estado metaestable, lo cual demuestra la irreversibilidad de la primera transiciéon de fase y pone

de manifiesto la existencia de barreras cinéticas.
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II.3 ORTOVANADATO DE PRASEODIMIO

En lo que respecta al PrVOy, el polimorfismo de este compuesto ha sido estudiado a altas pre-
siones y temperaturas. En primer lugar, se llevaron a cabo experimentos de DRX de muestras
en polvo bajo compresién a temperatura ambiente, empleando gas neén como medio transmisor
de la presion. Los experimentos mostraron una primera transicion zircon-monacita a 5,5 GPa, lo
cual concuerda con estudios previos. Esta transicion tiene asociado un colapso de volumen del
AV [Vy ~ 8%, ligeramente inferior a la transicion zircon-scheelita. Una segunda transicion de
fase es observada por encima de 12,2 GPa. Para esta nueva fase hemos propuesto una estructura
isomorfa a la fase PbWO,-III, la cual muestra una mayor compatibilidad con los datos experi-
mentales que otras estructuras previamente sugeridas en la literatura. En particular, el patron de
difraccion simulado y el experimental muestran un alto grado de semejanza, asi como la evolu-
cion experimental y tedrica de los parametros de red con la presion. Con respecto a la estabilidad
termodinamica de las diferentes estructuras, las curvas de entalpia calculadas predicen las tran-
siciones de fase a 5,3 y 11,1 GPa, lo cual es compatible con las observaciones empiricas. A su
vez, los calculos también predicen una inestabilidad mecanica en la fase zircon a 5,1 GPa, lo que
sugiere una posible influencia de la distorsion en la transiciéon. Con respecto a los médulos de in-
compresibilidad de las diferentes fases, las estructuras zircon y monacita muestran valores muy
similares (By = 117(4) y 114,8(1,4) GPa respectivamente), lo cual contrasta con las transiciones
zircon-scheelita. Por el contrario, si que se observa un aumento sustancial del valor de By en la
fase PbWO,-III (By = 175(15) GPa), aunque este valor podria estar sobrestimado debido a la poca
cantidad de medidas experimentales en este rango. Por otra parte, los calculos también predicen
que la fase scheelita es energéticamente competitiva con la fase monacita a altas presiones, lo
cual motivoé intentar sintetizar la fase scheelita a altas presiones y altas temperaturas en la celda
de gran volumen Paris-Edimburgo. Se realizaron cuatro sintesis en total, a 7 GPa todas ellas, tres

de 1h de duracién a 600, 800 y 1000 °C y una de 6h a 800 °C. Como resultado obtuvimos muestras
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en condiciones ambiente consistentes en una mezcla de fases zircon y scheelita. Mediante refina-
mientos Rietveld se obtuvieron tanto los parametros de red como las posiciones atomicas de la fase
scheelita en condiciones ambiente. Los refinamientos también permitieron estimar la proporcion
de la fase scheelita, la cual crece considerablemente con la duracion del proceso de sintesis. Asi
pues, mientras en las sintesis de 1h la proporcion de scheelita apenas supera el 50 %, tras la sinte-
sis de 6 horas °C la proporcion de fase scheelita era del ~ 80 % en la muestra recuperada. También
se observo en las sintesis de 1h que, mientras la proporcion de scheelita era del ~ 50 % cuando la
muestra se calentaba a 600 y 800 °C, la proporcidn caia al 35 % cuando la temperatura se elevaba
a 1000 °C. Puesto que la compresion no hidrostatica de la muestra precede a su calentamiento, es
posible que parte de la fase monacita que aparece se transforme en scheelita y que otra parte re-
torne a la fase zircon al elevar considerablemente la temperatura. Estos experimentos muestran la
enorme relevancia de las barreras cinéticas en los compuestos RVO,. La muestra con una mayor
proporcion de fase scheelita fue estudiada bajo compresion mediante la técnica de dispersion Ra-
man. Como en el resto de compuestos tipo scheelita estudiados, la mayoria de los modos poseen
una dependencia positiva y casi lineal con la presion, a excepcion de los modos E;l) y B;l). En este
caso, los coeficientes de presion de los modos internos son ligeramente mayores que las del resto.
Por otra parte, los experimentos demostraron que alrededor de 16.7 GPa se produce una transi-
cion de fase a una estructura tipo PboWO,-III, lo cual es coherente con las predicciones tedricas.
Bajo descompresion, la fase scheelita reaparece y es recuperada posteriormente en condiciones
ambiente, lo cual demuestra la reversibilidad de la transiciéon scheelita-PbWO,-III y la imposi-
bilidad de recuperar la fase zircon (estable en condiciones ambiente) sin emplear calentamiento

(barreras cinéticas).

I[l1.4 MECANISMOS DE TRANSICION

Después de estos tres capitulos, es evidente que una de las cuestiones atin por resolver era es-

tablecer las condiciones en las que se producen las transiciones zircon-scheelita y zircon-monacita
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en los compuestos RVOy,. Es por ello que en el capitulo siguiente mostramos un analisis mas ge-
neral de la sistematica de las transiciones zircon-scheelita/monacita. Reuniendo los datos experi-
mentales disponibles en la literatura y nuestros calculos ab initio hemos sido capaces de desvelar
los mecanismos que subyacen a este tipo de transiciones de fase. Con anterioridad a nuestro es-
tudio, la sistematica de estos compuestos se explicaba en términos del tamafio del cation de la
tierra rara. Ademas de ello, la estabilidad de los diferentes polimorfos se discute habitualmente
en términos de entalpia, mientras que el papel que juegan las inestabilidades dinamicas o meca-
nicas queda fuera del analisis. Por contra, nuestros calculos claramente sugieren que la barrera
cinética entre las fases zircon y scheelita disminuye gracias al ablandamiento del modo silencio-
so By, (inestabilidad dindmica). Ademas de esto, los calculos también muestran que la transicién
zircon-monacita se desencadena como consecuencia de una inestabilidad mecéanica asociada al
tensor de constantes elasticas. De hecho, esta inestabilidad conlleva una distorsidon monoclinica
de la fase zircon compatible con los desplazamientos atomicos necesarios para la transicion. La
relacion entre estos dos fendmenos y la estabilidad relativa de las fases involucradas (curvas de
entalpia) explica la sistematica observada en los compuestos RVO,. Esta familia constituye un
ejemplo particular y, por lo tanto, el tipo de analisis que hemos propuesto podria extrapolarse a

otros Oxidos ternarios y a otras familias de compuestos.

II.5 ORTOVANADATO DE TERBIO

Finalmente, en el ultimo capitulo de esta tesis antes de las conclusiones, estudiamos el efecto
Jahn-Teller cooperativo en el TbVO, a bajas temperaturas. Por un lado, las medidas de absorcion
Optica en monocristal revelaron que el el TbVOy, tipo zircén posee una banda prohibida de ~ 2,8
eV en la que las transiciones se producen de manera indirecta. Segtn la temperatura de la muestra
desciende, el tamarfio de la banda prohibida aumenta hasta los 100 K. Entre 100 y 35 K, el tama-
fio de la banda prohibida permanece aproximadamente constante. Este comportamiento sigue la

tendencia descrita por la funcién de Bose-Einstein. Sin embargo, entre 35 y 30 K el tamano de la
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banda prohibida comienza a crecer segin la muestra se enfria. Esto es coherente con la transicion
de segundo orden asociada al efecto Jahn-Teller cooperativo que tiene lugar en el TbVO,4 a 33 K.
Por otra parte, los experimentos de difraccién de rayos X a altas presiones y bajas temperaturas
mostraron que la temperatura de transicion aumenta notablemente con la presion hasta los ~ 3
GPa, para después disminuir ligeramente. Estos experimentos permitieron hallar dos puntos de
la linea del diagrama de fases: el primero a 120(11) K y 3,2 GPa y el segundo a 107(10) K y 4,8
GPa. En otras palabras, la temperatura de transicion es entre tres y cuatro veces superior al valor
observado en condiciones de presion ambiente. Puesto que la distorsion que se produce durante la
transicion tiene una simetria By, el ablandamiento parcial del modo de vibracion correspondiente
(el cual es activo Raman) segtin aumenta la presion, podria explicar por qué el efecto Jahn-Teller

puede ocurrir a temperaturas considerablemente mas altas.

II.6 FINAL

En resumen, durante la investigacion se han desarrollado diferentes tipos de experimentos
en compuestos RVO, bajo condiciones de presion y temperatura extremas. Ello nos ha permitido
identificar al menos seis tipos de estructuras cristalinas: zircon, scheelita, monacita, fergusonita,
PbWO,-III y la fase ortorréombica del TbVO, a bajas temperaturas. Algunas de estas estructuras,
como la scheelita y la monacita pueden recuperarse en condiciones ambiente en un estado me-
taestable. Las técnicas experimentales de medida empleadas para caracterizar las muestras han
sido la difraccion de rayos X, dispersion Raman y absorcion optica. Los resultados obtenidos se
han complementado con célculos ab initio, los cuales sirvieron para tener una mejor compren-
sién de los fenémenos fisicos estudiados. Ademas, los calculos también permitieron el analisis
de los mecanismos de transicion en los compuestos RVOy, tipo zircon bajo presion. En concreto,
los célculos, junto con los datos experimentales de la literatura, revelaron que las transiciones
zircon-scheelita y zircon-monacita estan gobernadas por inestabilidades dinamicas y mecanicas

respectivamente.
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1 INTRODUCTION

1.1 HISTORICAL BACKGROUND

The interest for new and useful materials has been a constant feature in all human history.
As a matter of fact, many ancient and prehistoric societies are anthropologically distinguished in
accordance with the type of material that defined the lives of their individuals [1], so that nowa-
days we refer to them as the stone, bronze, iron... ages. In more recent centuries and decades,
tremendous scientific advances in physics and chemistry lead to the discovery of many new exotic
materials with striking properties. These properties can also be altered by disturbing the original
electronic configuration of the atoms that constitute a particular material, by submitting it to dif-
ferent external conditions such as high pressures or high/low temperatures. For instance, some
solids have shown that, below a certain temperature, their resistivity shrinks to zero and become
superconductors. Other materials become (anti)ferromagnetic or get distorted (Jahn-Teller effect)
at low temperatures. With regard to high pressures, these allow to considerably change the in-
teratomic distances between the constitutive atoms of the solid. As a consequence, the chemical
bonding between atoms is radically modified. These changes may disrupt the physical behaviour
of the original material or give rise to different structures with other optical, vibrational, elec-
tronic, magnetic, etc. characteristics. Moreover, some of structures that can be synthesized at
high pressures can be quenched at ambient conditions in a metastable state, which is potentially

useful for obtaining materials which are hard to find in nature. The best example of this are dia-
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monds, which can be synthesized by submitting carbon to high pressures and temperatures and
are subsequently recovered at room conditions. Hence, high pressures have been proven to be a

fundamental tool for materials research and for the development of new technologies.

The history of high-pressure research has its beginning with the investigations carried out
by Percy W. Bridgman during the first half of the 20th century, for which he received the Nobel
prize in 1946 [2]. Prof. Bridgman was the first scientist that developed an apparatus that was
able to compress matter up to 10 GPa, which allowed him to perform many experiments on a
huge number of compounds [3]. Latter advancements lead to the design of the first diamond-
anvil cell (DAC), which was much more smaller than precedent presses and easier to carry [4].
It also allowed the optical access to the sample, which was not possible with previous devices.
Depending on the DAC model, the maximum pressure that can be achieved range from 10 and 500
GPa typically. Further developements revealed that pressures up to 1 TPa can be achieved with
nanocrystalline diamonds [5]. Since diamonds are transparent to X-rays and IR-VIS-UV radiation,
many techniques can be used to characterize samples under high pressure conditions, such as
X-ray diffraction, Raman scattering or optical absorption measurements. The development of
high brilliance radiation facilities like synchrotrons considerably boosted the number of high
pressure experiments around the globe. Furthermore, these astonishing developments have also
been relevant not only to material science but to other fields such as biochemistry, medicine,

geology or food processing [6].

In recent years, ternary oxides (AXOy4, where X =V, P, W, Nb, Mo, As, etc. and A is a trivalent
element) have displayed striking properties that made them suitable for industrial and technolog-
ical application. As an example of this, orthophosphates are potentially useful as nuclear waste
storage materials because of their resistance to corrosion by geological fluids [7]. On the other
hand, (ortho)tantalates, niobates, molybdenates and tungstenates have shown excellent scintilla-
tion properties which make them suitable as radiation detectors [8, 9]. In our particular case, this

dissertation is focused in the study of a subset of the ternary oxides family known as rare-earth
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orthovanadates (where X =V and A = R = rare-earth atom) [10] under extreme conditions. RVO,
compounds have also proven to be potentially useful as scintillators [11, 12], as well as many other
applications such as thermophosphors [13], laser host-materials [14, 15] or photocatalytic mate-
rials for water purification [16, 17]. On the other hand, orthovanadates undergo different kinds
of phase transitions at high pressures, some of which can be quenched to ambient conditions
in a metastable state. The physical properties of these new polymorphs are different from the
original ones, which make them suitable for other technological purposes. For instance, scheelite
structured BiVO, can be used in lithium-based batteries as electrode material [18]. Therefore, the
experimental and theoretical study of the RVO, family at different pressures and temperatures is
fundamental to improve our knowledge of the varied and outstanding properties of orthovana-

dates.

The interest in the high pressure polymorphs of SiO,, an abundant material in nature, mo-
tivated the study at high temperatures and pressures of metal orthovanadates in the beginning
of the 60s, due to their structural similarities. In particular, both Si and V are tetrahedrally co-
ordinated with O atoms in silica and in zircon-type orthovanadates, respectively. The first study
of this kind was reported by Young and Schwartz [19] in 1962, in which they studied the high
pressure polymorphs CrVO, and FeVOy. In their study, the authors submitted their samples to
pressures near 6 GPa and temperatures close to 1000 K for 24h by using a belt-apparatus. An
additional study on FeVO, was performed by the same authors [20] in 1964. The recovered prod-
ucts at room conditions were characterized by means of X-ray diffraction (XRD), which revealed
that different unknown polymorphs had been synthesized. Nonetheless, their structures were
not fully determined until a decade later by Muller and Joubert [21] and Kanamaru et al [22].
Also in the 60s decade, Stubican and Roy [23] reported a wide study on several rare-earth ternary
oxides, including orthovanadates, under high pressures and temperatures. With regard to RVO,
compounds, the authors characterized the whole family at room conditions via XRD. Their re-

sults confirmed that these compounds crystallize in the zircon-type structure [Space Group (S.
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G.): I4;/amd] at ambient conditions, with the only exception of LaVO,4, which crystallized in
the monazite-type phase (S. G.: P2;/n). Their samples were compressed up to 8 GPa and heated
at 600 °C during several hours. After quenching them at ambient conditions, the samples were
analyzed by means of XRD. These experiments revealed that new polymorphs had been recov-
ered as a consequence of an irreversible phase transition at high pressures and temperatures. For
R = La and Ce, a monazite-type structure was recovered, whereas the rest of RVO4 compounds
transformed into a scheelite-type structure (S.G.: I4;/a). However, the lattice parameters of only
a few compounds are reported and the atomic positions are not refined in any case. In these early
decades, most of ternary oxides high-pressure polymorphs were studied in recovered samples at
ambient conditions, after submitting them to high pressures. In situ high pressure experiments on
orthovanadates will take place for the first time two decades later. With regard to temperature-
induced transformations, several studies in the 70s reported a second order phase transition in
DyVO, and TbVO, at low temperatures and ambient pressure [24-27]. According to these stud-
ies, the zircon structure of both compounds gets distorted below 14 and 33 K respectively, as a

consequence of a cooperative Jahn-Teller effect [28].

In the 80s decade, one of the most studied orthovanadates was BiVOy. In situ high-pressure
and high-temperature experiments revealed that this compound undergoes a second-order fer-
roelastic phase transition from the fergusonite (S.G.: 12/a) to the scheelite phase [29, 30]. In
contrast to previous decades, these experiments were performed with ta DAC instead of a belt-
type apparatus. The use of this novel technology allowed to characterize the vibrational structure
and the optical absorption properties of YVO, under high pressure [31]. These experiments lead
to the discovery of a phase transition from the zircon to the scheelite structure over 7.5 GPa.
Some other rare-earth orthovanadates were also studied during this decade. For instance, DyVO,
and TbVO,4 were studied at high-pressure conditions by means of Raman scattering experiments,

which revealed changes compatible with a zircon-to-scheelite phase transition [32].

The development of synchrotron facilities and the spread of this technology to many coun-



1.1. HISTORICAL BACKGROUND 25

tries allowed to perform angle-dispersive single-crystal and powder XRD experiments with high
resolution. The huge increase in brilliance that these facilities provided in comparison to con-
ventional X-ray sources allowed to collect better XRD patterns in much smaller time lapses. As a
consequence, the XRD studies on the structural evolution of orthovanadates under high pressure
hugely multiplied. For instance, the previously mentioned zircon-to-scheelite phase transition
found in YVO, under high pressure was confirmed by means of in situ XRD experiments in 2004
by Wang et al. [33] and Manjon et al. [34]. With regard to the RVO, compounds where R is a
lanthanide, in situ high-pressure room-temperature experiments determined that these oxides,
with the exception of LaVOy, undergo a zircon-to-scheelite phase transformation when R cations
are small (Sm - Lu) [35-38] whereas for those with larger rare-earth cations (Ce - Nd) the zir-
con structure transforms into the monazite-type phase [39-42]. In this particular case, scientific
consensus established a systematic that related the size of the rare-earth cation with the high-
pressure structure. Radioactive PmVOy, has been left out of the scope of high pressure studies for
obvious reasons. This systematic is slightly different from that observed by Stubican and Roy [23]
in the 60s. However, according to our experimental and theoretical studies, both results can be
reconciled by taking into account the hydrostatic conditions and kinetic barriers [43, 44]. Under
further compression, these compounds have been observed to have other phase transitions. For
instance, some scheelite compounds have been observed to transform into a fergusonite phase at
approximately 20 GPa [37]. Moreover, monazite-type structures like CeVO, (at high pressures)
and LaVO, have been observed to transform into different monoclinic structures when submitted

to further compression [39, 43, 45, 46].

In addition to experimental achievements, ab initio calculations in the framework of the Den-
sity Functional Theory (DFT) also had a decisive contribution to the study of rare-earth ortho-
vanadates under high pressures. Theoretical models allowed to study the thermodynamical sta-
bility of high pressure phases, as well as many of their physical properties such as compressibil-

ity, vibrational and electronic structures, elastic stability, etc [35-37, 40]. Calculations not only
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showed a very good compatibility with experimental results, but also helped to identify some

mechanisms that may have a decisive influence on the phase transitions.

Regarding experimental conditions, several works on orthovanadates have shown that non-
hydrostatic effects can substantially alter the structural sequence or the transition pressure. For
instance, when ScVOy is compressed under poor hydrostatic conditions, a different kind of struc-
ture is recovered at ambient conditions [47]. Similarly, experiments in a large volume press
showed that the scheelite structure of CeVOy can be recovered at ambient conditions when the
sample is compressed using boron nitride as pressure transmitting medium, which does not pro-
vide good hydrostatic conditions at ambient temperatures [40]. In line with these observations,
our high pressure experiments on NdVO,4 showed that hydrostatic conditions can play a decisive
role in the high pressure structural sequence [44, 46] (see Chapter 4). Moreover, in the case of
HoVOy4, non-hydrostatic stresses lead to a reduction of the transition pressure from 8 to 4 GPa
[37].

The structural behaviour of RVO, compounds under high pressure conditions has also moti-
vated the study of the pressure evolution of their electronic band gap. In fact it has been experi-
mentally observed that during the zircon-to-scheelite phase transition there is a substantial band
gap collapse [48, 49]. In particular, there is a reduction of ~ 0.5 - 1 eV at the transition pressure.
Since the scheelite phase can be recovered in a metastable state due to the irreversible character
of the transition, it is possible to obtain scheelite structured orthovanadates with smaller band
gaps at room conditions. According to literature, the band gap energy of most scheelite-type

orthovanadates is below 3 eV [48].

To sum up, the behaviour of rare-earth orthovanadates and related compounds under ex-
treme conditions has been a very prolific field of research. Our experimental and theoretical
contribution to this field is summarized in this dissertation, which has been partially published
in Refs. [43, 44, 46, 49]. The body of this doctoral thesis is structured in the following order. In

this chapter, we have provided a basic introduction on the topic and we will describe the crys-
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talline structures that are relevant in our study. Chapter 2 contains a summary of the theoretical
concepts that are necessary to understand the behaviour of solids under extreme pressures and
temperatures. A brief description of the different experimental techniques used during our re-
search is provided in Chapter 3. After these first three chapters, we deep into the results of our
research. Chapter 4 describes our XRD and Raman scattering experiments on NdVO,4 under high
pressure. The obtained results are supported by ab initio calculations. In chapter 5 we describe an
extensive experimental and theoretical research on GdVO, under high pressure, which includes
XRD, Raman and optical absorption measurements as well as DFT calculations. The theoretical
and experimental high-pressure evolution of PrVOy is studied in chapter 6, where we also report
the synthesis of the scheelite phase of this compound using the Paris-Edinburgh large volume
press. The systematics of the RVO, family are discussed in chapter 7. Calculations allowed us to
unveil the mechanisms that underlay the pressure-induced phase transitions in the rare-earth or-
thovanadate family. The cooperative Jahn-Teller effect in TbVO, at low temperatures is studied in
Chapter 8 by means of optical absorption measurements. In addition to this, we also studied this
compound at low temperatures and high pressures by means of angle-dispersive powder XRD.

Finally, in Chapter 9 we condensed the main conclusions from our studies in a few paragraphs.

1.2 CRYSTAL STRUCTURES

In this section of the Introduction, we will provide an accurate description of the crystal struc-
tures that are relevant in our study. With the exception of LaVQy, all RVO, compounds, as well as
many other ternary oxides, crystallize in the tetragonal zircon structure at ambient conditions,
which is depicted in Fig. 1.1 in different spatial projections. This type of structure has been
named after the widely-known natural mineral zircon (ZrSiO4) for being isomorphic to it. This
crystal structure is characterized for having a tetragonal unit-cell in which the position of the

vanadium and rare-earth atoms fixed by symmetry. In the 50s decade, Milligan and Vernon [50]
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solved the crystalline structure of rare-earth orthovanadates using neutron diffraction measure-
ments. In their study, the authors reported the unit-cell lattice parameters of these compounds as
well as their atomic positions at ambient conditions. Later works provided much more accurate

measurements of these parameters by the end of the twentieth century [51].

Figure 1.1: Unit-cell of the zircon structure in different orientations (S.G.: I4;/amd, Z = 4). Red, yellow
and blue spheres represent the oxygen, vanadium and rare-earth atoms respectively. The coordination of
vanadium and the rare-earth atom are depicted as yellow and blue polyhedral structures respectively.

As we previously mentioned, the zircon crystal structure (Fig. 1.1), has a tetragonal symmetry.

In particular, its space group is I4;/amd (Schoenflies: D'?

o No. 141, Z = 4), usually described with

origin at 2/m in the literature (setting 2). The atomic positions in this structure are given in Table
1.1 for GAVO, at ambient conditions. The R and V cations are located at the high-symmetry

positions corresponding to 4a and 4b Wyckoft sites, respectively. By contrast, the position of the
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oxygen atoms corresponds to the 16h Wyckoff position, described by the vector (0 y z). This
structure can be visualized as constituted by a set of isolated VO, regular tetrahedra surrounding
the rare-earth cation R, forming distorted eight-vertex ROg triangular dodecahedra. These ROg
polyhedral units are sometimes referred as bidisphenoids in literature. The V-0 distance in RVO4
compounds is ~ 1.7 A, showing a very small variation upon compression, which means that the
VO, are quite rigid structures. In fact, in our works we estimated that the contribution of these
units to the total compressibility is 1% [43]. On the other hand, in the ROg bidisphenoids, the
rare-earth cation is surrounded by eight oxygen atoms with two different lengths i.e. four short
and four long R—O bonds, which range typically between 2.2 and 2.5 A. Therefore, according
to these polyhedral description of the crystal, the zircon structure can be described as a set of
alternating VO, and ROg polyhedra distributed along the direction given by the crystallographic
c-axis. This particular distribution of the polyhedra explains the anisotropic behaviour of the
zircon structure under compression [37, 49] as well as the remarkable birrefringence of this kind

of crystals.

Table 1.1: Refined atomic positions of zircon-type GdVOy, (S.G.: [4;/amd) at ambient conditions (reported
by Mullica et al. [52]). The unit-cell parameters are a = 7.2122(7) and ¢ = 6.346(2) A.

Element Wyckoff position x y z
Gd 4a 0 0.75 0.125
\Y 4b 0 0.25 0.375
0 16h 0 0.4323(5) 0.2028(7)

At low temperatures, some compounds like TbVO,4, undergo a phase transition due a coop-
erative Jahn-Teller effect in which the zircon structure gets distorted [26, 27]. This leads to an

orthorhombic structure with a space group Fddd (Schoenflies: D%, No. 70, Z = 8). The distor-

2h

tion takes place in the ab basal plane of the zircon structure along the [1 1 0]and [1 -1 0]

directions. These directions are taken as the a- and b-axes of the orthorhombic phase respectively.
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Figure 1.2: Unit-cell of the scheelite structure in different orientations (S.G.: I4;/a, Z = 4). The structural
elements follow the same description given in Fig. 1.1.

Table 1.2: Refined atomic positions of scheelite-type ErVOy4 (S.G.: I4;/a) at room conditions (Range and
Meister [53]). The unit-cell parameters are a = 5.003(1) and ¢ = 11.143(2) A.

Element Wyckoff position x y z
Er 4b 0 0.25 0.625
\Y 4a 0 0.25 0.125
(0] 16f 0.1460(6) 0.5050(6) 0.2054(3)

The scheelite polymorph, shown in Fig. 1.2, has been found in many RVO4 compounds as
a high-pressure phase that can be quenched to ambient conditions in a metastable state. This

structure was firstly reported in a RVO4 compound (ErVO,) by Range and Meister [53] in 1990.
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The refined atomic positions are given in Table 1.2. Similarly to the zircon phase, the scheelite
structure has a tetragonal symmetry, with the space group being in this case I4;/a (Schoenflies:

C6

> No. 88, Z = 4). The R and V cations are located at the high-symmetry sites described by the

Wyckoff positions 4b and 4a, respectively. On the contrary, the position of the oxygen atoms is
not fixed by symmetry, but located at the Wickoff positions 16f (x y z). As in the zircon struc-
ture, this polymorph is constituted by VO, regular tetrahedra and ROg bidisphenoids. The latter
are much less distorted than in the zircon phase, since the two different R—O distances become
much more similar. Moreover, the scheelite crystal structure can be also described as a set of al-
ternating VO4 and ROg polyhedral units running parallel to the c-axis direction. However, these
chains are vertex- instead of edge-shared as in the zircon structure. This phase has also a larger
packing efficiency than the zircon structure. Actually, the zircon-to-scheelite phase transition is
characterized by a huge volume collapse of AV/Vy ~ 11% [54]. On the other hand, the fergusonite
crystal structure (S.G.: I12/a, Schoenflies: Cg’h, No. 15, Z = 4) can be considered as a monoclinic
distortion of the scheelite phase along the direction defined by the ab base diagonal. In fact, both

structures are related by a group-subgroup relation.

Table 1.3: Refined atomic positions of monazite-type LaVOy (S.G.: P2;/n) at ambient conditions (Er-
randonea et al. [45]). The unit-cell parameters are a = 7.044(2) A, b = 7.283(2) A, ¢ = 6.714(2) A and
B =104.86(5) °.

Element Wyckoff position x y z
La de 0.2771(4)  0.1570(2)  0.1038(2)
\% de 0.2995(4)  0.1648(2)  0.6145(6)
0, de 0.2425(5) —0.0009(5) 0.4253(8)
0, de 0.3866(7)  0.3434(7)  0.4944(8)
o} de 0.4815(9)  0.1506(5)  0.8247(9)
O4 de 0.1190(5)  0.2206(6)  0.7305(9)

LaVOy crystallize in the monazite structure at ambient conditions (S.G.: P2;/n, Schoenflies:

C5

o » No. 14, Z = 4), which is depicted in Fig. 1.3. The corresponding atomic positions reported
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Figure 1.3: Unit-cell of the monazite structure in different (S.G.: P2;/n, Z = 4). The structural elements
follow the same description given in Fig. 1.1.

by Errandonea et al. [45] are summarized in Table 1.3. This structure has also been observed
as the high pressure phase of CeVO4 and PrVO, [39, 42, 43]. Just like the zircon and scheelite
structures, the V atoms are four-coordinated, although the VO, tetrahedra are slightly distorted.
A full description of the monazite crystal structure for rare-earth ternary oxides was provided
by Beall et al. [55] and Mullica et al. [56, 57] . With respect to the R atom, these are nine-fold
coordinated, forming an equatorial pentagon (constituted by 5 oxygen atoms belonging to VO,
monodentate tetrahedra) interpenetrated by a tetrahedron (formed by 4 oxygen atoms which

belong to two bidentate VO, tetrahedra). The VO, tetrahedra out of the equatorial plane can be
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considered as the link between the ROy units, which leads to the formation of chains along the
c-axis direction. Moreover, in the case of rare-earth elements, the ROq polyhedrons are distorted,
with nine different bond lengths between the rare-earth cation and the oxygen atoms. A complete
review of the structural properties and relations of the monazite structure can be found in Clavier

et al. [58].

Figure 1.4: Unit-cell of the BaWOQOy-lI-type structure in different orientations (S.G.: P2;/n, Z = 8). The
structural elements follow the same description given in Fig. 1.1.

When compressed, the monazite structure transforms into the BaWO,-II-type structure (S.G.:

P2 /n, Schoenflies: C;’h ,No. 14, Z = 8), depicted in Fig. 1.4 [45]. The calculated atomic positions

for LaVO, at 16.4 GPa reported by Errandonea et al. are shown in Table 1.4. The main difference
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Table 1.4: Calculated atomic positions of BaWOy-lI-type LaVOy (S.G.: P2;/n) at 16.4 GPa (Errandonea et
al. [45]). The unit-cell parameters are a = 12.319 A, 6.443 A, ¢ = 6.775 A and 8 = 95.80 °.

Element Wyckoff position x y z
La; 4e 0.89138 0.34364 0.11856
La, 4e 0.87725 0.05433 0.11856
Vi 4e 0.86896 0.83095 0.17888
Vi 4e 0.83191 0.55824 0.60671
(O] 4e 0.93820 0.04308 0.31838
O, 4e 0.79212 0.35971 0.77788
O3 4e 0.90611 0.40060 0.47845
O4 4e 0.77509 0.63949 0.09695
Os 4e 0.91628 0.69045 0.87024
Og 4e 0.81457 0.77366 0.42413
07 4e 0.99659 0.70000 0.15006
Og 4e 0.82884 0.01541 0.98855

with the other shown structures, is that the V atoms are six-coordinated i.e. the coordination in-
creases from 4 to 6 during the monazite-to-BaWO,-II phase transition. The rare-earth cations are
typically surrounded by 9 to 10 oxygen atoms, although this depends on the particular compound.
This phase is sometimes referred as the PbWO4-III structure, since they are formally isomorphic
[59]. The structure can be viewed as a set of zigzag layers of slightly distorted VO4 octahedra dis-
tributed along the a-axis direction, linked by R atoms [60]. Each layer is constituted of eigth- and
four-membered rings of VOg octahedra; in the former type of ring each pair of edge-shared octa-
hedra is linked with another by corner-sharing, whereas in the latter all octahedra are connected

by corner-sharing.

1.3 PHYSICAL PROPERTIES

In this section, we will provide a basic description of some of the physical properties of dif-

ferent crystal structures of RVO4 compounds. In particular, we focus our explanations in their
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structural response to pressure (compressibility), their vibrational properties and their electronic

band structure.

1.3.1 COMPRESSIBILITY

These crystal structures display an anisotropic behaviour upon compression, which can be
explained in terms of the distribution of the different constitutive polyhedral structures. In par-
ticular, this explanation is clearer in the cases of the zircon and scheelite polymorphs, since their
polyhedral structures are much more simple and less distorted. Table 1.5 summarizes the linear
axial compressibilities of some RVO, compounds. As it can be observed in the table, the a-axis
is more compressible than the c-axis in the zircon phase, whereas the opposite happens in the

scheelite phase.

Table 1.5: Unit-cell lattice parameters and linear axial compressibilities for some selected RVO, com-
pounds. The conditions under which the lattice parameters were obtained are indicates between brackets
(AC = Ambient Conditions). Data extracted from Refs. [36, 44, 54, 61].

Compound Phase a(A) c(A) kq (GPa™!) k. (GPa™?)

NdVO, Zircon  7.333(1) 6.438(1) [AC] 3.081(8) x 1073 1.554(4) x 1073
Scheelite 5.0376(5)  11.4105(7) [9.1 GPa] 1.621(6) X 107> 2.038(8) x 1072

ErVO, Zircon  7.09595(3) 6.27105(3) [AC] 2.0(1) x 1073 1.6(2) x 1073
Scheelite 5.01466(3) 11.17009(10) [AC] 1.7(1) x 1073 2.3(1) x 1073

EuVO, Zircon  7.2408(5)  6.3681(3) [AC] 2.5% 1073 1.3x 1073
Scheelite 5.0004(2)  11.128(5) [15.3 GPa] 1.3 x 1073 1.9x 1073

DyVO, Zircon  7.1540(3)  6.31360(4) [AC] 1.77 X 1072 1.08 X 1072
Scheelite 5.0144(9)  11.0274(1) [9.9 GPa] 0.58 X 1072 1.87 X 1072

With respect to the zircon phase, this structure can be described as a set of chains consti-
tuted by alternating edge-sharing ROg dodecahedra (bidisphenoids) and VO, tetrahedra running

parallel to the c-axis direction. These chains are joined laterally by edge-sharing ROg dodeca-
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hedra along the crystallographic a-axis (Fig. 1.1). Thus, the fact that the ROg polyhedral units
are much more compressible than the VO, tetrahedra makes the a-axis more compressible than
the c-axis. A similar explanation holds for the scheelite phase. However, in this case, the ROg
and VO, polyhedral units are corner-shared. This allows to find the same ROg - VO, alternating
pattern in the a and b crystallographic directions (tetragonal symmetry). On the other hand, we
find that slightly twisted chains of edge-connected ROg are distributed along the c-axis direction.
Therefore, the c-axis is much more compressible than the a-axis, since there is no contribution

of the VOy tetrahedra to the compressibility of the former.

Table 1.6: Birch-Murnaghan equation of state parameters of some RVO4 compounds. V,, By and B
represent the unit-cell volume, bulk modulus and bulk modulus derivative at zero pressure, respectively.
The Pressure Transmitting Medium (PTM) is indicated for each case. ME = Methanol-Ethanol; MEW =
Methanol-Ethanol-Water.

Compound Phase PTM Vo (A3) By (GPa) B Ref.
LaVO, Zircon (Nano Rods) ME 364.0(2)  93(2) 4 (fixed) [62]
Monazite MEW  333.2(1) 106(1) 4 (fixed) [45]
BaWO,-1I Theory 609.2 154 4.2 [45]
CeVOy Zircon Ne 352.9 125(9) 4 (fixed) [39]
Monazite Ne 326.2(8) 133(5) 4.4(6) [39]
SmVOy, Zircon MEW  336.5(9)  129(4) 4 (fixed) [35]
Scheelite MEW  227.7(1.2) 133(5) 4 (fixed) [35]
EuvO, Zircon MEW  3338(4) 150(7)  5.3(6)  [36]
Scheelite MEW  296.2(6)  195(8)  5.5(9)  [36]
TbVO, Zircon Ne 324.4(9) 122(5) 4 [39]
Scheelite Ne 288.2 163(9) 4 (fixed) [39]
ErvVO, Zircon MEW  316.4(7) 158(13) 4 (fixed) [54]
Scheelite MEW  280.2(8) 158(17) 4 (fixed) [54]

On the other hand, the incompressibility of a crystal structure is given by the magnitude of its
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bulk modulus. To put it in another way, the bulk modulus provides an estimation of the hardness
of the material. In order to measure this parameter, it is necessary to estimate the Equation of
State (EOS) of the material. In our case, we use the Birch-Murnaghan EOS, which is explained
in more detail in Chapter 2. The EOS parameters of some selected rare-earth orthovanadates
are shown in Table 1.6. These include the unit-cell volume (V;), the bulk modulus (By) and its
derivative at zero pressure. The data included in the table was obtained from XRD experiments,
which were reported in the indicated references. As it can be seen in Table 1.6, in the zircon-
type compounds there is a tendency of By to grow as the the unit-cell volume decreases, with
some exceptions like TbVO,. In addition to this, the bulk modulus of the scheelite polymorphs
tends to be substantially higher. This is a direct consequence of the associated large volume
collapse (AV/V ~ 10%) in the zircon-to-scheelite phase transition, which considerably increases
the packing efficiency. By contrast, the bulk moduli of the monazite and zircon phases of the
same compound tend to be quite similar. Even though the volume decrease at the zircon-to-
monazite phase transition is remarkably large (~ 8%), the flexibility of the ROy polyhedral unit
allows the contraction, which counteracts the effects of the volume collapse. On the contrary, in
the BaWO,-II-type structure, the bulk modulus is predicted to increase by ~ 50% with respect to

the monazite phase.

1.3.2 VIBRATIONAL PROPERTIES

Here we will briefly describe some of the most important characteristics of the lattice vibra-
tions of the zircon and scheelite crystal structures. Table 1.7 shows the representation of the
Raman, Infrared (IR) and silent modes of the zircon and scheelite structures in the center of the
Brillouin zone, according to group theory. [63].

Since these two phases have been extensively studied in this dissertation by means of the
Raman scattering technique, we will focus in the Raman active modes symmetries and how they

change from one structure to the other. Tables 1.8 and 1.9 show the frequencies of the Raman
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active modes of some zircon- and scheelite-type RVO, compounds, respectively.
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Table 1.7: Symmetry and activity of the vibrational modes of the zircon and scheelite structures at the T’

point.
Activity Zircon Scheelite
Raman IR = 2A145+4B1g+ Byg + 5E; Ik =3A,+ 5By + 5E,
Infrared (IR) TIjg = 3A,, + 4E, Tir = 4A, + 4E,
Silent Is =By, + A, + AZg + 2B, Is =3B,
Acoustic Iy =Ay +E, I,=A,+E,

Table 1.8: Experimental Raman frequencies for some selected zircon-type RVO4 compounds at ambient
conditions (units in cm™!). Data extracted from Refs. [64-66]

) g @ G O @ 40 O @ g6 4@
Compound Eg’ B\ E? E’ BY By EY A B By E> A}
YVO, 137 157 163 260 267 260 378 444 490 817 840 891
SmVO, 112 123 151 238 261 - 379 — 473 805 816 878
GAVO, 110 123 156 246 252 261 376 438 483 809 825 884
TbVO, ~ 120 154 246 - 260 — 381 483 809 826 885

Table 1.9: Experimental Raman frequencies for some selected scheelite-type RVO, compounds (units in
cm™1). Except TbVOy, whose phonon frequencies where measured at 1.6 GPa, all measurements corre-
spond to ambient conditions. Data extracted from Refs. [31, 49, 65, 66].

Compound E\” B BY? EP AV P AP BY BY EY EP B AP
YVO, - 148 165 199 242 317 347 368 413 434 747 812 828
SmvVO, 116 149 198 206 251 334 366 382 435 450 770 820 855
GAVO, 115 140 178 189 236 309 348 374 401 428 744 808 833
TbVO, 107 132 175 190 236 309 346 368 408 431 745 803 831

The main similarity between the Raman spectra of both structure is that they are divided into

two frequency regions separated from each other by a large gap, which typically ranges from 450

to 750 cm™! in RVO, compounds. The modes within the high frequency region (v > 700 cm™)
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can be considered as internal vibrations of the VO, tetrahedra in good approximation. This means
that in this kind of vibration, only the oxygen atoms can move, whereas the R and V atoms are
nearly at rest. On the other hand, although the modes in the lower frequency region (v < 500

cm™!) cannot be strictly classified in terms of the tetrahedral vibration.

c c b

A
z S ‘ F
e::’:; b °:> b a

vy ALA(2) vy AZ(S) vy AS(F)

(2) vsi Eg’(5) Vst Bg(F) v3: Bg'(F)

¥ B (@) v, E4Z) T: By,%(2) R: A.Y(Z)

Figure 1.5: Selected vibration patterns at T for the zircon (Z), scheelite (S) and fergusonite (F) phases. Bi, V
and O atoms are represented by large, medium and small spheres. Only first neighbours are represented.
The direction and magnitude of the vibration are represented by red vectors. The v, T and R labels indicate
wether the mode is internal, translational or rotational, respectively. Extracted from Pellicer-Porres et al.
[67] with permission of the authors.

In both structures, the mode located at the highest frequency, which also gives rise to the
most intense Raman peak, corresponds to a symmetric stretching mode of the VO, tetrahedra
(labeled as v;). In particular, this is the AE? mode in the zircon and the A_((]3) mode in the scheelite

structure (see Tables 1.8 and 1.9). These modes have the highest frequency of all due to the fact
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that they involve a more effective change in the V—O bond length, which also represents the
strongest bond in the structure. In addition to this, these vibration modes mainly affect oxygen
atoms, which are very light. However, the frequency of this mode decreases from the zircon
to the scheelite structure. In some compounds, like BiVOy, this occurs as a consequence of the
change in the contribution of the R—O bonds [67]. Besides, the expansion of the VO, tetrahedra
at the transition (increase in the V-0 length) also favours the frequency decrease [37]. When the
scheelite structure gets distorted and transforms into the fergusonite phase, the most energetic
Raman mode corresponds to the A_,gs) vibration. In this case, the R and the V atoms can move,
but the amplitude of their displacements is smaller than that of the oxygen atoms by an order of
magnitude. The symmetries of these modes in the zircon, scheelite and fergusonite phases are

displayed in Fig. 1.5

Regarding the second highest Raman modes, these are the Bg;) mode in the zircon and the
Bés) mode in the scheelite phase, which both represent asymmetric stretching modes. In this case,
the former shows a greater frequency thanks to the contribution of the V atoms to the stretching.
Finally, the third highest Raman mode of both zircon and scheelite phases correspond to the E_[(JS)
degenerate mode (Fig. 1.5). This degeneracy is broken after the scheelite-to-fergusonite phase
transition, in which the phonon splits into the B_((}9) and B;lo) modes. The vibration pattern of
these modes is also depicted in Fig. 1.5. With respect to the modes in the lower frequency region,
some of these display some particular vibration patterns, which can be described as blend of
bending (vs, scissorvy), translational (T), or rotational modes (R). Fig. 1.5 shows the vibrational
pattern of some of these modes for the zircon structure. In addition to this, the modes with
the lowest frequencies involve considerable atomic displacements of the rare-earth cation that
cannot be neglected. For instance, the R atoms move along the c-axis direction in the BE;) and B;l)
modes of the zircon and scheelite phases, respectively. These can also vibrate in the perpendicular

directions, as in the Eél) mode. A more detailed explanation of these vibration patterns can be

found in Pellicer-Porres et al. [67] for the case of BiVOy.
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1.3.3 ELECTRONIC BAND STRUCTURE

Table 1.10: Experimental and calculated values of the bandgap energy for several zircon-type orthovana-
dates near ambient conditions (units in eV).

Compound Experimental Theory Bandgap type Reference

YVO, 3.78 2.79 Direct [48]
— 2.98 Indirect [68]
LuVO, 3.76 2.86 Direct [48]
- 2.95 Indirect [69]
NdVO, 3.72 2.86 Direct [48]
— 3.02 Indirect [70]
GdVO, 3.82 — Direct [49]
- 2.98 Direct [71]
- 2.77 Direct [72]

According to calculations [48, 72], in zircon-type rare-earth orthovanadates like YVO,, NdVOy,
GdVO, and LuVOy, the maximum of the valence band and the minimum of the conduction band
are both located in the I' point, which means that these are all direct-gap crystal structures. Table
1.10 shows the experimental and calculated bandgaps for these compounds reported in literature.
The theoretical values reported in the Materials Project website [73, 74] are also included for the
sake of comparison. Fig. 1.6 (a) shows the calculated electronic band structure for zircon-type
LuVOy, which shows that the dispersion of the valence bands is rather small in general. In the
same picture, we show the associated density of states and the corresponding contribution of
each atom. The lower part of the valence band is mainly composed of V3d—02p bonding states,
whereas the the upper part of the valence band basically consists in O2p states. The main contri-

bution of the rare-earth atom is strongly localized in the half of the valence band. With respect to
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Figure 1.6: Calculated electronic band structure (left) and density of states (right) of the zircon (a) and
scheelite (b) phases of LuVO4 and the monazite (c) phase of NdVO, (ambient pressure). Extracted from
Panchal et al. [48] with permission of the authors.
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the conduction band, this is mostly composed of antibonding V3d—0O2p states. Thus, the changes
in the bandgap size induced by pressure are mainly a consequence of the contraction of the VO,
tetrahedra. In some compounds like LuVO, and NdVOy, there is also a small contribution to the
conduction band from the 6s electrons of the rare-earth cation. This leads to a ~ 0.2 eV decrease
in the bandgap with respect to other vanadates like YVO,, in which these states do not exist
[48]. Experimental measurements of the bandgap energy yield results which are substantially
larger than the predicted value. In particular, DFT calculations tend to underestimate the value
of the bandgap by 1 eV approximately. For instance, whereas the predicted value for LuVOy is

Egqp = 2.86 eV [48], experimental measurements yield a value of Ey,, = 3.87 eV [75].

Regarding the scheelite phase, the calculated electronic band structure and the corresponding
density of states are depicted in Fig. 1.6 (b). Broadly speaking, this phase shares many similarities
with the zircon phase. As in the zircon structure, in the scheelite phase there is a direct bandgap
in which the maximum of the valence band and the minimum of the conduction band are both
located at the I point. The predicted value of the bandgap energy is Egqp = 2.31 €V. Thus, there
is a 0.5 eV bandgap collapse from the zircon to the scheelite structure. This sudden decrease
in the bandgap size has been experimentally reported to occur at the zircon-to-scheelite phase
transition, which takes place upon compression [48, 49]. Similarly to the zircon phase, the states
near the Fermi level are mainly composed of V3d and O2p states. This can be observed in Fig. 1.6

(b), where the partial contributions to the DOS are depicted.

Several scenarios have been proposed in order to explain the bandgap collapse at the zircon-
to-scheelite transformation. For instance, it has been suggested that the reduction of the site
symmetry of the R cation (from D,; in the zircon to S, in the scheelite phase) leads to a smaller
electronic localization in the scheelite phase, which is correlated with the huge drop in the size of
the bandgap. Moreover, the expansion of the VO, tetrahedra at the transition also contributes to
the bandgap reduction. In particular, the increase of the V-0 bonds (~ 6%) reduces the Coulomb

attraction of the O2p orbitals to the V*3 ions, which leads to a reduction of the splitting of the
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O2p and V3d states and consequently, to the reduction of the bandgap energy.

On the other hand, the calculated band structure and DOS of monazite-type NdVOy is de-
picted in Fig. 1.6 (c). In contrast to the previous described structures, this is an indirect bandgap
semiconductor, in which the maximum of the valence band and the minimum of the conduction
band are located at the Z and Y points of the Brillouin zone, respectively. Furthermore, in this
phase the 4f electrons of Nd become partially delocalized. As a consequence, there is a rele-
vant contribution of these orbitals in the region close to the Fermi level, as it can be seen in Fig.
1.6 (c), which is even superior to that of the V3d and O2p orbitals. Besides this, there is some

hybridization of these orbitals, which reveals the covalent character of the chemical bonds.

1.4 TECHNOLOGICAL APPLICATIONS

With respect to technological applications, rare-earth orthovanadates and orthophosphates
can be used as nuclear waste storage materials [76]. The reason for this is that some part of
the nuclear fission products is constituted by actinide elements, which are chemically similar
to lanthanides. Thus, the study of the structural and mechanical properties of these elements
constitute an underpinning part in their use as the solid-state warehouse of radioactive waste.

On the other hand, doped rare-earth orthovanadates are widely used as solid-state lasers.
A well-known subset of these are neodymium-doped vanadate lasers, which use zircon-type
Nd:YVOy4 (A = 1064 nm), Nd:GdVOy, (A = 1063 nm) or Nd:LuVOy (A = 1089 nm). These structures
provide an efficient energy transfer from the VO3~ levels (bandgap transitions) to the excited elec-
tronic states of the doping element, which subsequently produces the emission of NIR radiation.
This also makes doped RVO, compounds useful as phosphors [77] and scintillators [11]. Since
the light emission properties of these materials depend on the local environment of the doping
rare-earth cation, different crystalline structures can substantially alter these properties [78]. In

this regard, some phases like scheelite and monazite can be recovered at ambient conditions in a
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metastable state after submitting zircon-type RVO, compounds at high pressure conditions. This
means that high pressure studies may have an important role in the development of new lasers
or other different technological applications in photonics [79].

In addition to this, high pressure studies have shown that there is a bandgap collapse in the
zircon-to-scheelite, zircon-to-monazite and monazite-to-postmonazite phase transitions [48, 49],
in which the value of Ey, shifts from the UV to the visible. Since these high pressure phases can
be quenched to room conditions, this allows to synthesize RVO, compounds with lower values of
Egqp, making them suitable in green technologies like sunlight assisted photocatalysis. The fact
that the bandgap enery of these phases is in the 2 - 3 eV range makes them excellent candidates
for pollutant decomposition and water purification [80]. Moreover, orthovanadates can be also
synthesized as nanoparticles, which is known to increase the catalysis efficiency [81]. Besides
this, research has shown that doped orthovanadate nanparticles are also useful for biomedical
purposes, thanks to their low chemical reactivity and their tuneable luminescence properties.

For instance, Dy:GdVO, nanoparticles can be used as anti-cancer drug carriers [82].
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2 THEORETICAL BACKGROUND

In this chapter we provide a basic scope on the main theoretical concepts necessary to under-
stand our research. First of all, we present a very brief summary on the basic thermodynamics of
solids in relation with phase transitions and how these are classified into first- and second-order.
In the next subsection, we discuss in a little more detail some relevant concepts related to the
physical properties of crystals under compression, mainly, the Equation of State (EOS) and the
Stiffness tensor. In order to understand the nature of optical absorption experiments, we also
included a subsection explaining the light absorption mechanisms in direct and indirect semi-
conductors. Finally, this chapter ends with a phenomenological explanation of the cooperative

Jahn-Teller effect with TbVO, at low temperatures as an example.

2.1 THERMODYNAMICS OF CRYSTALS UNDER HIGH PRESSURE

First of all, let us write the differential form of the first law of thermodynamics,
dU = 6Q + 6W (2.1)

In the first law, the variation of the internal energy U depends on the variation of the heat Q that
goes into the crystal and the work W done on it. The symbol § means that these quantities are

inexact differentials, that is to say, they depend on the path taken by the thermodynamic process.

47
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At the same time, both quantities can be expressed as

50 = TdS (2.2)

SW = —PdV (2.3)

where S, T, P and V are the entropy, temperature, pressure and volume of the system respectively.

Hence, the differential form of the internal energy can take the form

dU = TdS — PdV (2.4)

Thus, the internal energy of a crystal is a function of S and V i.e. U = U(S, V). Experiments
at constant entropy and volume are difficult to carry on. Therefore, it is useful to define other

thermodynamic potentials for different combinations of independent natural variables, such as

H(S,P)=U+PV (2.5)
F(T,V)=U-TS (2.6)
G(P,T)=U+PV-TS=H-TS=F+PV (2.7)

where H, F and G are the enthalpy, the Helmholtz potential and the Gibbs free energy respec-
tively. By combining these definitions with the fundamental equation 2.4 it is possible to express

such thermodynamic potentials in their differential form, i.e.

dH = TdS + VdP (2.8)

dF = —SdT — PdV (2.9)
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dG = —SdT + VdP (2.10)

The necessary requirement for any material to be in its equilibrium state is that the free energy
must be in its minimum. As a consequence, materials can be found in different phases depending
on the particular empirical conditions under which such materials are submitted. Considering
crystalline solids, it is possible to find different crystalline structures, i.e., different phases at
different P and T conditions, as it is shown in Fig. 2.1, where we show a basic example of a phase

diagram.

I III

Pressure

Gi1=Gy + dP

Temperature

Figure 2.1: Schematic example of a P-T phase diagram with three different phases.

The Gibbs free energy is a continuous function of these external variables, which means that
two phases of the same compound have the same free energy at the phase transition, as shown
in Fig. 2.2(a). In other words, if we consider a crystal under a certain transition pressure P; under

isothermal conditions, we can write that

Gi(P=P,) =Gy(P=P;) = F, +P,V; = F, + P,Vs. (2.11)
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Thus, the transition pressure can be expressed as

F, — F AF oF
P, = 2 1__Ar_ dn

oF,
V,-Vi AV oW

_aV2

(2.12)

|4 V2

Hence, according to Eqn. 2.12, the value of P; can also be calculated as the slope of the common
tangent line of the F;(V) and F,(V) functions. The thermal contribution to the Gibbs energy is
usually neglected in energy calculations. However, this is sometimes reasonable, since entropic

effects at room temperature only account for less than 10% of the value of P; in most cases, as we

will show later on.
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Figure 2.2: Schematic examples of (a) free energy-pressure and (c) energy-volume curves.

A schematic example of this is shown in Fig. 2.2(b). Let us focus on the P-T phase diagram
shown in Fig. 2.1. The Gibbs free energy of both phases is the same for all the point over the

phase line i.e. G; = G;. The slope of such line can be calculated in the following manner

dP S$-S; AS
dGyy = —S12dT +VipdP = — = ——— = — 2.13
1,2 1,2 12 T Vi—V, AV (2.13)

where we applied dG; = dG,. This equation is the widely known Clausius-Clapeyron relation,

where the slope of the line dividing two phase domains is related with the changes in entropy
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and volume during the transition. This equation allows us to indirectly estimate the change in
entropy, since the slope of the phase line and the change in volume can be measured experimen-

tally.

2.2 CLASSIFICATION OF PHASE TRANSITIONS IN SOLIDS

The concept of phase can be defined as a thermodynamic system of a homogeneous chemical
composition and physical structure, which can be mechanically separated from a non-homogeneous
mixture [83]. The process of transformation between two systems of this kind, from one to an-
other, is commonly known as phase transition. These are identified by a change in the order
parameter of the system, which can be the magnetization, volume, resistivity, etc. If there is
a discontinuity in the order parameter the transitions is considered first-order whereas if the
change is continuous, the transition is second-order. The most well-known phase transitions
are solid-liquid or liquid-gas transitions. However, this dissertation is focused in the solid-solid
phase transitions, in which crystalline solids change their structural configuration under high
pressure and high or low temperatures. Table 2.1 shows the classification of phase transitions
considering the S and V as order parameters and T and P as external variables. Third order
phase transitions, in which the discontinuity is found in the second derivatives, are also possible.

However, these are far from the scope of this dissertation and won’t be discussed.

Table 2.1: Classification of phase transitions.

Order Discontinuity

First S \%

(dS/aT)p (dV/adT)p
Second
(0S/oP)r (dV/oP)r
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2.2.1 LANDAU THEORY OF PHASE TRANSITIONS

In this subsection we present a qualitative description of first- and second-order transitions
according to Landau theory of phase transitions. The approach given by most textbooks only
considers phase transitions as a consequence of temperature changes, and therefore choose the
Helmbholtz free energy as the suitable thermodynamic potential. However, since we are concerned
about changes with both pressure and temperature, the following explanations are based in those

presented in Umantsev, A. [84], in which the Landau-Gibbs potential is used instead.

The Landau-Gibbs free energy function G(P, T, n) used to describe the phase transition be-
tween two phases (from « to 8 for instance) must fulfill the following conditions: it must have at
least two different minima (global and local), separated by a maximum, which is the free-energy
barrier between both states. A four-order polynomial function posseses these two properties.
Thus, it is useful to expand the free-energy potential as a function of the order parameter n near

the o phase with 77, = 0 as
1 2 2 3,1 4
G(P,T,n) =Go(P,T) + EA(P’ T)n® - gB(P, Ty’ + 27 (2.14)

where Gy (P, T) is the free-energy of the « phase and A(P, T) and B(P, T) are smooth functions
of P and T. The equilibrium states of the Landau-Gibbs function can be easily found considering

that

oG
(—) =7(A-2B7+7%) =0 (2.15)
N Jap

Besides the trivial solution 77, = 0, there are two more roots

7.=Bx VB -A (2.16)

Equilibrium states will only exist if 77, is real. Thus, the conditions A < B must be always
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fulfilled. On the other hand, equilibrium states may be stable or unstable. The stability condition

can be expressed as

G
(—2) =A—4B7+37°>0 (2.17)
N ) ap
According to this equation, the state 77, will be stable (unstable) only if A > 0 (A < 0). In

other words, the stability region of the state 7, is delimited by the condition A = 0.

With regard to the possible values of B, considering B > 0, the state 7, will always be stable
(if it exist, that is to say, if A < B?) whereas 7]_ is unstable for 0 < A < B? and stable for A < 0.

The situation is just the opposite for B < 0.

We have discussed the stability conditions of the different equilibrium states 7. Now, our
purpose is to determine which equilibrium state is dominant or globally stable to speak properly.
Therefore, we need to calculated the free-energy at the 17, and 17, states. Depending on the values
of B and A there are different cases, which can be useful to understand the difference between

first- and second-order phase transitions.

For B = 0, which is known as the Landau condition, there is only one solution for 7, and A > 0
and three roots 77, = 0, 7. = +V—=A for A < 0. In the former case, there is only one minimum
at 77, = 0 whereas in the latter case, there is a maximum at this point and two minima at 77, as
it can be seen in Fig. 2.3 (a). This diagram is particularly useful to explain second-order phase
transitions. If the transition is due to a pressure increase the sign of A should be the opposite of
P — P;, where P; is the transition pressure. In other words, if A > 0 then P — P; < 0. This is a
progressive transition, since it excludes the possibility of simultaneous stable states for the « and
B phases. Nonetheless, it allows two different stable configurations in the S phase i.e. 77,. It can
explain how, for instance, some unit-cells can become distorted along two equivalent directions.
An example of this would be the scheelite-fergusonite phase transition reported in some RVOy

compounds.
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Figure 2.3: Landau potential versus order parameter for (a) B = 0 (second-order phase transition) and (b)
B =1 (first-order phase transition) [84]

On the other hand, if B > 0 a different scenario appears, as it can be observed in Fig. 2.3 (b).
In this case, there is a coexistence of the equilibrium states 7, and 7_.. Similarly to the previous
case, there is only one state 77, for A > B? and three states i.e. 7j, and 77, for A < 0. As the function
A takes different values, there is an exchange between the two absolute minima 7, and 77, where
77_ is a maximum between both and constitutes a free-energy barrier. It can be demonstrated that
the point where both mimimums are equally stable is defined by the condition A = 8/9 when
B =1 [84]. Considering high pressure experiments, this situation would correspond to P = P;.
This means that the order parameter at the stable state can have two different values i.e. 77, and
7, This introduces a discontinuity in 7. Therefore, this situation would be characteristic of first-
order phase transitions. For larger (smaller) values of A, the dominating minimum will be located
at7, (17,). In these scenarios, both minima are locally stable. This means that the non-dominating

minimum constitutes a metastable state of the system. Experimentally this would be observed as
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a coexistence of both phases « and f, with the former disappearing as pressure increases. A good
example of this would be the zircon-to-monazite and zircon-to-scheelite phase transitions studied

in this dissertation. The situation for B < 0 is the same but with 77_ replacing 7,..

2.3 FINITE STRAINS

Let us consider a crystal in which two different elements of mass separated by an infinitesimal
distance ds° are located in the points A of coordinates x{ and B of coordinates x{ + dx?. The

superscript "0" means that we are dealing with original positions. Thus have that

(ds%)* = > (dx))? (2.18)

Imagine that such points are displaced to A" and B" according to a displacement vector u that is a
function of the coordinates of the points. In other words, let us assume that A(x?) — A’ (x? +u;)
and B(x) +dx)) — B'(x)+dx) +u;+du;). The distance between A’ and B’ is ds, which is different
from ds°. Therfore we say that the crystal has experimented strain.

The analysis of finite strains can follow two different schemes. In the Eulerian scheme the
reference is defined by the post-compression state, whereas in the Lagrangian scheme the pre-
compression is used. In other words, in the former scheme the initial coordinates x} of a point
are expressed as a function of the final coordinates x; whereas the opposite happens in the latter

[85, 86]. More specifically,in the Eulerian scheme:

x) = x; — u (2.19)

whereas in the Lagrangian scheme,

X; = xl(-) + u; (2.20)

Although both are equivalent for infinitesimal strains, they are not for finite strains, since
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changes are expanded in square length before and after compression. The Eulerian scheme is
more commonly used, since the quantities are expressed in the coordinates of the points of the
strained solid, which are experimentally accessible. In fact, most developments on the P — V
Equation of State (EOS) of crystals are based on the Eulerian scheme. On the other hand, the
Lagrangian scheme is useful in the cases in which we are dealing with structures in its original

configuration, such as in the analysis of the stiffness tensor.

2.3.1 EULERIAN STRAIN

x; — u;), the difference between the squared distances

Considering the Eulerian scheme (x} =

ds and ds° can be expressed as

(ds)? — (ds°)? = Z(dxi)z - Z(dx?)2 =2 Z dx;du; — Z(dul-)z (2.21)

The displacements u; are continous and differentiable functions of the coordinates, hence

8ul~
dui = Z gjdxj' = Z u,-jdxj (2.22)

y -

where we defined u;; = du;/dx;. Now we can rewrite Eqn. 2.21 as

(ds)? = (ds")* = 2 ) eyjdidx,; (2.23)
ij

with ¢;; being the elements of the Eulerian strain, defined as

1
&j = 5 (uij + Uji — Z Ukl'Ukj) (224)

k

The Eulerian strain can also be written in the following manner,
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Q
o

X

Q

J

1 8x2
gij_é(&j_za_xi

where §;; is the Kronecker delta. Now, let us consider the case of isotropic strain induced by

) (2.25)

hydrostatic pressure. In such conditions,

Ujj = % (226)

with ¢ = >}, u;; = AV [V, being the trace of the matrix. Combining Eqns. 2.26 and 2.24 we can

express the Eulerian strain as

¢ _1¢°
&ij = (g - 5? 51']' = €5ij (227)

The volumes of an elementary cube in the stressed and in the original state are
V = (dx;)? (2.28)

Vo = [dx1 (1 —un)]’ (2.29)

respectively. Hence, the ratio between these magnitudes takes the form

3 23/2
%:(1—1411)3:(1‘%) :[(1_2)]

/ (2.30)
2 21\ 3/2
(-2 _2 = (1 - 2¢)%?
3 9
Since ¢ is negative for positive pressures, we use f = —¢ instead in order describe finite strains

under compression. Therefore, the previous equation can be rewritten as

%: (1+2f)%? (2.31)
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2.3.2 LAGRANGIAN STRAIN

Now, let us consider the Lagrangian scheme (x; = x} +;), in which the strain is expressed as

a function of the original coordinates. Thus, the difference between the squared distances is

(ds)? — (ds°)? = Z(dxi)z - Z(dx?)z =2 Z dx'du; + Z(dui)z (2.32)

As we previously stated, the displacement vector is a continuous and differenciable variable of

the coordinates. Therefore we can write
i , o 0 7.0
du; = Z ydxj = Z u;dx; (2.33)
J J J
where we defined u?j = Ju;/ 8x?. Whith this, we can rewrite Eqn. 2.32 in the following manner:
(ds)? — (ds®)? = 2 Z nijdx)dx’ (2.34)
ij

where 7;; are the elements of the Lagrangian strain, which are defined as

1 0 0 0.0
mij =75 (”ij Tuj;+ Z Up iUy (2.35)
%

Note that the Lagrangian strain is a symmetric tensor by definition. On the other hand, the

Lagrangian strain can also be expressed as

1 OX OxX
=y 2R s 2.36
wei |55 -) ¢59

Once we have arrived at this point, the differences and similarities between the Eulerian and
Lagrangian strains are quite evident. In this case, we will not deal with the particular case of

isotropic compression in the same way that we did in the case of the Eulerian strain, since it has
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no special relevance in our study. These developments can be found in Ref. [86].

2.4 EQUATION OF STATE

In the field of thermodynamics, the set of physical magnitudes that characterize a system is
commonly known as state variables (internal energy, pressure, temperature, enthalpy, etc.). On
the other hand, the Equation of State (abbreviated as EOS) is defined as the general expression
which relates these different state variables at equilibrium. The most well-known example is
PV = nRT, which relates the pressure, volume, temperature and number of moles of an ideal
gas. In solids, the relationship between pressure and volume is generally described using the

isothermal bulk modulus,

oP

B:_(WL (237)

A simple equation of state, proposed by Murnaghan [87], can be obtained by assuming a linear

dependence of the bulk modulus with pressure B(P) =~ By + By P and integrating Eqn. 2.37,

By \ 75
V(P)=Vo |1+ B_OP , (2.38)

where the subscript ”0” refers to any function evaluated at zero pressure. This EOS can be re-

versed, so that we can express pressure as a function of volume:

BI
By [ (Vo)™
Hm:#(l)—l (2.39)
By [\V
When hydrostatic pressure, the Helmholtz free energy of the system changes according to:
BV [ (Vo/ V)5 ByV,
F(V) = Fy + — [( 0,/ )°+1]— 070 (2.40)
By | By-1 By -1

However, the problem of the Murnaghan equations of state is that they can only reproduce the
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compression of the crystal for small changes in volume (V/V; > 0.9). For higher pressures, more
accurate equations of state can be derived from the strain-stress relations. The energy of the

system can be expanded in terms of the strain f as

n

F(f) = ) af*. (2.41)

k=0

The Birch-Murnaghan EOS, which is the one used in our analysis, is based on the Eulerian strain.
Therfore, we can rewrite Eqn. 2.31 as
f =

1
2(\V

2/3
(E) - 1] . (2.42)

Thus, the energy can be expanded as a n-degree polynomial (n > 1), where the different c;

coefficients can be found by imposing the following boundary conditions [88]:

im {Fvip= -5 g vy g _ 4B, = {Fo; Vo; 0; Bo; By . .. } (2.43)
fILT(l) s s - dV’ - dV’ _dP’ - 0> V0, Y, D0, 0> . .

If we limit the expansion to a third degree polynomial, the energy will take the form

F(f) = Fo+ Bl + (By — 9f°)

2.44
_F 9VB (x2/3—1)2 1/3 B B ( )
=fo+ 2V OT[X (By —x(By —6))]
with x = V,/V. In this expression, the linear term vanishes, since ¢; o« dF/dV|p-g = =Py = 0.

Considering that P = —dF/dV, pressure can be written as a function of volume in the following

7/3 5/3 2/3
B Yol e
|4 \% |

Eqns. 2.44 and 2.45 are the most used Birch-Murnaghan equations of state in the study of solids

manner

3B
P=

3

under high pressures. These are third-order equations of state, which allow us to estimate V;, By
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and B of some material under compression. Occasionally, if the P — V' curves are sufficiently flat
we can assume that the variation of B with pressure is small and therefore consider a second-
order BM EOS (Bj ~ 4). Although higher order equations can be used for the data analysis, we

will only use second and third order BM EQOS, since these can provide sufficently accurate results.

2.5 THE STIFFNESS TENSOR

For the purpose of this section, we will follow the theoretical developments exposed in Wal-
lace [89], since these provide a helpful background for high-pressure physics. The crystal is
considered as an homogeneous, anisotropic elastic solid hereinafter. Let us consider a general
situation in which a crystal is brought from an arbitrary initial configuration (x°) to a final one
(x) by applying stresses. As a consequence, finite strains arise, which distinguish both configura-
tions. In this regard, most textbooks follow a Lagrangian scheme to derive the stiffness tensor of
a crystal. Therefore, we will use the Lagrangian strain in our exposition, which we shall invoke

again,

1 Oxy OX
. D Pl sl gy 2.46

In the absence of pyroelectric and piezoelectric effects, strained bodies experiment "near-
action" internal forces, which leads to a symmetric stress tensor o;; [90]. From the combination
of the first and second laws of thermodynamics we have that dU = TdS — §W, so it is necessary
to express W in terms of the stress and strain vectors in order to be able to continue with the
thermodynamic analysis. According to Wallace [89], the differential form of the work can be

written as

oW =-V Z O'l'jdmj. (2.47)
ij

Therefore, the differential forms of the internal energy and the Helmholtz free energy (F = U-TS)
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are

dU =TdS+V Z O'ijdﬂij: (2.48)
ij

dF = -SdT +V Z O'ijdnij (2.49)
ij
respectively. These functions are dependent on the configuration of the crystal x. However, the

final configurations is achievable through the initial configuration x° and the Lagrangian strains

nij. Thus it is advisable to write these functions as
U(x,S) =U(x" 1, S); (2.50)

F(x,T) = F(x°, 1ijT). (2.51)

From Eqn. 2.48 for dU we have that

aij =V~ (U /anij)s, (2.52)
T =(aU/0S), . (2.53)
Likewise, for dF Eqn. 2.49 leads to
aij =V (9F/Inij) 1, (2.54)
$ = —(9F/aT),, . (2.55)

The subscript n’ implies that all other 7y terms remain constant when differenciating with re-

spect to 77;; Considering that the state functions depend on the original configuration x” and the



2.5. THE STIFFNESS TENSOR 63

rotation-independent strain #;; (Eqn. 2.50 and 2.51), we can expand both U and F in terms of 7;;

oU 1 *U
U Xo, i',S =U XO,S + (—) i+t = ( ) ii + ...
( Nij ) ( ) E o Nij 5 E s NijNkl

— \ Jn;; <\ In;;jonki

ij 1 ijkl (2.56)

=U (xO,S) + VZ oijnij + EVZ Cisjklnijﬂkl T

ij ijkl
oT 1 &*F
F(x%n:,T) =F (x°,T) + (—) - ( ) Tk
( Nij ) ( ) ; an;j T}]’m] 2% onijonki Tn,mm

El J 3

(2.57)

1
ij ijkl

where we applied Eqn. 2.52 and 2.54 to the first order term of the expansion. The second order
term of the expansion has been rewritten by introducing the elastic constant C?}ZI for adiabatic

and isothermal processes (superscripts S and T respectively). More explicitly,
Co = V1 (8°U/onijoma) s,y (2.58)

Clit = V™ (9°FJomijomu) ., - (2.59)

The matrix [C;jx;] is commonly known as the stiffness tensor. Since the strains 7;; are sym-
metric, the stiffness tensor has Voigt symmetry. In other words, its elements C;ji; are invariant
under the interchanges i < j, k <> [ and ij < kl. Thus, the use of the Voigt notation is some-
times much more convenient. In such notation, each pair of ij indices is replaced by a single

index «,

ij |11 22 33 32,23 31,13 21,12

a1 2 3 4 5 6

Without entering into the details of the demonstration [89], the variation of stress with
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isothermal strains can be written as

Oij (X, T) = 0jj (XO, T) + Z [_O—ij (XO, T) 5kl + 0} (XO, T) 5jk + Ojk (XO, T) 51'1 + CiTjkl] Nt + ...
kl
= 0jj (XO, T) + Z BiTjklﬂkl +...
kl

(2.60)

which can also be written for adiabatic strains by changing T — S. The symmetric form of B, j;

can be obtained by interchanging k and [ in the expression in brackets
1
Bijki = 2 (0ubk + 018k + oukSj1 + 0k bit — 2046k1) + Cijks (2.61)

where o;; and C;ji; are evaluated at x°. The expression is valid for both isothermal and adiabatic
strains. Since this work is focused on high-pressure experiments, the particular case that is worth
mentioning is the one in which a crystal is being compress under hydrostatic pressure. In such

case, the applied stress at x° can be written as
oij = =8P, (2.62)
where P is the absolute magnitude of the applied pressure. This leads to
Bijk1 = —P (818 + 6ubjk — 6ij6k1) + Cijia- (2.63)

This expression will be used hereon in our analysis for obtaining B;ji; from C;ji; after getting it

at different pressures from ab-initio calulations.
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2.5.1 SYMMETRIES

The stiffness tensor can be written as a 6 X 6 matrix in the Voigt notation (ij — « and kIl — p).
Since C,p is a symmetric tensor there is a maximum of 21 independent elastic constants. In
addition to this, the tensor must be invariant under the symmetry operations of its particular
point group. Moreover, since this is a four-rank tensor, it is also invariant under inversions.
Considering all these features, the stiffness tensor can be classified according to Laue groups. As

a result, there are 11 different possible matrices (one for each Laue group), which can be found

in Nye [91].
Table 2.2: Stiffness matrices for tetragonal structures (Voigt notation).
Tetragonal I Tetragonal II
Point groups: 4mm, 42m, 422, 4/mmm Point groups: 4,4,4/m

Cnu Ciz Gz 0 Cin Cip Gz 0 0 Cis

0
Ciz2 Cii Gz 0 0 Ciz2 Cun Gz 0 0 —Ci
Ciz Ci3 GC3 0 0

0 0 0 Cyu O

0

0

0 Ci3s Ci3 Cs3 0 0 0
0 0 0 0 Cyu O 0
0

0 0 0 0 C44 0 0 0 0 C44 0

0 0 0 0 0 Ce Cie -Ci¢ 0 0 0 Ce

In this case we only show the matrices corresponding to tetragonal structures in Table 2.2.
These matrices are of special interest in our case, since the zircon (S. G.: [4;/amd) and scheelite
(S. G.: I4,/a) structures are considered Tetragonal I and II respectively. The matrices in Table 2.2

are also valid for B,g.
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2.5.2 STABILITY CRITERIA AND DISTORTION

Several publications [92, 93] have shown in various ways , that the general stability criteria
is given by the condition that the [B,s] matrix must be positive definite. In our case, we will
proof this necessary condition in a much simplified way. First of all, let us consider Eqn. 2.57. At
constant temperature, the free energy must be minimum with respect to arbitrary homogeneous
strains

d*Fr > 0. (2.64)

Therefore, when no external stress is applied,

ch;ﬂ’?anﬁ > 0. (2.65)
ap
According to a theorem of linear algebra, this quantity can only be positive if det ([Cqp]) > 0,
which is the stability criteria if we consider zero applied stress. In such conditions Cpg = Bgyg,
thus [Bgg] is also positive definite. Now. let us choose a Lagrangian strain proportional to some
eigenvector of the matrix [B,g] such that n, = koB with k being a non-zero arbitrary constant.

We can rewrite Eqn. 2.60 using Voigt notation as
Aoy (x* — x) = Z Bl ynp = APkol. (2.66)
B

If any eigenvalue A® = 0 we will have that Ao, = 0 for a non-zero strain. Therefore the system
does not require any further stress to become distorted in the direction given by the eigenvector.
To put it more clearly, there is an spontaneous deformation of the crystal. According to this line
of argumentation, if [ B3] must be positive definite when the applied load is zero and the system
becomes unstable once its determinant is zero we can state that the general stability criteria is

that det([B,g]) > 0.
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From this condition we can derive the different necessary relations that the elastic constants
must fulfill for each symmetry, commonly known as the Born criteria [94, 95]. Since we have
shown in this section the symmetry of the stiffness tensors of the Tetragonal I and II structures,

in table 2.3 we show the corresponding Born stability criteria wich are necessary and sufficient.

Table 2.3: Born stability criteria for tetragonal structures.

Tetragonal I Tetragonal II
Point groups: 4mm, 42m, 422,4/mmm  Point groups: 4,4,4/m

Bi1 > |Bial; Bi1 > |Bial;
2B%, < Bs3(Bi1 + B1a); 2B}, < Bs3(Bi1 + B1o);
Byy > 0; By > 0;
Bgg > 0; 2B} < Bes(B11 — Bi2);

In this case the Born criteria are the same for both structures with the exception of those

involving the Bgs and By¢ elastic constants.

2.6 INTERBAND ABSORPTION

In isolated atoms, the energy-level diagram is composed of a series of states with discrete
energies. The electronic transitions between these levels involve the emission or absorption of
photons. As a consequence, the emission or absorption spectra of these atoms consists in a series
of sharp lines. In the case of solids, the picture is more complicated. Some of the properties of
individual atoms are conserved, but different physical phenomena appear as a consequence of
the formation of bands with their delocalized states [96]. Fig. 2.4 shows a simplified scheme of
two separated bands in a solid. In this transition, an electron is promoted from the lower to the

upper band by the absorption of a photon with an energy higher than the separation of the bands
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(hw > Egqp). In order for this to happen, the final state in the upper band must be empty, according
to Pauli’s exclusion principle. The perfect example for this are semiconductors or insulators.
Roughly speaking, in an a semiconductor, an electron can jump from the valence band to the

conduction band by absorbing a photon whose energy must be higher than the bandgap.

4 conduction band
_______ ’ - __ _ Ef
2 hw
3
€3 Egap
______ P Ay

valence band

Figure 2.4: Interband electronic transition (from an initial energy E; to a final state Er) as the result of
the absorption of a photon with energy 7iw. The energy difference between the two bands is Eggp.

2.6.1 DIRECT TRANSITIONS

Firstly, let us focus on direct absorptions, in which the minimum of the conduction band
and the maximum of the valence band are located at the same point of the Brillouin zone. The

laws of the conservation of energy and momentum imply that,

Ei(ki) +how = Ef(kf) (267)

ki +k, = k¢ (2.68)
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where E; and k; are the energy and momentum of the electron in the initial state (i = initial)
and E¢ and k¢ those of the final state (f = final). The momentum of the photon is represented
as ky. In semiconductors, the energy of the absorbed photon is ~ 1 eV (similar to the bandgap
energy), which corresponds to a momentum of |k),| ~ 10* cm™!. On the other hand, the size of
the Brillouin zone is G = 27 /a, where a is of the order of magnitude of the lattice parameters
(10 A). This leads to G ~ 10® cm™, which is much larger than k,. Thus, it is possible to neglect
the momentum of the photon so that k; ~ k¢. This means that the transitions take place without
any change in the position in the Brillouin zone. In this section we will follow a semiclassical
scheme, in which electromagnetic fields are treated classically whereas electrons are described
as quantum mechanical wavefunctions.
The absorption coefficient a can be defined as the ratio of the number of absorbed photons R
and the flux of incident photons ¢,
a=X (2.69)

¢

Before calculating the value of R, we must describe the Hamiltonian of the electron in the

crystal lattice in the presence of an electromagnetic wave,

2
_(pter)”
2m

H 1% (2.70)

where p is the momentum operator, A is the vector potential of the electromagnetic wave, e
is the charge of the electron and V is the potential of the crystalline lattice. The vector potential

of an electromagnetic wave takes the form

A= Age Bmote 4 c e (2.71)

The quadratic term A? in the Hamiltonian can be neglected, since we are dealing with the
linear properties of the field. Considering the Coulomb’s gauge V - A = 0, the Hamiltonian of the

system can be rewritten as
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2

P e /
H=—+V+—A-p=Hy+H (2.72)
2m m

where H' = ZA - p. If we consider an electromagnetic wave with small intensity, this term of
the Hamiltonian can be considered as a perturbation and thus it is possible to apply perturbation
theory. In our particular case, we are only interested in the term et of the equation, which leads
to transitions in which energy is absorbed. According to Fermi’s Golden Rule, the transition rate

per unit of volume of electrons from the initial i to the final state f is given by

2 ’ 2 2
k= 7” // [ | 10)[* S(Ef — E: — o) ()3 s oy 0 @73)

where 2/(27)? is the density of states in the reciprocal space. ¥; and ¢ represent the Bloch

wavefunctions associated to the electron in the initial and final states, respectively:

lpn (r.k) = Unk, (r)eikn~r (2.74)

Thus, we can expand the matrix element within the integral as follows,

o

Aoeikyre p

ere i (ki+k, —kg)- s« %
> = / ol (Kitky —kg)-r (1,¢f,kfp1,t,-,ki +hkiuf’kfui,ki) dv

_ ¢Aee 37 eltrky ko /
m -

] Vu.c.

!

m

ei(ki+ky_kf)'r (u;"kfpui,ki + hkiu;‘)kful',ki) dV
(2.75)

with V, . being the volume of the unit-cell and R; the components of a lattice vector. In this
expression, the sum term shrinks to zero unless the relationship k; + k, = k¢ holds. Thus, the
conservation of the momentum is a result of the periodicity of the crystal lattice. By expanding
urx, into a Taylor series of the photon momentum k, we have that ugk, = upkk, = ufk +

k,Vi,ury,. As we previously stated, k, is much smaller than k; and k¢. Thus, the corresponding
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term in the Taylor series can be neglected so that usy, = uyy;. This approach is usually known as
the dipole approximation. The Bloch wavefunctions for the valence (i — v) and conduction bands
(f — c) are orthogonal for the same momentum, hence, the transition rate can be expressed as
follows,
2A2
€y 2
1Pl [ 8 (500 - E(0) - o) day 276

R=—20
272

where |P,,|? is the momentum matrix element. Considering the effective mass approximation,

the term within the Dirac delta can be expressed as

2k 2k 2k
Ee(K) — Ey(K) = hw = Epg + —— — Eyo + —— — heo = Eggp + —— — hw (2.77)
2 2m 02 2+

* *
C mU

where Ey, is the bandgap energy and y* is the reduced effective mass. Thanks to this approach,
the term inside the Dirac delta can be written as a function of the momentum. For 7iw > Egqy, R

can be written as

(2/1*)3/2€2A2
R=————"L|P|*\/liw — Egqp (2.78)

wh*m?
In orther to calculate the value of the absorption coeflicient, it is necessary to previously obtain

the photon flux:

(S)] _ nAg

¢= hiw 2Rk

ko (2.79)

where S is the Poynting vector. Considering that & = R/¢ by definition, the absorption coefficient

for direct transitions takes the form

25/2(/1*)3/2620/10
a=

2
P’ [0 = Egap (2.80)

2.6.2 INDIRECT TRANSITIONS

Now;, let us consider an indirect transition as the one depicted in Fig. 2.5, in which an electron

is excited from an initial state in the valence band to a final state in the conduction band i.e.
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Figure 2.5: Scheme of interband absorption in indirect gap semiconductors.

E;, ki — Ey, ky. Since the maximum of the valence band and the minimum of the conduction
band are shifted from each other, these transitions are necessarily mediated by a phonon. Hence,

the conservation of the energy and momentum requires that

Ef = E; + ho + hQ (2.81)

nks = fik; + hq (2.82)

where Q and q are the angular frequency and momentum of the phonon respectively. The photon
momentum has been neglected. As the + factor reveals, the process can take place as a conse-

quence of phonon absorption (+) and emission ().

The perturbative term H’ in Eqn. 2.72 is now composed of two terms which describe the
electron-photon (H;_,) and electron-phonon (H;_,) interaction. The expression of the latter de-
pends of the type of phonon involved in the transition. Therefore, since the absorption process
involve the interaction of three different bodies, in addition to the initial and final states, we must

consider an intermediate state m in the analysis. Thus, the electronic transition rate per unit of
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volume takes the form

_2n 2 V2« [(flHegm)[* [(mlH|1)]
k= ?// ((27@3) n;l (Ey — E; — ) S(Eg(ke)—Ei(ki) ~ho+hQ)dr, dry, (2.83)

where the indices I and Il represent the two most probable processes through which the transition
takes place. In the first one an electron with momentum k; promotes from the valence band to the
conduction band and subsequently undergoes a transition within the conduction band in which
it absorbs or emits a phonon with momentum k¢ — k;. In the second process an electron from the
valence band with momentum k¢ absorbs a photon and promotes to the conduction band. Then,
an electron in the valence band with momentum k; absorbs or emits a phonon with momentum

k¢ — kj.

As in the direct transition case, the periodicity of the lattice implies that k¢ = kij+k,+q ~ ki+q
i.e. the law of the conservation of the momentum holds. Assuming that in most semiconductors
the matrix elements are near-independent from momentum, this term can be taken out of the
integral. Similarly to direct transitions, it is possible to take the parabolic band approximation so

that we can express the integrals as a function of energy:

k= Z // Cif\/(Ev — E))(Ef — Ec)8(Ef — E; — hw + hQ)dE;dE;
LIT

Ey+ho+hQ
:Zcif/ \/(Ef—EC)(EU+ha)ihQ—Ef)dEf
Tl Ec (2.84)
= ) Cip(ho + hQ = Egqp)?
LII

= C (he +1Q — Egap)” + C (1> ~ Q2 ~ Egap)?

Invoking Eqns. 2.69 and 2.79, the absorption coefficient for indirect transitions is expressed as

abs em

a= ho—w(ha) +1Q — Egap)® + %(ha) — hQ = Egap)? (2.85)
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The two terms at the right side of the equation describe the transitions that take place upon the
absorption and emission of a phonon. The constants Cgbs and C§™ are proportional to ny and
(ng + 1) respectively, where n, = 1/ (e™/ksT _ 1) is the phonon occupation number, which is
given by the Bose-Eintein statistics. According to this, phonon absorption is strongly reduced at
low temperatures, since it requires the existence of thermally excited phonons. On the contrary,
phonon emission can take place at all temperatures. Moreover, for energies close to Ey,, the

denominator 7iw does not introduce strong variations and can be absorbed into the Cgm’“bs

con-
stants. Therefore, at low temperatures and energies near E,4, the plot of a'/? versus E should

look like a straight line where the intercept with the horizontal axis is Egq) + Q.

2.7 THE COOPERATIVE JAHN-TELLER EFFECT

The Jahn-Teller (JT) Effect, which was discovered in 1937 by Hermann A. Jahn and Edward
Teller, is a well-known mechanism in which molecular or crystal structures undergo a sponta-
neous breaking of symmetry. More specifically, the Jahn-Teller Theorem states that "any nonlin-
ear molecular system in a degenerate electronic state will be unstable and will undergo a distor-
tion to form a system of lower symmetry and lower energy, thereby removing the degeneracy"
[63].

With regard to crystal structures, atoms change their electronic structures when they are
surrounded by other atoms, that is to say, the local environment changes their electronic lev-
els. This is caused by the electric field from the surrounding atoms, which is usually referred
as "crystal field effect" Therefore, the distribution of the electronic levels depends on the local
symmetry (tetrahedral, octahedral, dodecahedral, etc.) and the original electronic configuration
of the atom. On the other hand, if some of the electronic levels are degenerate, the polyhedral
structure around the atom may undergo an spontaneous distortion as a consequence of the JT

effect. This distortion modifies its environment and the JT effect can take place throughout the
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whole crystal. This is the so-called cooperative JT effect (CJTE).

In order to explain this phenomena, we must consider a crystal in which some of the reg-
ular centers are in degenerate (or pseudodegenerate) states. In molecular aggregates like gases
or liquids, the motion of each center does not depend on the motion of other centers. On the
contrary, each regular center is influenced by the mean "molecular field" produced by the crystal
environment, which is not isotropic at any given moment. Thus, equivalent distortions in free

regular centers are no longer equivalent when considering their interactions.

E(Q)

A\ J

'QO QO QBEg

Figure 2.6: Potential energy curves of a square-planar system with a JT E ® by, problem as a function
of the Qpyy displacements. The system shows two equivalent minima, with the corresponding distortions
depicted over them (adapted from [97]).

In order to provide clearer explanation of this process, let us consider a simple case in which
the JT centers in the crystal are characterized by a twofold orbitally degenerate E term coupled to
a b, phonon (this example is taken from Ref. [97] , where b, vibrations are labeled as b; and vice

versa). For the sake of simplicity we are assuming square planar JT centers. Fig. 2.6 schematically
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(++) (=-)

MR
A

Figure 2.7: Different types of packing of two interacting square-planar JT centers in which the E ® by,
problem is realized (adapted from Ref. [97]).

shows the associated potential energy diagram, which has two equivalent minima, each of which
corresponds to a rhombic distortion with a by; symmetry. If the interaction among the JT centers
is neglected, both configurations (indicated with (+) and (—) hereon) are equally probable.
However, as we previously stated, interactions between centers cannot be neglected when
dealing with crystal structures. If we consider a pair of parallel interacting centers in which
the E ® b, problem takes place, four different configurations are possible: (++), (——), (+—) and
(—+), which are depicted in Fig. 2.7. If the energy of the configurations (++) or (——) is lower,
distortions parallel to each other are preferred. Such cases are known as ferrodistortive interac-
tions. On the contrary, if the interaction with antiparallel distortions is stronger, the (+—) and
(—+) configurations will posses lower energy. These configurations are known as antiferrodis-

tortive interactions. In both cases the distortion of each center depends on the other. This kind of
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reasoning can be generalized to the interaction of multiple centers and thus, to the whole crystal.

Ferrodistortive interactions lead to the deformation of the whole crystal, which changes its
properties, giving rise to structural phase transitions. In addition to this, since the symmetry of
the crystal is linked to the symmetry of its regular centers, there is a symmetry breaking after

the CJTE takes place.

(a) (b)
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Figure 2.8: (a) Changes in the structure of the electronic low lying levels of Tb** due to CJTE at low
temperatures (from Ref. [27]). Energy units in cm™!. (b) Projection of the unit-cell of zircon-type ThVO,
(Blue spheres represent Tb atoms; VO, units are represented by yellow tetrahedra). Axis directions are
indicated. The direction of the B,,-distortion is depicted with black arrows.

Zircon-type rare-earth orthovanadates such as TbVO,, DyVO,4 and TmVOy, constitute a perfect
example of a CJTE in which a twofold degenerate E state is coupled to nondegenerate b, or b,
vibrations (E ® by or E ® b, problems). Since we studied TbVO, at low temperatures in this
dissertation, we will focus our explanations on this compound, in which the low-lying electronic
levels are coupled to a Byy phonon. The changes in the energy levels of the Tb** cation before
and after the CJTE are depicted in Fig. 2.8 (a). At temperatures over 33 K, the Tb* cation (within

the crystal structure) has an orbital doublet E at ~ 8.5 cm™! over the A; ground state. Below 33
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K, the orbital states at E split into two clearly separate levels (degeneracy breaking) and mix with
the other nearby energy levels, which leads to a Byy-type distortion [Fig. 2.8 (b)]. In particular,
the distortion of the unit-cell takes place along the [110] and [110] directions i.e. the ab base
diagonals. As a consequence, the symmetry of the crystal is lowered from the tetragonal zircon
structure (S. G.: I4;/amd), in which the site symmetry of the Tb>" cations is 42m (Dyy), to an

orthorhombic structure (S.G.: Fddd), where the rare-earth cations are in 222 (D,) sites.

2.8 PRINCIPLES OF X-RAY DIFRACTION

X-ray diffraction, usually abbreviated as XRD, is one of the most common techniques for
studying and determining crystal structures. We can understand diffraction as an elastic and
coherent scattering process produced by the large-range order of a crystalline structure. The
reason for using X-rays is that these have a wavelength comparable to the typical interatomic

distances.

2.8.1 BRAGG’S LAW

L L
At
@ L]

: B
d;;; sind
@ L 2 w & L ® @

Figure 2.9: Simplified view of the typical Bragg reflection. The longitude of the red segment is dpx; sin Opi;
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The incoming beam of radiation on a crystalline structure can be elastically scattered by the
atoms in its crystallographic planes, which are separated by the distance dyy;. Consider Fig. 2.9.
The scattered radiation its only possible if the waves reflected by the A and B atoms are in phase.
However, that can only happen when the path taken by both rays is equal to a integer number

of wavelengths, which can only happen for certain 0y; angles. More specifically,
nA = 2dpy; sin Oy (2.86)

This is the well-known Bragg’s law, which relates the d-spacing with the incident wavelength
and the Bragg angle. We have formulated the Bragg’s law using scalars, but it can also be ex-
pressed in vector terms. Firstly, we have to consider that the scattered radiation from two charged
particles separated by a vector r has a mismatch equal to exp (iQ - r), where Q is the so-called
scattering vector. This vector represents the change in the wave vector of the scattered and in-
cident beams, Q = k — k. Thus, the scattering factor also known as the form factor can be

expressed as follows,

ﬂ@=/w®wﬂ@ﬂﬁ (2.87)

This factor depends on the electron density p,; of the particular atoms under study and is a
function of Q. In general, the electronic density p,; of an atom can be well estimated by quantum
mechanics calculations, which are beyond the scope of this dissertation though. A particular
consequence of this definition is that in the limit Q — 0 the form factor is equal to the total

number of electrons Z in that particular atom or ion:
Q=0 = [ patwir=2 25%)

Now, let us consider a crystal structure defined by the lattice vector R. The scattered radiation

by the crystal lattice is only possible if the radiation scattered by each unit-cell is in phase. This



80 CHAPTER 2. THEORETICAL BACKGROUND

means that the condition exp (iQ - R) = 1 must be fulfilled. This can only happen if Q = d; ,

where d;,, = ha* + kb" + [c" is the reciprocal vector, which is perpendicular to the (hkl) plane

and its module is 27 /dyy;. Hence, the Bragg’s law takes the form,

S— 9o

k—k():2ﬂ.' 1

=, (2.89)

where sy and s are unitary vectors.

2.8.2 THE STUCTURE FACTOR

The amplitude of the scattered radiation is given by the so-called structure factor [98],

FQ) =) fiexp(iQ 1)) (2.90)
J

Considering that the condition of diffraction is given by the Bragg’s law (Q = d; ) then the

structure factor takes the form
F(hkl) = Z fi exp (2mi(hx; + ky; +1z;)) (2.91)
J

This equation is particularly interesting, since it relates the amplitude (and, therefore, the inten-
sity) of a particular hkl reflection with the positions xyz of the atoms in the cell. However, for
some of these combinations, F(hkl) may be equal to zero. These cases are known as systematic

extinctions.

Until now, we have considered the position of the atoms as fixed in the crystal. However,

atoms are in a continuous motion due to thermal effects. Thus, it is necessary to introduce these
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effects in the structure factor as
F(Q) = ) fiexp (iQ-1)T;(Q) (2.92)
J

Assuming that thermal vibrations are isotropic and harmonic, the average position of the atoms
can be accurately described by a Gaussian function. This description is particularly useful, since
the width of the distribution depends on the mean-squared atomic displacements <uJ2.). Thus, we

can write T in terms of <u]2> as,
T;(Q) = exp(—87r2(ujz-> sin® /1) = exp(—B; sin® 6/1) (2.93)

where B; = 8ﬂ2<u?) is the so-called temperature factor, which has to be taken into account

when refining experimental XRD patterns.
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3 EXPERIMENTAL METHODS

In this chapter we present some of the most used high-pressure devices and techniques used
during our research. We start by making a general description of the well-known Diamond Anvil
Cell, which allows not only the compression of materials beyond 10 GPa but also the optical access
to the sample. After that, we explain the principles of the X-ray diffraction, Raman spectroscopy
and optical absorption characterization techniques. With these techniques we could study the
crystal structure of RVO, compounds under different pressure-temperature conditions, as well
as their vibrational structure and band gap energies. We finally present the Paris-Edinburgh
large volume press cell, which was used to synthesized larger quantities of scheelite-type RVO,

samples at high-temperatures and high-pressures.

3.1 Tue DiamonD ANVIL CELL

The Diamond Anvil Cell (DAC hereon) is the most used device in high pressure experiments
due to its great versatility. The main reason for using DACs instead of other pressure devices
(such as the large volume Bridgman cell, multi-anvil presses, etc.) is that they provide an excellent
optical window for optical, spectroscopic and x-ray diffraction in situ experiments. The reason
for this is that diamonds are transparent in the visible-ultraviolet region as well as for hard X-rays
(E > 10 KeV). However, the main limitation of this kind of cells is the small size of the sample

under analysis, since the diameter of the culets are typically around 200-500 ym. The small size of
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Incident radiation

Hydrostatic

medium

Scattered radiation

Figure 3.1: Basic sketch of a generic DAC.

the diamonds combined with their extreme hardness, allows to achieve maximum pressures that
range from 20 (for diamonds with culet diameters of 500 ym) to 100 GPa (for Bevelled diamonds

with culet diameters of 150 ym), typically.

Basically, a DAC consists in a system of two opposing diamonds as shown in Fig. 3.1, in which
the sample is confined into the hole of a metallic gasket in between the diamonds. In addition to
the sample, the cell is normally loaded with a pressure gauge (usually ruby chips) and a pressure
transmitting medium (PTM) to ensure quasi-hydrostatic conditions. Pressure is increased in the

cavity by pushing the diamonds one towards each other.

The force necessary to move the diamonds is carried out through different mechanisms. In
particular, most of the high-pressure experiments described in this dissertation were performed
using membrane DACs. Fig. 3.2 shows a picture of a membrane DAC, which is composed of
three main parts: (1) the piston, (2) the cylinder (also known as the body of the cell), and the

(3) membrane, which is soldered to (4) the cover. One of the diamonds is fixed in the cylinder
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Figure 3.2: Basic pieces of a membrane DAC: (1) piston, (2) body, (3) membrane and (4) cover.

and the other one in the piston. The piston slides into the body, which is pushed by the mem-
brane. Pressurized gas is injected into the membrane, whose expansion pushes the cylinder. As
a consequence, both diamonds approach towards each other, increasing the pressure in the cav-
ity. With this kind of system it is possible to increase the pressure of the sample to several GPa
with moderate membrane pressures (P, < 100 bar). In fact, we can prove this in terms of orders
of magnitude by performing a rough calculation. Considering a membrane pressure of 60 bar, a
membrane with external and internal radii of 5.5 and 4.5 cm and a diamond culet diameter of 500
pm we have that, P = 60 bar x7[(5.5)? — (4.5)%]/7(0.05)% ~ 240 kbar = 24 GPa. The particular
advantage of these type of DAC with respect to other different kinds, such as those in which pres-
sure is increased using screws, is that they allow to better control and monitorize the pressure of
the membrane, and thus, of the chamber pressure. Another advantage is that it is not necessary
to move the DAC out of the experimental set up to increase pressure.

The metallic gasket placed in between the diamonds needs to be preindented and drilled be-
fore the sample loading, so that the cavity has the appropiate size. The necessary membrane
pressure for achieving the desired thickness depends on the kind of metal (steel, tungsten or
rhenium), the size of the diamonds and the particular cell-membrane combinations.

On the other hand, in order to maintain quasi-hydrostatic conditions, different kind of media
are used. These can be solid, liquid or gas. Soft solid media such as solid boron nitride (BN)

or cesium iodine (Csl) are not very good PTMs at room temperature. Nonetheless, they have
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some advantages for certain experiments. For instance, Csl is transparent to IR radiation, so it
can be used in IR absorption experiments under high pressure. On the other hand, one of the
most used liquid PTMs is the 16:3:1 mixture of ethanol-methanol-water (MEW) is reasonably
hydrostatic below 12 GPa. Besides its good hydrostaticity, the main advantages of MEW is that it
is transparent in the VIS-UV region and easy to load in the DAC. Gases, in particular noble gases
such as Ne or He, are used for achieving optimal hydrostatic conditions. Their main advantage
is that they ensure hydrostatic conditions in a larger range of pressures. As an example of this,

table 3.1 shows the hydrostatic limits for different PTMs [99].

Table 3.1: Hydrostatic limits of some pressure transmitting media.

PTM Pressure limit for op < 0.2 GPa
16:3:1 Methanol-ethanol-water 12 GPa
Nitrogen (N3) 15 GPa
Argon 20 GPa
Neon 25 GPa
Helium 40 GPa

The pressure under which the sample is submitted can be experimentally determined using
the ruby (Cr**-doped Al;O3). luminiscence method. This particular method is based on the shift
to higher wavelengths of the R; and R, luminiscence bands of the fluorescence spectra of ruby, as
shown in Fig. 3.3. The pressure dependence of the R; line (1 = 697.38 nm at room conditions) has
been widely studied. One of the most used equations describing this dependence was proposed

by Mao et al. [100] in 1986:

7.665
_ 1ooe [1 o _AO] (GPa) (3.1)

 7.665 Ao
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Figure 3.3: Luminiscence spectra of ruby at room temperature near ambient pressure and at 2.7 GPa.

On the other hand, some experimental setups do not allow to use this particular method. For
instance, high-pressure experiments at low or high temperatures sometimes require the use of
large vessels that do not allow the use of a laser system. However, other alternative methods are
available. For instance the DAC can be loaded with a small amount of some kind of material whose
pressure evolution is well determined under a particular experimental technique. For instance,
in X-ray diffraction, some gold (Au), platinum (Pt), sodium chloride (NaCl) or other substances
can be loaded together with the sample in the DAC [101, 102]. These are crystal structures whose
equations of state are well determined in literature. Thus, by following the displacement of the
corresponding Bragg peaks it is possible to determine the pressure applied on the sample. One of
the advantages of this method is that allows to determine pressure in the a particular area of the
sample, since the obtained XRD pattern contains the Bragg peaks of the sample as well as those
of the pressure gauge. By contrast, the main disadvantage is that this also hinders the refinement
of the sample parameters, since both XRD patterns are mixed. This may be worse is the pressure

gauge is a much more diffracting structure than the sample.
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3.2 POWDER X-RAY DIFFRACTION

Since all of our XRD experiments have been carried out using powder samples, we will restrict
our explanations to this particular technique. Crystalline powder is composed of a huge amount
of microscopic crystals, usually obtained after grinding bigger single crystals. This fine powder is
loaded in a holder i.e. a DAC in our particular case, which is placed in front of a monochromatic
x-ray beam. Since the powder is constituted by numerous tiny crystals at random orientations,
some of them have one crystallographic plane that fulfils the Bragg’s law. In addition to this, this
process has cylindrical symmetry around the direction given by the incoming beam sy, as it is
shown in Fig. 3.4. As a consequence, a cone of diffraction is obtained for each crystallographic
plane. When a detector is placed in front of the sample, the collected pattern appears as a series of
concentric diffraction rings. An example of this is shown in Fig. 3.5 (a) for scheelite-type GdVOj,.

The integrated intensity as a function of the 26-angle is also shown in Fig. 3.5 (b).

So

Figure 3.4: Scheme of the diffraction cone generated in powder XRD experiments.
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Figure 3.5: (a) Concentric rings pattern of scheelite-type GdVO, (A = 0.4642 A) and (b) integrated pattern.

3.2.1 SOURCES OF X-RAYS

3.2.1.1 CONVENTIONAL X-RAY SOURCES

In the electromagnetic spectrum, X-rays are placed in between the ultraviolet and gamma
rays, with typical energies in the range of 102-10° eV (1 = 0.1-100 A). In conventional X-ray
sources, this radiation is usually obtained by hitting a metallic target (usually Mo or Cu) with a
beam of electrons. Many of these electrons lose their kinetic energy when they enter the target,
producing a continuum of X-rays due to their deceleration. This braking radiation is commonly
referred as Bremsstrahlung (from the german bremsen "to brake" and Strahlung "radiation").
The energy of the incident electrons determines the maximum energy of the Bremsstrahlung
distribution, since this corresponds to the energy lost by the electrons which are totally stopped

by the metal. This curve is represented in Fig. 3.6 (a).

However, there is also another contribution to the spectra, which is crucial for the exper-
iments. When the electrons strike the target, they strip some inner electrons from the metal

atoms. As a consequence, other electrons at more energetic levels in outer shells decay to these
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Figure 3.6: Sketchs of (a) the typical X-ray spectrum and (b) the electronic transitions related to X-rays.

empty levels. By doing so, these electrons lose some part of their energy, which is released as X-
rays. These kind of transitions are shown in Fig. 3.6 (b). The X-rays produced by this mechanism
give rise to sharp peaks in the final spectrum, as it can be observed in Fig. 3.6 (a). For diffraction
experiments, the relevant transitions are the ones in which the electrons fall from the L to the K
shells, which gives rise to the Ka line, shown in Fig. 3.6. In fact, there are two contributions to
this peak, referred as Koy (2p1/2 — 251/, transitions) and Kay (2p3/2 — 251/, transitions), at very
similar wavelengths. For instance, the wavelengths for Cu are Ka;: 1.54059 A and Ka,: 1.54441
A [103]. With regard to the relative intensity, the Ka, contribution is approximately half of that
of Kay. In order to work at a fixed wavelength, the peaks that are not desired for the experiment
(such as Kp) are usually removed using absorbing filters. The Bremsstrahlung radiation is some-
times left as background, since it is very weak compared to the Ka;) line. Monochromators can

also be used as an alternative, which allow to select the Ka line exclusively.

According to the former explanations, it is necessary a source of electrons, a high voltage

to accelerate them and a metal target. In addition to that, a cooling system for the target is
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necessary in order to avoid melting, since most of the kinetic energy of the electrons is absorbed
by the metal, which considerably raises its temperature. A common tool for obtaining X-rays
are filament tubes. These consist in a tungsten filament and a water-cooled copper target, which
work as cathode and anode respectively. Both pieces are insulated one from the other by an
evacuated glass envelope. The electrons are obtained by the thermal excitation of the atoms in
the tungsten filament, which is heated by an electrical current, and then accelerated with a high
negative potential (30000-50000 V) towards the copper target. The main limitation of sealed X-ray
tubes is that most of the supplied energy is transformed into heat, so that the input power (0.5 -
3 kW) is limited by its ability to dissipate heat. On the other hand, the low thermal efficiency of
X-ray tubes can be significantly increased by using a rotating anode X-ray source. In this type
of sources, the anode is a large disk rotating at high speeds while being cooled down by a cold
water stream. The larger bombarded surface and the fact that rotation constantly brings chilled
metal to the impact area allow input powers of 15 - 20 kW typically, although in some cases they
can arrive to 50 - 60 kW.

Sources like these, although extremely useful, have some intrinsic limitations. For instance,
in order to avoid the over-heating of the anode, the intensity must be limited. This means that
the required time to get a diffraction pattern is quite large. Moreover, the X-ray wavelength is
restricted to the electronic transitions of the particular metal used as target, which is specially
problematic when the experimental conditions require small X-ray wavelengths and a more in-
tense and collimated radiation (as in the case of high-pressure experiments). For these reasons,
a different and more powerful source of radiation is sometimes required. An example of this are

synchrotrons.

3.2.1.2 SYNCHROTRON RADIATION SOURCES

Synchrotron constitute a kind of particle accelerators in which the particle beam follows a

cyclical closed-loop path. In these facilities, particles are accelerated by an electric field and their
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path is curved with magnetic fields. In contrast to cyclotrons, in which these fields are constant,
in synchrotrons the electric and magnetic fields change according to the kinetic energy of the

charged particles.

Synchrotrons provide a much higher X-ray spectral brilliance than the previously described
conventional sources. This magnitude is fundamental when comparing X-ray sources. It accounts
for the number of photons per unit of time, the angular divergence and cross-sectional area of the
beam and the photons falling within the bandwith (BW) of 0.1% of the central wavelength. Thus,
brilliance units are defined as photons/(s-mrad?- mm? - 0.1% BW). The brilliance of a typical third-
generation synchrotron, which is characterized by the use of insertion devices such as wigglers
or undulators, is 12-16 orders of magnitude higher than that produced by a common X-ray tube.
In addition to this, synchrotron radiation can be tuned to the most suitable X-ray wavelength for
the experiments. The four main components of these kind of synchrotron facilities are (i) a field
emission cathode as the source of the electron beam, (ii) the linear accelerator (iii) the synchrotron
(or booster) and (iv) the storage ring, where the bending magnets and insertion devices can be
found, which act as sources of radiation. With regard to bending magnets, these are periodically
distributed around the storage ring. Their function consists in deflecting the electrons and force
them to circulate inside the ring. Insertion devices consist in a closely spaced array of magnets
located in the linear sections between the bending magnets. These devices increase the intensity

of the radiation by inducing oscillations in the electron beam path.

Electromagnetic radiation can be produced by accelerating charged particles with an elec-
trical field or by curving their path using a magnetic field. In a synchrotron facility, radiation
is obtained by the latter method. When a charged particle follows a circular path, as shown in
Fig. 3.7, it behaves like an electric dipole with its momentum pointing parallel to the centripetal
force (represented with a red arrow). The emitted radiation has cylindrical symmetry around the
x axis, and the shape of two lobes, which are represented in the figure with blue lines. As the

speed of the particle gets closer to c, the lobes considerably narrow, which produces a more colli-
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Figure 3.7: Change in the radiation pattern of an electron when accelerated at relativistic speeds.

mated radiation in the direction of the electron movement. The angular aperture of the collimated

radiation is inversely proportional to the Lorentz factor y = 1/4/1 — 2 with f = v/c.

The emission spectrum of the radiation produced by bending magnets is described by the
universal curve function, which is shown in Fig. 3.8. The spectral density exponentially grows up
to an energy maximum known as the critical energy E.. Beyond such energy, the intensity rapidly
decreases. The value of E, depends on the energy of the electron beam E, and the magnitude of

the magnetic field B of the bending magnet [104]:

E.[keV] = 0.665E*[GeV]B[T] (3.2)

In order to get a higher E. value and some extra gain in brilliance, an insertion device (ID) is
required. The most common IDs are wigglers and undulators. These consist in large series of
magnets periodically ordered so that the magnetic fields alter the movement of the electrons. In

particular, these follow a wave-like path, oscillating around of the straightway direction. The
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Figure 3.8: Schematic plot of the universal curve function of a bending magnet.

key difference between both IDs is that the undulator has a larger number of periods, so the
deviations of the beam along the straight path are smaller. In fact, undulators are constructed in
a way such that the emitted radiation at one oscillation is in phase with the one emitted in the
following oscillations [104]. As a result, the coherent superposition of the radiation emitted in

each oscillation leads to a quasi-monochromatic spectrum with harmonics.

In order to collect X-ray radiation for experiments, it is necessary to use special X-ray optical
devices. An essential element in X-ray diffraction lines are X-ray mirrors. Below, we derive the
relationship between the refractive index n and the scattering properties of the medium (mirror),
which are defined by the electronic density p and the scattering length per electron ry. In this
simple approach we will neglect absorption processes and we will assume that the interface be-
tween vacuum and the medium is flat and sharp (Fig. 3.9). At high-energies, the refraction index
of materials is lower than 1 [104],

n=1-6§ (3.3)
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Figure 3.9: Refraction of X-rays in a material under vacuum conditions (¢’ < a).

with
27 pro
é= 2

(3.4)

where k is the wavevector (k = 27/A). In condensed matter, the electron density is of order
1 electron/A3. Considering that rp = 2.82 X 107> A and k ~ 4 A™!, § is of the order of 107°.

According to Snell’s law, the relation between the glancing angles a and o’ is

cosa =ncosa’ (3.5)

By definition, the critical angle & = «, is that for which «’ = 0. Since «, is small, we can also

assume that cosa, ~ 1 — af/Z. Hence,

(3.6)

4
a. = V25 = Y0

Therefore, a. is of order 107> rad. This means that the angle of incidence in X-ray mirrors must
be very close to 90 °. In recent years, multilayered mirrors have been developed, which increases
the efficiency of X-ray reflection.

In order to achieve the focusing of X-rays at one point, a system composed of two curved

elliptical focalizing mirrors is used, forming the so-called Kirkpatrick-Baez configuration (Fig.
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3.10). In this system, the X-ray source is placed in one of the foci of the first mirror. This focalizes
radiation in the other focus of the mirror, but only in the plane of the ellipse. Thus, a second

mirror with its surface perpendicular to the first one is needed in order to focus X-rays at a point.

Source »

Kirkpatrick-Baez
mirror system

¢ Focal point

Figure 3.10: Scheme of two elliptical mirror in the Kirkpatrick-Baez configuration.

With regard to monochromators, these usually consist in high crystalline quality (111)-oriented
silicon or diamond single crystal. Nonetheless, the former are more widely used due to their
lower cost. The polychromatic beam first arrives to a Si-(111) crystal at a € angle with re-
spect to the surface. A monochromatic beam is subsequently diffracted according to Bragg’s
law (A = 2ds;(111) sin 0). This beam is diffracted again by a second Si (111)-oriented single crys-
tal, which improves its monochromatic character. In Fig. 3.11 we show a simplified scheme of a
synchrotron beamline, in which all the basic elements are depicted.

A good example of these types of beamlines is the MSPD (Material Science and Powder
Diffraction) beamline, at the synchrotron ALBA-CELLS in Spain. Most of the powder XRD exper-
iments under high pressures reported in this dissertation were performed in this beamline. This

beamline has a superconducting wiggler (SCW30) as radiation source, whose maximum magnetic
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Figure 3.11: Scheme of a typical synchrotron X-ray beamline. Adapted from Ref. [88].

field is B = 2.15 T, which corresponds to K = 6.08 and a critical energy of E. = 12.5 keV. In MSPD,
the SWC30 is operated permanently at its maximum magnetic field. Using a superconductor
wiggler implies the use of an attenuator to preclude the overheating of the following elements.
After the radiation beam exits from the ID through the front end of the beamline (and passes
through the attenuator), it arrives to the monochromator, which is composed of two nitrogen-
cooled (111)-oriented silica mirrors. These mirrors are used to select a particular wavelength by
applying Bragg’s law. In particular, in the MSPD beamline, the photon energy range is 8 - 50
keV (1 = 1.5498 - 0.2479 A) with a resolution of 2 X 107%. Then, the beam arrives to the filter, in
which the higher-order harmonics produced by the monochromator vanish. Subsequently, two
multilayered mirrors in the Kirkpatrick-Baez configuration focus the beam on the sample. This
system of mirrors allows to focus the beam down to a minimum of 15 X 15 ym? FWHM. Finally,
the diffracted rays produced by the interaction of the sample (which is inside a DAC in high-
pressure experiments) and the radiation beam arrive to the detector, which is a bidimensional

Rayonix SX165 charge-coupled device (CCD) equipped with a Beryllium window. The detector
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has a round area of 165 mm diameter, works in the 20 - 50 keV energy range and has a dynamic
range of 16 bit. The angular resolution of the system is A26 = 0.0008°. Beryllium is used to seal
off the vacuum areas of the beamline, since it is transparent to X-rays. The non-diffracted part of
the beam that pass through the sample is attenuated by a beam stop (BS) in order to avoid any
possible detector damage. A photography of the MSPD experimental hutch is shown in Fig. 3.12,
where some parts of the beamline can be observed. In this case, a loaded DAC is at the sample po-
sition. The sample is located at the focal point with a system of controlled electric drives, which
also allow to explore the different parts of the sample. These drives also enable the rocking of the
sample, which is essential in the sample centering procedure as well as in the pattern measure-
ment process. The calibration of the experiment is made with a sample whose XRD pattern is
well-known. In the case of powder experiments in MSPD, the most used is lanthanum hexaboride

(LaB6).

Figure 3.12: Experimental hutch at the MSPD beamline in the ALBA-CELLS synchrotron. Courtesy of
Samuel Gallego.
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Figure 3.13: Angular limitation of the DAC in XRD experiments.

Synchrotron sources are specially useful for XRD experiments at high pressures. The fact that
the sample is loaded within a DAC with an opening angle 2« implies a direct limitation on the 26
range, as it can be deducted from Fig. 3.13. In particular, in the case of powder diffraction, 26,5 <
a. This situation leads to the observation of a smaller number of diffraction rings. However, in
synchrotron beamlines, photon energy can be tuned to the most advantageous wavelength. As an
example, the XRD pattern showed in Fig. 3.5 was obtained with A = 0.4246 A. The other crucial
fact is brilliance. Since the amount of sample within a DAC is small, a very intense XRD beam is
needed to measure patterns in short periods of time (seconds, usually). This also leads to higher

quality patterns.

3.2.2 REFINEMENT OF THE CRYSTAL STRUCTRURE

Integrated powder XRD patterns allow us to measure the dimensions of the unit-cell of a
crystal and to determine the positions of the atoms within the structure. Nonetheless, this last
thing can only be done with a high-quality powder. If the grain size is too large, there may be

strong preferential orientations in the sample. As a consequence, the obtained XRD pattern will
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show a spotty character, so the concentric rings won’t be uniform. Hence, the relative intensities
of the peaks in the integrated pattern are not reliable. If this happens, the information about
the atomic positions within the unit-cell is lost. Only the unit-cell parameters can be refined,
since these can be inferred from the position of the peaks. The methods used in such cases
are based in two subsequent separated procedures. The first one consists in the decomposition
of the XRD pattern into its component individual diffraction peaks and the indexation of the
Bragg reflections. In the second procedure, the crystal structure is refined considering the Bragg
intensities of the different reflections as independent from each other. Among all these methods,
the Le Bail refinement [105] is one of the most used, although other different methods are
available, such as those proposed by Will [106], Pawley [107], Langford and Louér [108], etc.
These methods allow to refine the unit-cell parameters, the shape and width of the peaks and the

instrumental zero error by using least squares analysis.

On the other hand, if fine powder, the diffraction rings are uniform and then it is possible
to carry out a Rietveld refinement. In this method, least-squares refinements are performed in
order to obtain the optimal fit between the whole measured XRD pattern and the entire simulated
pattern, based on the simultaneously refined models for the crystal structure, sample character-
istics and instrumental factors. More explicitly, this method allows to determine the unit-cell
parameters, atomic positions and thermal parameters, as well as many other experimental fea-
tures, such as the background intensity profile, peaks width and shape factors, zeroshift error,
microstrain, grain size, etc. Since the diffraction patterns are recorded in a digital format, these
are constituted of several thousand pairs of intensity - scattering angle values (y; - 26;), one for

each i increment. Thus, the quantity minimized in the least-squares refinement is the residual S,

S, = Z wi(Yi = Yei) (3.7)

where w; = 1/y;. y; and y,; are the observed and calculated intensity at the ith step, respectively.



3.2. POWDER X-RAY DIFFRACTION 101

The y; intensity measured at any point in the pattern is the result of the contribution of many
Bragg reflections. The calculated intensities y.; are determined by the squared structure factor
|Fri)® of the calculated crystal structure, by adding the calculated contributions of the neigh-

bouring reflections and the background [109]:

yei =K Z Likt|Fri |29 (20; — 20p11) Prit A + yp; (3.8)
k]

where K is the scale factor,

Ly contains the Lorentz polarization and multiplicity factors,
$(20; — 20py) is the peak profile function,

Pyg is the preferred orientation function,

A is the effective absorption factor, and

UYp; is the background intensity at the ith step.

In most cases, the sample is assumed to be flat, so that the absorption coefficient A is constant
and can be absorbed into K. Usually, the background intensity y;; can be determined by using a
refinable background function, fitted to selected data points. This function can be phenomeno-
logical or based in a physical reality, such as an amorphous compound. With regard to Ly, this
term contains the Lorentz multiplier Ly (which is defined by the geometry of diffraction), the
polarization factor Py (which accounts for the partial polarization of the scattered beam) and the
multiplicity factor ppx; (which accounts for the multiple symmetrically equivalent points in the
reciprocal lattice). Preferred orientations are taken into account by the term Pyy;. These are gen-
erate by the tendency of some crystallites in the sample to be preferentially oriented in one way
or set of ways. This type of preferential orientation must not be confused with the preferential
orientation caused by "graininess" (such as when powder is not sufficiently fine). In the latter
case Rietveld refinements are not possible. Atomic positions and thermal effects are included in

the structure factor Fp;. On the other hand, the peak profile function ¢ accounts for the width
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and shape of the Bragg peaks. These are usually modelled by using pseudo-Voigt functions [109,

110], which combine both a Gaussian G(x) and Lorentzian function L(x),

¢(x) =n-G(x)+(1-n) - L(x) (3.9)

where x = (20; — 20;) /H is the difference between the ith point in the diffraction pattern with
respect to the position of the calculated kth peak, divided by the full-witdth at half maximum
(FWHM) of such Bragg peak. The Gaussian-Lorentzian character of the peak is given by the 5

parameter. The FWHM of the Gaussian and Lorentzian functions depend on 0 as

ch; =Utan’0 +Vtan0+ W (3.10)

Hp =X/cos6 +Ytan6 (3.11)
respectively, with (U,V, W) and (X, Y) as free parameters.

In addition to this, the width of the Bragg peaks in the integrated patterns, once the instru-
mental contribution is substracted, is related to the inhomogeneous strain and grain size of the

particular sample under study by the following equations respectively [110, 111]:

Pe = 2&tan 0 (3.12)
A
b= tcos 6 (3.13)

where ¢ is the microstrain parameter and ¢ is the mean linear dimension of the grain. The sum of
both contributions should be determined by a product of convolution. However, this can be sim-

plified by assuming that the convolution can be expressed as a direct sum of both contributions,

A
ﬁ:ﬂ§+ﬁt:2§tan9+tcose (3.14)
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By shifting the term cos @ to the left part of the equation we obtain

PcosO =2Esin6 + Aft (3.15)

This equation has the shape of a linear function where we have set y = f cos 0 and x = sin 0. Thus,
the strain parameter ¢ and the particle size ¢ can be estimated with the slope and the intercept
respectively. This method was proposed by G. K. Williamson and W. H. Hall in their famous
article [111], for which the graphic representation of f cos 6 against sin 6 is commonly known as

the Williamson-Hall plot.

Table 3.2: Figures of merit for Rietveld refinements [109].

Profile residual Rp =100% X X |yi — Yicl/ 2i Yic

Weighted profile residual ~ R,,, = 100% X \/Zi wi(yi — Yic)?/ 2 wi(Yic)?

Expected profile residual Rexp = 100% X V(= p)/ X wi(yic)?

Goodness of fit X* = Rup/Rexp

The quality of the refinement is obtained by comparing the observed and calculated intensities
for the integrated pattern. Different figures of merit are used to evaluate the goodness of the
refinement. Some of these are summarized in Table 3.2. In principle, an accurate refinement of
the structure should result in small values of the profile residuals. For example, a refinement
can be considered accurate for R,,, < 5% and y < 1.3. However, these values can sometimes be
misleadingly small due to a very high background signal for instance. A deeper discussion about

the desired values of the figures of merit in Rietveld refinements can be found in Ref. [109].
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3.3 RAMAN SPECTROSCOPY

Raman spectroscopy constitutes an extremely relevant technique for studying elementary ex-
citations in solids in interaction with visible light (usually from a laser source). Raman scattering
is produced either by a change in the polarizability of molecules or in the susceptibility tensor
of a solid [112]. The relationship between the electric field Eq of the incident light wave and the

induced polarization P is mediated by the susceptibility tensor y,
P= 60XEO (316)

Different types of collective excitations such as phonons, polaritons, magnons, etc., can induce
changes in the susceptibility tensor. However, since the Raman scattering experiments described
in this dissertation are all focused in lattice dynamics, we will only consider the changes induced
by phonons. These experiments are carried out using visible light, whose momentum is much
more smaller than the size of the Brillouin zone: |k| << |G|. Therefore, Raman scattering is

produced only by the phonons close to the center of the Brillouin zone (|q| = 0).

The susceptibility tensor y is a function of the displacements X («wg) associated with the vi-
bration (whose frequency is wy). These displacements are small, so that the two first terms of the

Taylor series are enough,
ox
=xot+t|==] X+... 3.17
X = Xo (aX)O (3.17)

Assuming that the displacements and the electric field can be written as X = X cos w4t and

Eo = E, cos wot, the polarization appears as

N 1 d A
P = ¢ yoEq cos wot + 560 (87)2) XoEq [cos (wo + wg)t + cos (wy — a)q)t] (3.18)
0

Thus, the scattered radiation contains three different contributions. The first one is the elastic
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scattered radiation, with the same frequency than the incident light (this process is commonly
known as Rayleigh scattering). The other two constitute the Raman bands, with frequencies
wo — wq and wg + wq. These are the Stokes and Anti-Stokes lines respectively. In addition to this,
Raman scatterring will take place only if 9y /90X # 0. Hence, only vibrations that induce a change
in the susceptibility tensor will be Raman active. The three rank matrix dy/oX is commonly
known as the Raman tensor. Group theory [63] allows to determine which elements of the
tensor are zero or finite and thus if a particular mode is Raman active or not. As an example, we
show in Tables 3.3 and 3.4 the Raman tensors for two relevant structures in this dissertation, the
zircon and scheelite structures (point groups Dy, (4/mmm) and Cy,(4/m) respectively), extracted

from the Bilbao Crystallographic Server [113].

Table 3.3: Raman tensors for a zircon-type structure (Tg = 2A;4+4B14+Boy+5E,, where Iy is the irreducible
representation of the Raman modes).

Ayg Big Bag 1Eg zEg
a 0 0 c 0 0 0 doO 000 0 0 -e
0 a 0 0 —c 0 d 00 0 0 e 0 0 O
0 0 b 0 0 O 0 0 0 0 e O -e 0 O

Table 3.4: Raman tensors for a scheelite-type structure (Ig = 3A, + 5B, + 5E;).

1 2
Ag Bg Eg Eg
a 0 0 c d 0 0 0 e 0 0 —f
0 a 0 d —c 0 0 0 f 0 0 e
00b \o 0o o \e f o \-f e

In Fig. 3.14 we show the basic scheme of the Raman spectroscopy in-house built set up that

was used in our experiments. This includes a He-Ne laser (1 = 632.8 nm), whose plasma lines
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are used for the detector calibration. A movable filter is used to remove this lines at the time of
measurement. The laser beam is redirected to a beam splitter with a system of mirrors. The light is
focused on the pressure chamber of the DAC by using a confocal microscope. The incident power
of the laser light on the sample is 10 mW. The load inside of the DAC can be monitored with a video
camera. The light scattered backwards, goes back to the beam splitter, passes through the filter,
a monochromator with a 600 groves/mm grating (TRH 1000, JobinYvon) and finally arrives to a
thermoelectric-cooled multi-channel CCD detector (Synapse, Horiba Jobin Yvon). The resolution
of the system is ~ 1 cm™!. In this case, the filter located before the monochromator allows to
minimize the elastic scattering contribution to the spectra, which is several orders of magnitude
greater than the Raman contribution. The two kinds of available filters in this set up are the
multilayer edge filter and the Notch filter. The former acts as a low-pass frequency filter, so that
the contribution of the laser line as well as the Antistokes part of the spectra is suppressed. On
the contrary, the Antistokes part is visible if a Notch filter is used. This kind of filter is constituted
by three Bragg gratings with variable period and allows to go down to 4 cm™! (with respect to

the laser frequency) for a sample in air and 30 cm™! if a DAC is used (due to diamond elastic

Laser
Attenuator N
—
Plasma lines filter
Filters (Edge ==
Detect or Notch)
etector .
\\\ Mirror DAC Spectrometer
ITI\Il _|T|.-"|—| N/ A
=
‘\\ Objective
\
Monochromator -
Beam stop EB
Camera

Figure 3.14: Basic scheme of the Raman spectroscopy set up used for the experiments reported in this
dissertation.
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scattering). The light that pass through the cavity of the DAC is collected by a spectrometer,

which is used for measuring the ruby luminiscence (pressure calibrant).

3.4 OPTICAL ABSORPTION

The main purpose of optical absorption measurements in solid semiconductors is the charac-
terization of their absorption edge and consequently the determination of their band gap energies.
In our experiments, we obtained the transmittance spectra for some thin single-crystals, which
allowed us to calculate the optical absorption coefficient. Let us consider an incident monochro-
matic electromagnetic wave on a plane-parallel semiconductor layer. The electromagnetic wave
will undergo a series of internal reflections which depend on the wavelength, the thickness of
the layer and the particular optical properties of the sample. As a consequence, the transmittance

will take the form

(1 _ R)Ze—ad

= 3.19
(1 — Re~9)2 + 4Re~%d 5in*(5/2) (3.19)

where d is the thickness of the layer and « is the absorption coefficient. The phase shift § and the

reflectivity R are given by the following expressions,

5= 4’;”‘1 (3.20)
(n—no)? +x
= Y (3.21)

B (n+n)% +xk

n and n are the refraction indices of the layer and the surrounding medium, and « is the

extintion coefficient of the sample, which is related to the absorption coefficient:

a=— (3.22)



108 CHAPTER 3. EXPERIMENTAL METHODS

The most adequate crystals for optical absorption measurements are those in which ad ~ 3.

Since in most indirect semiconductors « is of order ~ 5000 cm™!

at room conditions, the order of
magnitude of d is around 10pum. Considering that the order of magnitude of A in our experiments
is 102-10% nm, the values of k should be in the 1072-1073 range. Thus, in this case we can neglect

k when estimating R. Moreover, if we also assume that for surrounding mediums like air ny ~ 1,

then Eqn. 3.21 may be simplified as

(n—1)°
N — 3.23
(n+1)2 (3.23)
By averaging Eqn. 3.19 in the interval between two transmittance maxima, we have
_ (1 _ R)ze—ad
)= e 2ad (3.24)
Finally, this equation allows to write the absorption coefficient as a function of (T') as
1. [(1=R)? (1-R)?\*
= -1 + +R? 3.25
“=at 2m \/( 2T) 529

For energies near the band gap the variation of n (and therefore R) with the wavelength is
rather small. Accordingly, assuming a constant value of n in the this range introduces a very
minor error in the analysis.

Due to some experimental factors, such as the surface quality of the sample, the size of the
detector, changes in the intensity of the light, etc, the measured transmittance is not directly
Ty = I/Iy. Commonly, the experimental transmittance is related to the theoretical transmittance

by a factor that accounts for all the experimental variables

Tiheo = aTexp (3.26)

A well-known method for re-escalating the experimental spectra consists in measuring the

transmittance in the region where the transmittance (absorbance) is maximum (minimum). Ac-
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cording to Eqn. 3.24, when a ~ 0, the value of the transmittance should be

< max:(l—R)zzl—R
tho ™ 1-R2 "~ 1+R

(3.27)

Thus, for escalating our experimental spectra, it is necessary to multiply the experimental

transmittance spectra by

_(Djpes  (1-R)/(1+R)

a= =
(Dexp (Dexp

(3.28)

Once this has been done, we can proceed to calculate the absorption coefficient as expressed

in Eqn. 3.25.

3.4.1 OPTICAL ABSORPTION AT HIGH PRESSURES

Spectrometer

—
Objective  DAC  Objective Be.am
. | splitter | Monochromator
\ ) eI /
\ ¥ | | F 7 N V4
Halogen Ocular LI:I_l Mirror

v

Figure 3.15: In house optical absorption set up for measurements at high pressure.

Fig. 3.15 shows an schematic picture of the typical optical absorption set up for measurements
at high pressures. In this set up we combine two different light sources: a halogen lamp, used

for the absorption measurements, and laser radiation, used for exciting the rubies, since pressure
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is determined by the ruby luminescence method. The path that both kind of radiation follow is
depicted in red and blue respectively. The DAC is introduced between two Cassegrain objectives,
which are used to focus the light on the sample. Using a beam splitter and an ocular it is possible
to observe the pressure chamber of the DAC. By using a movable mirror, it is possible to select if

radiation is sent to the spectrometer (laser light) or the monochromator (halogen lamp light).

3.4.2 OPTICAL ABSORPTION AT LOW TEMPERATURES

On the other hand, Fig. 3.16 shows the optical absorption set up for measurements of single-
crystals at low temperatures. In this case, the sample is cooled by using a liquid Helium cryostat,
which allows to decrease temperature down to ~ 13K. The sample is located in a sample holder
attached to a cold finger, through which liquid Helium circulates. The temperature of the surface
where the sample is located is measured using a thermocouple and can be heated by a resistive
heater, which is connected to a temperature controller. This allows to set the sample to a certain
temperature. In order to avoid water condensation and the formation of ice crystals, vacuum
conditions must be ensured. Thus, the crysotat is located inside a vessel with optical transparent
windows, in which the air is extracted by using a vacuum pump. In contrast to the high pressure
set up, the considerable size of the vessel precludes the use of objectives for focusing the light
onto the sample, and thus, it is necessary to use a pair of concave mirrors instead. Since the
absorption edge of the measured compound (TbVOy) is between 2 and 4 eV, we used a Deuterium

lamp as a light source, which provides an excellent light intensity in this spectral range.

3.5 THE PARIS-EDINBURGH LARGE VOLUME PRESS

The diamond anvil cell is a very versatile device in the high pressure sciences field. However,
its obvious limitation is the small amount of sample. By contrast, large volume presses allow to

work with much larger volumes of sample (~ 3 mm?®). The problems associated to this kind of
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Figure 3.16: In house optical absorption set up for measurements at low temperatures.

cells are: (i) that the range of pressures is quite small (P < 15 GPa) compared with a standard DAC
and (ii) the lack of optical transparency, although other experiments such as neutron diffraction,
resistivity measurements, etc. can be performed. Moreover, large volume presses are especially

useful for sample syntheses at high-pressure and high-temperature conditions.

The syntheses described in this dissertation were performed with a Paris-Edinburgh large
volume press (model VX, two columns), which is shown in Fig. 3.17 (a). This cell is equipped
with two opposite conical tungsten anvils, whose section is shown in Fig 3.17 (b). The pyrophillite
gasket that holds the sample is located in between the anvils, surrounded by a teflon ring in order
to prevent lateral extrusion. The different parts contained in the gasket are shown in Fig. 3.18. A
compacted powder of the sample is introduced in a boron nitride capsule, which acts as a pressure
transmitting medium. In turn, this capsule is introduced in a cylindrical graphite heater, which
will be used for increasing the temperature of the sample. Two molybdenum rings are placed

over and below the graphite oven, acting as electrodes of the heating system.

The pressure of the sample is increased with hand-operated oil pump that moves the cell

piston. On the other hand, the temperature of the sample is raised by a computer-controlled
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Figure 3.17: Picture of a (a) Paris-Edinburgh large volume cell and (b) section of the pressure anvils.
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Figure 3.18: Constitutive parts of the pressure chamber in a Paris-Edinburgh large volume press cell.



3.5. THE PARIS-EDINBURGH LARGE VOLUME PRESS 113

power supply that heats the graphite oven. The pressure-temperature conditions of the sample
can be estimated by the oil-sample pressure and electrical power-temperature calibration curves.
In order to avoid an excessive temperature on the tungsten anvils, these are refrigerated using a
water cooling system. Under these conditions, the maximum pressure and temperature are 10 GPa
and 1500 K. Beyond these conditions, graphite becomes metastable and starts transforming into

diamond.
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4 NEODYMIUM ORTHOVANADATE UNDER

HIGH PRESSURE

Until now, some of the general properties of rare-earth orthovanadates have been described.
In particular, we focused our explanations on their different crystal structures (phases), compress-
ibility, vibrational modes and electronic band structure. In addition to this, we also gave detailed
information on the theoretical concepts and experimental methods necessary to understand our
research. In this Chapter, we start the exposition of our scientific achievements by presenting the
obtained results of our study on NdVO,4 under high-pressure (HP) conditions. However, before
starting with our particular contributions, it seems appropriate to start with a brief summary on

earlier studies on NdVO, under compression.

In this regard, previous experiments confirmed the existence of a first phase transition at
6.5 GPa and suggested a second one at higher pressures. More specifically, powder XRD HP exper-
iments on NdVOy, using a 16:3:1 methanol-ethanol-water (MEW) as PTM reported the existence
of a zircon-to-monazite phase transition around 6.5 GPa [41]. This finding was later reinforced
by single-crystal optical absorption experiments, in which the band gap of NdVO, showed two
sharp falls at 6 GPa and 11 GPa. These bandgap collapses were associated to a zircon-to-monazite
and monazite-to-scheelite phase transitions respectively [48]. In addition to this, Panchal et al.
[114] reported some HP Raman spectroscopy experiments in which the monazite phase appears

at 6.5 GPa, also using 16:3:1 MEW as PTM. A second phase transition was also reported, not at 11

115
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GPa like previous experiments, but at 18.1 GPa instead. Such results were supported by ab ini-
tio density functional theory (DFT) calculations, which found that the enthalpy of the monazite
phase is lower than that of the zircon phase beyond 5.9 GPa. These calculations also showed that
the BaWOy-II-type structure should be the most stable phase beyond 12.4 GPa. In this case, the

stability of the scheelite phase is not analyzed.

Therefore, according to all these findings, the zircon-to-monazite phase transition in NdVO4
under high pressure using 16:3:1 MEW as PTM seems to be well confirmed. Nonetheless, some
studies have reported that non-hydrostatic stresses can alter either the structural sequence or
the transition pressure of some vanadium ternary oxides under compression [115-118]. A good
example of this would be CeVOy4, which shows different high pressure phases depending on the
used PTM [40] i.e. the structure goes from the zircon to the scheelite structure when BN is used as
PTM whereas it transforms into a monazite structure under quasi-hydrostatic conditions. Since
R = Nd and Sm constitute the boundary in the RVO, family of the zircon-to-monazite/scheelite
systematic reported in literature, hydrostatic conditions may be of special relevance. Although
16:3:1 MEW is considered to be quasi-hydrostatic below 10 GPa, compounds in the systematic
boundary (R = Pr, Nd, Sm) may be extremely sensible to stresses. Therefore, He or Ne gases
need to be used in order to optimize the hydrostatic conditions and thus determine which NdVO,

structure is the most stable at high pressures.

In this chapter we present our results reported in Refs. [44] and [46] in which we study
the high pressure evolution of NdVO, under optimal hydrostatic conditions. We performed HP
powder XRD experiments up to 25 GPa and Raman spectroscopy measurements up to 20 GPa
using He and Ne gases as PTM respectively. We show that, contrary to the results previously
reported, there is a zircon-to-scheelite transition around 6.5 GPa. We also found evidence of
a second phase transition from scheelite- to a fergusonite-type structure at 20 GPa, probably

induced by a mechanical instability. Our findings are supported by ab initio DFT calculations.
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4.1 EXPERIMENTAL DETAILS

Optically clear NdVOy, single-crystals were synthesized by means of the flux growth method
[119-121], using a 1:1.923 mol mixture of V,05 and PbO (99% Carlo Elba and Sigma Aldrich
respectively). Borax (Nay;B4O7 - 10H,0) was used as flux modifier. This allowed to increase the
size of the crsytals up to 1 cm long. Platinum crucibles of 4 cm diameter and 6 cm height were
filled with both the flux and the precursor (Nd;Os, 0.7394 g, purity 99.99%, Sigma Aldrich). These
crucibles were sealed with a platinum lid and heated in a programmable oven. The mixture was
dehydrated by heating it at 250°C during 2 hours. Afterwards, temperature was progressively
increased during 10 hours up to 1300 °C and fixed at that level for 15 hours. In order to promote
the growth of the crystals by precipitation and spontaneous nucleation, temperature was the
decreased to 950 °C at a rate of -1.8 °C h™. Finally, the crucible was taken out of the oven, rapidly
reversed (to ease the recovery of the crystals) and let to cool down. After removing the platinum
lid, the crucible was submerged in a beaker with hot nitric acid (1.5 M). The excess flux was
totally dissolved by stirring and renewing the acid multiple times. The zircon-type structure
was confirmed by room conditions XRD measurements. The obtained unit-cell parameters a =

7.333(1)A and ¢ = 6.438(1) A are in agreement with previously reported values [50, 51].

Angle-dispersive XRD experiments at high pressure were performed at the European Syn-
chrotron Radiation Facility (ESRF Grenoble, beamline ID15B). Sample compression was carried
out using a DAC with 300 ym diameter culets. The sample and some ruby chips were introduced
in a 150 ym hole of a stainless-steel gasket, which was preindented to a thickness of 40 ym. Dur-
ing the loading, special care was taken in order to avoid sample bridging and inter-grain stresses.
Pressure was determined by the ruby luminescence method. He gas was loaded inside the DAC
with the Sanchez Technologies gas loading system available at the ESRF. Helium ensures a fluid
medium below 12 GPa and is nearly hydrostatic below 25 GPa [99]. The powder XRD 2D patterns

were integrated using the software Dioptas [122]. The integrated patterns were analyzed using
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the PowderCell and UnitCell software packages [123, 124].

In the case of the Raman spectroscopy experiments, we used an in-house built setup with
a confocal microscope, a 1m focal length monochromator with a 600 groves/mm grating (TRH
1000, JobinYvon), and a thermoelectric-cooled multi-channel CCD detector (Synapse, Horiba).
The resolution of the system is 1 cm™' approximately. A scheme of this system is shown in Fig.
3.14 in Chapter 3. The wavenumber scale of the measured spectra were calibrated according to the
plasma lines of the He-Ne laser (A = 632.8 nm). The incident power of the laser light on the sample
was 10 mW. For this experiment we used a DAC with culets of 350 ym diameter. Powder sample
and ruby chips were loaded in a 150 pym hole drilled in an Inconel gasket, preindented to a 40 ym
thickness. Ne gas was loaded in the pressure chamber of the DAC with the Sanchez Technologies

apparatus available at the Applied Physics Department of the University of Valencia.

4.2 SIMULATION DETAILS

The simulations used to study NdVO, were carried out within the framework of the density
functional theory (DFT) [125] using the so-called Vienna Ab initio Simulation Package (VASP)
[126]. The projector augmented wave (PAW) [127, 128] pseudopotential used was provided by
the VASP pseudopotentials base. Particularly, we considered a pseudopotential in which the 4f
electrons are included in the core, since recent works [43] have shown that it is not necessary to
include them as valence. The generalized gradient approximation (GGA) with the AMO5 prescrip-
tion [129] was used to describe the exchange-correlation energy. The integration in the Brillouin
zone (BZ) was performed using a plane wave basis with a kinetic energy cutoff of 540 eV and a
dense k-special points grid for getting accurate results [130]. Optimal structural configurations
were obtained by relaxing the external and internal parameters as well as minimizing atomic
forces and stresses. As a result, a set of theoretical unit-cell volumes, energies and pressures was

obtained.
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Lattice dynamics properties were calculated in the harmonic approximation with the Phonopy
package [131]. Taking the relaxed primitive cells of the analyzed structures as a starting point
and considering their symmetries, this method allows to calculate the Hellman-Feynman forces
and the dynamical matrix. Hence, it is possible to derive the frequencies, the eigenvectors and
the irreducible representations of the normal modes at the center of the BZ. We used this method
to determine the phonon density of states and the dispersion using supercell calculations. The
elastic properties of the structures were also determined using the method implemented in the
VASP code [132, 133]. The stiffness tensor of the different structures was calculated for the fully
optimized structures within the harmonic approximation considering small deformations and
their corresponding strains.

The calculations here reported were performed by our collaborators at the University of La
Laguna (ULL; Tenerife, Spain) i.e. Alfonso Mufioz, Placida Rodriguez-Hernandez and Isidoro

Nieves.

4.3 POWwDER XRD EXPERIMENTS

Selected integrated powder XRD patters up to 13.3 GPa are shown in Fig.4.1. Below 6 GPa,
the pattern can be clearly assigned to a zircon-type structure. Since the cake patterns obtained
by the CCD detector show spotty rings as a consequence of a strong preferential orientations in
the powder sample, the intensities of the integrated patterns are not reliable. Thus, the atomic
positions of the oxygen atoms cannot be refined and only LeBail analyses are possible. A LeBail
fitting of this structure at 0.3 GPa is shown in Fig.4.2, for which the y? of the fit is 1.31. The
quality of the fitting of other patterns is similar. At 0.3 GPa, the unit-cell parameters of zircon-
type NdVO, obtained after the refinement are a = 7.3269(2) A and ¢ = 6.4341(3) A, which are in

excellent agreement with other values reported in literature at similar pressures [41, 50].
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Figure 4.1: Powder XRD patterns of NdVO, from 0.3 to 13.3 GPa. At the lowest pressure, the zircon (hkl)
reflections below 13° are labeled. A new peak arises at 6.4 GPa, which is assigned to the (112) Bragg peak
of the scheelite phase. At 13.3 GPa some of the scheelite reflections are labeled. The reflection associated

with solid He is indicated.

When compressing the sample beyond 6 GPa, a new phase arises at 6.4 GPa, as can be inferred
from the pattern sequence shown in Fig. 4.1. More specifically, the onset of the phase transition,
is evidenced by the emergence of a new peak at 20 ~ 7.8°, which is indicated with a vertical arrow
at 6.4 GPa. This peak actually corresponds to the (112) reflection of the scheelite-structure (S.G.:
I41/a). For higher pressures, new peaks grow whereas the ones assigned to the zircon phase
disappear. The transition pressure is similar to that previously reported in literature, but the high

pressure phase is not the monazite- but scheelite-type structure. There is a phase coexistence
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of the zircon and scheelite phases up to 8.5 GPa. Beyond such pressure, the scheelite structure
appears as a single phase. LeBail refinements of the phase coexistence at 7.1 GPa and the scheelite
phase at 9.1 GPa are shown in Fig. 4.2. The peaks associated to the zircon phase during the phase
coexistence are too weak in the range 7.1-8.5 GPa, so the zircon structure could not be accurately
refined in this range. Therefore, the obtained values in this range for this phase are not included

in the analysis.
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Figure 4.2: LeBail refinement for different structures of NdVO4. The corresponding phases and pressure
conditions are indicated in each figure. Experimental data are represented by empty dots; the results of
the refinements and the calculated difference are depicted as solid red and black lines, respectively. The
refined position of each Bragg reflections is indicated with ticks.
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According to the LeBail refinement depicted in Fig. 4.2, the structure found at 9.1 GPa cor-
responds to a scheelite-type structure whose unit-cell parameters are a = 5.0376(5) A and ¢ =
11.4105(7) A. The peaks corresponding to this new phase are broader than those of the zircon
phase, probably as a result of the lattice strains and grain cracks induced by the huge volume
collapse (10.7% approximately) during the phase transition. The effects of this sharp decrease
in the unit-cell volume across the zircon-to-scheelite transition has been studied in ErVO, [54]
as well as in other isostructural compounds such as TmPO, [134]. Although this broadening is
smaller than that observed in other similar experiments with a less hydrostatic PTM, the fact that
it takes place even though He is used indicates that this peak broadening is an intrinsic feature

of the zircon-to-scheelite phase transition. The induced strains and the change in the grain size

o Zircon ® T

B, cos(@)/r (x10° A

0.2 0.3 04 0.5 0.6 0.7
2sin(0)/% (A™)

Figure 4.3: Williamson-Hall plot for two XRD patterns of zircon- (red symbols) and scheelite-type (green

symbols) NdVO,. The considerable dispersion of the data is related to the spotty character of the XRD
patterns.
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can be roughly estimated with the kind of analysis proposed by Williamson and Hall [111, 135]
(see subsection 3.2.2). The plots for the zircon and scheelite structures of NdVO, at high pres-
sures are depicted in Fig. 4.3. We chose two XRD patterns of the zircon and scheelite as single
phases, avoiding any kind of phase coexistence that might hinder the analysis. The experimental
contribution was subtracted by taking the callibrant as reference: fy;r = {/f? - cza”ibmn , [135].
We estimated that in the zircon phase of NdVO, at 4.2 GPa the size of the grain is t ~ 0.50(5)
um, whereas in the case of the scheelite phase at 9.1 GPa the grain size is considerably reduced
tot ~ 0.10(5) pm. In other words, grains break as a consequence of the volume sudden decrease.
On the contrary, the £ microstrain parameter increases from 1.2(7) X 1073 in the zircon phase to
6.0(1.8) x 1072 in the scheelite phase, which is also compatible with a huge change in volume.
Therefore, both facts contribute to the peak broadening: a grain size five times smaller and a

microstrain parameter five times higher.

The scheelite phase of NdVOy is stable up to 19.9 GPa, with no significant changes in the peaks
width under compression, which means that the sample is still under hydrostatic conditions. At
higher pressures, there is a clear peak broadening, which is shown in Fig. 4.4 (a). Moreover, there
is a peak splitting of some reflections, as it can be observed in Fig. 4.4 (b). The observed changes
in the XRD patterns are compatible with a scheelite-to-fergusonite phase transition, which has
been reported in other scheelite-type RVO, compounds under high pressure [37, 136]. As an
example, Fig. 4.4 (b) shows the splitting of the scheelite (101) reflection (20 = 5.3°) into the (101)
and (011) reflections of the fergusonite structure. Similar splitting is observed for other peaks
too. As an example, the (112) and (103) reflections of the scheelite phase, which correspond
to the most intense peak (although the latter is a minor contribution), split into four different
contributions: (103), (031), (—121) and (121). Furthermore, another evidence of the scheelite-
to-fergusonite phase transition is the shift of the (004) Bragg reflection of the scheelite phase
[(040) in the fergusonite phase] towards lower 26 angles. This means that whereas the b-axis

decreases with pressure in the scheelite phase, it grows when it transforms into the c-axis of the
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Figure 4.4: (a) Selected powder XRD patterns of NdVO4 from 14.6 to 23.2 GPa. The reflections associated
with the solidification of He are identified. The peaks labeled with the symbol "$" correspond to some ruby
reflections that came into view just after the recentering of the DAC carried out at 12.5 GPa. The symbols
"*" and "+" correspond to the orthorhombic and quasi-amorphous phases of V,Os respectively. The (101)
and (112) reflections of the scheelite phase and the (101), (011) and (040) reflections of the fergusonite
phase are indicated. (b) Detail of the splitting of the scheelite (101) reflection into the fergusonite (101)
and (011) reflections.

fergusonite phase. Fig. 4.2 shows the LeBail profile matching for the fergusonite structure (S. G.:
I2/a) of NdVOy at 23.3 GPa. The refined unit-cell parameters are a = 4.874(2) A, b = 11.335(6)
A and ¢ = 4.804(4) A and f = 90.40(5)°. No other phase transitions has been observed up to the
maximum pressure achieved in this experiment (~ 25 GPa).

At the scheelite-to-fergusonite transition pressure, new peaks appear which do not corre-
spond to the fergusonite phase. In particular, a small peak appears at the left hand side of the
most intense peak, approximately at 20 ~ 7.3°. This peak is labeled with an asterisk "*" in Fig.

4.4 (a). Some works on RVO, under high pressure have reported this peak as the most intense
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18.9 GPa 21.0 GPa |

24.5 GPa

Figure 4.5: Selected un-rolled CCD cake images in the 20 ~ 5.6°- 11.5° range at different pressures. At
18.9 GPa the sample is scheelite-type NdVOy. For higher pressures the fergusonite phase is found instead.
The spots due to V,0s5 are indicated. At 21.0 GPa these spots correspond to the orthorhombic phase of
vanadium pentaoxide. On the other hand, the spot indicated at 24.5 GPa (~ 8.8°) is assigned to the most

intense reflection of the quasi-amorphous phase of V,05 [137].
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reflection of orthorhombic V,05 [36, 37], which is produced by a partial decomposition of the
sample. According to previous explanations, the decomposition of V,05 units could take place
as a consequence of the photoelectric processes induced by a long-time exposition of the sample
to X-rays [138]. Nonetheless, the Bragg peaks associated with vanadium pentaoxide are very
weak and do not hinder the LeBail refinement of the fergusonite phase XRD patterns. This also
indicates that the amount of decomposed V;05 is rather small. Fig. 4.5 shows the appearance
and evolution of the reflections associated with vanadium pentaoxide in selected un-rolled CCD
cake images. Whereas at 18.9 ° no decomposition is observed, at 21.0 GPa it is possible to observe
two of these reflections, which would correspond to the orthorhombic phase. The spot at 8.81°
(right hand side of the fergusonite most intense line) is very weak and does not appear in the
integrated patterns. These spots become weaker as pressure increases. Then, at the right hand
side of the most intense reflection of the fergusonite phase, a weak spot appears, which can be
identified as the most intense reflection of quasi-amorphous V,05 [137]. This peak is identified
with the symbol "+" in Fig. 4.4. The evolution of these reflections is independent of changes in
the patterns associated with the scheelite-to-fergusonite phase transition, which confirms that
these reflections do not belong to the NdVO, sample. The fact that this transition appears just at
the transition pressure suggests that the decomposition may be eased by the structural change

during the scheelite-to-fergusonite phase transition.

The behaviour of the unit-cell parameters of NdVO,4 under high pressure is shown in Fig.
4.6. The linear compressibilities of the zircon-type structure are x, = 3.081(8) x 107> GPa™! and
ke = 1.556(4) x 10~ GPa™! for the a and ¢ parameters respectively. This non-isotropic behaviour,
in which the longest axis is more compressible, is a common feature of zircon-type structures [36,
37, 39, 49, 139]. This fact can be explained as a consequence of the particular packing of the VO,
and NdOg polyhedra in the zircon phase (see sections 1.2 and 1.3 in the Introduction). In particular,
the zircon structure is constituted by a succession of alternating edge-sharing VO, tetrahedra and

NdOg dodecahedra distributed parallel to the direction defined by the c-axis. These polyhedral
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Figure 4.6: Pressure evolution of the unit-cell parameters of NdVO,. Red, green and blue circles represent
the experimental data for the zircon, scheelite and fergusonite phases respectively. The c-axis of the
fergusonite phase is depicted as blue diamonds to avoid confusion. Inset: Pressure dependence of the
angle of the fergusonite structure.

chains are laterally attached by edge-sharing NdOg dodecahedra along a-axis. therefore, the c-
axis is less compresible than the a-axis, since the VO, tetrahedra are much less compressible than
the NdOg dodecahedra, as it has been shown in literature [140]. Additionally, there is a perfect
agreement of the extrapolated values of the unit-cell parameters, a = 7.331 A and ¢ = 6.437 A,
and the values measured just after the synthesis of the sample.

The zircon-to-scheelite phase transition takes place near 6.4 GPa. The volume collapse as-
sociated with this transition is ~ 10.7%. Therefore, according to this huge discontinuity in the
unit-cell volume, the transition must be first-order (see section 2.2). As we said before, this vol-

ume collapse increases the crystalline disorder, which produces a much broader XRD reflections
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Figure 4.7: Pressure dependence of the unit-cell volume of NdVOy. The red, green and blue circles rep-
resent the experimental data for the zircon, scheelite and fergusonite-type structures. The EOS fitted to
the experimental data are represented by solid lines. The extrapolation of the EOS at low pressures of the
scheelite phase is represented with a dashed line.

for the scheelite structure. Some studies on ErVO, under high pressure using MEW as PTM have
shown that this effect can lead to the inaccurate estimation of the EOS parameters. Nonetheless,
we expect that hydrostatic conditions may minimize these effects.

The linear compressibilities of the scheelite phase for the a and ¢ parameters are x, = 1.62(2) X
1073 and k. = 2.04(3) X 1072 GPa™! respectively. Again, as in the previous phase, we observe an
anisotropic behaviour, in which the a lattice parameter is less compressible than c. Similarly to
the zircon phase, this anisotropic response to pressure can be explained in terms of the different
compressibilities of its constitutive polyhedral units, since the structure of the scheelite phase

is also based on the arrangement of VO, tetrahedra and NdOg dodecahedra. According to the
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literature, the zircon-to.scheelite phase transition is irreversible. However, during the experiment,
the diamonds of the DAC broke upon compression, so the scheelite phase could not be quenched
at low pressures. Nonetheless, we can estimate the values of the lattice parameters at ambient
pressure by making a linear extrapolation. By doing so, we obtained the values a = 5.1143(7)
and ¢ = 11.630(3) A, which yield in between of those obtained for CeVO, and SmVO, [35, 39],

and therefore they can be considered as reasonable.

The evolution of the lattice parameters for the fergusonite phase are also shown in Fig. 4.6.
In this case, we observe a small discontinuity between the a-axis of the scheelite structure and
the c-axis of the fergusonite phase, which is in contradiction with most observations for similar
fergusonite-type oxides. This can be inferred from the sudden splitting of the (101) and (011) peaks
of the fergusonite phase in Fig. 4.4 (b) (260 ~ 5.4°). After such splitting, the a-axis decreases more
rapidly than the c-axis in the fergusonite phase. As a consequence of this, both lattice parameters
are equal at ~ 23.5 GPa, which can be seen in Fig. 4.6. This can be also be seen in Fig. 4.4 (b), in
which we show how the splitting of the (101) and (011) peaks progressively decreases up to 23.5
GPa. On the contrary, the increase of the b-axis and the f angle is similar to other fergusonite-
type compounds under high pressure. In fact, the shifting of the (040) Bragg reflection depicted
in Fig. 4.4 (a) is a direct consequence if the elongation of the b lattice parameter. This leads to a

crossover of the (121) and (040) peaks at 23.5 - 24.5 GPa.

The isothermal compressibility tensor is symmetric and can be described with four indepen-
dent components i.e. 11, fa2, P33 and f;13, whose expressions are reported in Knight [141]. Con-
sidering a linear dependence of the lattice parameters with pressure for the fergusonite phase
of NdVO,, the obtained values of the compressibility tensor are f;; = 8.8(1) x 107> GPa™!,
B2 = —5.47(5) x 1073 GPa™!, fs3 = 3.12(4) x 107> GPa™! and f;3 = 3.57(6) x 107> GPa™.
The negative value of f5; and the positive value of f;3 are typical of fergusonite-like compounds
and can be explained by the elongation of the unique b-axis and the increase in the  monoclinic

angle under compression respectively. The symmetric isothermal compressibility tensor can be
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diagonalized in order to obtain the directions and magnitudes of the principal axes [141]. The
obtained eigenvalues are 10.5(2), —5.47(5), and 1.39(6) GPa—1, whose corresponding eigenvec-
tors are, respectively, (0.89974, 0, 0.43644), (0, 1,0), and (0.43644,0,—0.89974). This means that
the direction of maximum compressibility is contained within the plane defined by the a- and
c-axes, at 64(2)° with respect to the c-axis. Similarly, direction with the smallest compressibility

is located within the same plane but perpendicularly oriented.

In addition to this, it is possible to use the volume-pressure data shown in Fig. 4.7 to estimate
the isothermal bulk modulus By and its derivative By, as well as the zero-pressure unit-cell volume
W for the different phases. The fitted EOSs show a maximum misfit lower than 0.05 GPa, which
is comparable to the pressure experimental error. This indicates that the pressure behaviour of
the crystal is accurately described by this type of EOS. The data corresponding to the zircon
and scheelite phases were analyzed with a third order Birch-Murnaghan (BM) EOS, by using
the EosFit7 software package. The obtained EOS parameters for these phases are displayed in
Table 4.1. With regard to the fergusonite phase, the lack of sufficient data points do not allow
an accurate fit to a third order BM EOS. Therefore, we decided to perform the EOS fit assuming

B/

o = 3.4 as afixed value, since the scheelite and fergusonite phases show similar compressibilities,

as it is shown in Fig. 4.7. The obtained values for Vj and the bulk modulus B for the fergusonite
phase are included in Table 4.1. These values are very similar to those obtained for the scheelite
phase, which is a common feature in the scheelite-fergusonite ternary oxides. More specifically,
the obtained bulk modulus is identical, which confirms the fact that both structures are equally
compressible. In addition to this, both values of Vj are very similar due to the small change of

volume between both phases.

The obtained EOS parameters for the zircon phase are also shown in Table 4.1. We included
previously reported data for the sake of comparison. In particular, we show the experimental data
reported in Ref. [41] (using 16:3:1 MEW as PTM) and the results of DFT calculations [114]. For P <

7.1 GPa, the values of Vj and the bulk modulus By are quite similar to that given by calculations.
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Table 4.1: EOS parameters for the zircon, scheelite and fergusonite phases of NdVO,. for the sake of
comparison, we included the calculated and measured values reported in some previous publications.

Phase PTM Vo(A3%) By (GPa) By,

Zircon [114] Theory 357.50 124.2 3.66
Zircon [41] 16:3:1 MEW  350.8(9) 148(4) 3.72(2)
Zircon (P < 7.1 GPa)  He 346.21(6)  121.5(1.9)  2.5(5)
Zircon (P < 6.4 GPa)  He 346.2(2) 118(2) 3.7(3)
Scheelite He 306.7(6) 143(8) 3.4(7)
Fergusonite He 305.5(1.8) 143(12) 3.4 (fixed)

Nonetheless, the value of the bulk modulus second derivative is too small (B, = 2.5(5)) compared
to the calculated value (B = 3.66). This huge difference may be attributed to the coexistence of
the zircon and scheelite phase beyond 6.4 GPa. This could prevent an accurate analysis of the
zircon phase pressure evolution above such pressure. Thus, in order to perform a more accurate
EOS analysis, we must consider the data for P < 6.4 GPa exclusively. As it is shown in Table 4.1,
in such case, the obtained values for By and B are in agreement with calculations. In comparison,
the experimental values obtained using 16:3:1 MEW as PTM show a less compressible structure,
since the bulk modulus is ~ 20% higher than the calculated value, whereas the value reported in
this work is only ~ 5% smaller. The small discrepancy between the value of V obtained in this
study and the predicted value can be explained by the common tendency of DFT calculations to
overestimate unit-cell values.

Since no previous experimental or theoretical data of the sheelite phase of NdVO, have been
published (up to our knowledge), no comparison can be made as in the case of the zircon phase.
However, with respect to the zircon phase, the scheelite phase shows a unit-cell volume ~ 11%

lower and a bulk modulus ~ 18% higher, which is consistent with the increase in the packing



132 CHAPTER 4. NEODYMIUM ORTHOVANADATE UNDER HIGH PRESSURE

efficiency associated with first-order reconstructive phase transitions. The extrapolation of the
fitted third order BM EOS is depicted in Fig. 4.7 with a dashed line. On the other hand, the
scheelite-fergusonite phase transition shows a ~ 1.5% volume collapse, larger than the volume
uncertainty associated to measurements. The nature of the scheelite-fergusonite phase transi-
tion is still a matter of debates among scholars. For instance, similar results were obtained for
SrWOy, in which a 1.5% volume decrease is observed at the transition [142]. Thus, according
to this experimental evidence, this transition has been considered a weak first-order marten-
sitic structural transition !. On the contrary, no volume discontinuity has been observed in the
scheelite-fergusonite phase transition of many orthotungstenates and orthomolybdates at high
pressures [144]. In such case, the transition has been considered as a second-order phase transi-
tion. The case of NdVO, seems to correspond to the first kind. Nonetheless, this cannot be said
of other orthovanadates such as BiVOy, in which the fergusonite-scheelite phase transition can

be definitely classified as ferroelastic second-order [67].

4.4 RAMAN SPECTROSCOPY EXPERIMENTS

As we stated in Chapter 2, the zircon sctructure (S. G.: I4;/amd) has 12 Raman active modes
at the center of the BZ i.e. Iz = 2A;4 + 4By + By, + 5E,, according to group theory [63]. Fig. 4.8
shows some selected Raman spectra for NdVO, upon compression. The different Raman peaks
were labeled according to our calculations. With regard to the peak observed near 240 cm™, it
can be labeled as Ef) or Bgz), since their calculated zero-pressure frequencies are relatively close
to each other (wo = 231 and 240 cm™"). Even though the calculated value of w for Bgz) perfectly
agrees with the observed peak position, we decided to label this peak as E', since the value of

the calculated dw/dP for this mode is much more coherent with our experimental observations.

Tn martensitic transformations the displacements of the atoms are simultaneously coordinated so that the trans-
lational symmetry of the crystal is preserved along the transition path. These are shear dominant, lattice displacive
and diffusionless transitions [143].
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Figure 4.8: Selected Raman spectra for NdVOy, at different pressures. The spectra obtained upon com-
pression and decompression are depicted with black and red solid lines. The Raman peaks indicated with
an asterisk do not belong to the scheelite phase, but can be attributed to a zircon-type NdVOy residual
obtained after decreasing pressure.

On the contrary, in Panchal et al. [114], the authors reached the opposite conclusion by using the
same reasoning. This discrepancy finds its roots not in the calculated values, which are similar to
ours, but in the experimental measurements. Thus, only Raman spectroscopy experiments with
single-crystals under different orientations can clarify this disagreement. In addition to this, the
labelling of the modes Ey) and Ag;) is also different in Panchal et al. [114]. While in our study
these modes clearly have different dw/dP values, in Ref. [114] the pressure evolution of both
modes under pressure is very similar, and thus, they are assigned according to the value of the
zero-pressure frequency. Apart from these minor discrepancies, in both cases the zircon-type

Raman spectra show a large frequency gap between 500 and 800 cm™! approximately, which
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can be observed in Fig. 4.8 (a). The modes within the region below 500 cm™' represent the
so-called "external modes", which describe the vibration of the rare-earth cation relative to the
VO, tetrahedra, whereas those beyond 800 cm™! are usually referred as "internal modes" of the
vanadium atom inside of the tetrahedra. Although this nomenclature is used in most of literature,
in which the modes are identified as R, T and v, we decided to not make use of it. The reason
for this is that, even though the modes at high frequencies can be considered as internal modes
of the VO, tetrahedra in good approximation, the contribution of the V atom vibrations to the
"external modes" is not negligible [67]. In order to be able to distinguish different modes with
identical symmetries, we decided to label these with different numerical supra-indexes. As it
is shown in Fig. 4.8 (a), the three most intense Raman peaks are in the high-frequency region.
The dominating Raman peak Agz) corresponds to a symmetric-stretching of the VO, tetrahedra,
whereas the E;S) and Biz) modes describe the asymmetric-stretching of these units. On the other
hand, the intensities of the modes in the low-frequency region are much weaker, with the only
exception of the By; mode. Only the Bg;) low-frequency mode is not observed in the Raman
spectra, which may be a consequence of its low Raman scattering cross-section. The overlapping
with the peaks of the Egj) mode, which should be located at similar frequencies, could also hinder
its identification. The frequencies of the observed Raman modes at low pressure are shown in

Table 4.2.

In the spectra shown in Fig. 4.8 (a), it is clear that there is a qualitative change between 6.0
and 6.7 GPa. Whereas at 6.0 GPa the spectrum corresponds to the zircon structure of NdVOy, it
radically changes at the very next pressure. In fact, as we will show, these new spectra can be
assigned to the scheelite phase of NdVO,. Therefore, the zircon-to-scheelite transition pressure
in this case would be ~ 6.4(3) GPa, which is in perfect agreement with the previous results of
our XRD experiments (6.4 GPa, see previous section). In accordance with group theory analysis,
the scheelite structure shows 13 Raman active modes at the center of the BZ: I'z = 3A,+5B,+5E,

[145, 146]. As in the zircon phase, the assignation of the Raman modes has been made according
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to our calculations. In this phase, the spectra is divided in two regions, with a large frequency gap
between 480 and 750 cm™!. This similarity with the zircon phase can be explained in terms of the
polyhedral constituents, since the modes of the high frequency region can be well approximated
to the internal vibrations of the VO, tetrahedra. In this region, the symmetric-stretching Aé3) and
the asymmetric stretching modes B;S) and E;S) are located at 884, 850 and 797 cm™! respectively
at 15.7 GPa. The A_L(f) mode constitutes the most intense peak of the spectra. At the same pressure,
the observed modes in the region below the frequency gap are EW , Bg(;l), BéS), Aéz)’ Eég’), A;l) , Béz),
B{" and E{", which can be found at 459, 433, 393, 385, 330, 232, 213, 134 and 112 cm ™" respectively.
Only the E;Z) mode is not observed in the spectra, probably due to its small Raman cross-section.
For pressures higher than 17.7 GPa, there is a progressive broadening of the Raman peaks, which
transform into wide bands upon compression. This is compatible with the scheelite-fergusonite
phase transition observed in XRD experiments at 19.9 GPa. In this case, according to our Raman
measurements, the transition pressure should be in between 17.7 and 19.6 GPa. The fact that
the transition pressure is slightly lower in the Raman than in the XRD experiments could be
attributed to the hydrostatic differences of Ne and He gases at 20 GPa [99]. This phase transition
takes place as a consequence of a mechanical instability that induces a monoclinic distortion of
the scheelite phase, leading to the fergusonite structure, as it is explained in the next section.
Upon decompression, this transition is reversed between 17.1 and 14.1 GPa, as it is shown in
Fig. 4.8 (b). The scheelite phase is recovered at low pressures in a metastable state, revealing the
existence of a considerable kinetic barrier between the zircon and scheelite phases of NdVOy. This
confirms our previous statement that the zircon-to-scheelite phase is an irreversible first-order
transition. Nonetheless, in the spectra corresponding to the recovered sample, two peaks that do
not correspond to the scheelite structure can be observed. These are labeled with asterisks in Fig.
4.8 (b). On the contrary, these peaks seem to correspond to the By, and Agf]) modes of the zircon
phase, which also give rise to the most intense Raman peaks in the low- and high-frequency

regions of the spectra, respectively. Thus, a small fraction of the zircon phase is also recovered



136 CHAPTER 4. NEODYMIUM ORTHOVANADATE UNDER HIGH PRESSURE

at low pressures, although most of the recovered sample is metastable scheelite-type NdVOy,.
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Figure 4.9: Pressure evolution of the frequency of the Raman modes for the (a) zircon and (b) scheelite
phases of NdVO,. Experimental data are represented with black (compression) and void (decompression)
circles. Solid lines represent theoretical calculations.

The change in frequency of the observed Raman modes under compression and decompres-
sion is depicted in Fig. 4.9 for the (a) zircon and (b) scheelite polymorphs of NdVO,. With regard
to the zircon phase, the frequency of most of the modes increases with pressure, with the only
exception of the By; mode, whose frequency decreases upon compression. As a result, there is a
mode cross-over of this mode and the E_((]4) mode near 3.7 GPa. Beyond that pressure, the frequency
of the Byy mode becomes smaller than that of the Ey) mode. By performing a linear fitting for
both the experimental and calculated values, we could estimate the value of the frequency pres-

sure coefficients at low pressures i.e. dw/dP. The obtained results for the zircon phase are shown
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in Table 4.2.

Table 4.2: Experimental and calculated values of the pressure coefficients, zero-pressure frequencies and
Gruneisen parameters of zircon-type NdVO,4. The Griineisen parameters were calculated considering
By = 124.2 and 118(2) GPa [44] for the theoretical and experimental set of values respectively. For the
sake of comparison, we included the values of the zero-pressure frequencies reported in Santos et al. [147].
The values indicated with asterisks are labeled as B;y and Byg (261 and 375 cm™ in the table respectively)

in Ref. [147], although they should be labeled as By, and Ai;) according to our calculations.

Theory Experiment Ref. [147]
Mode dw/dP o Y dw/dP o Y o
(cm™/GPa)  (cm™) (cm™!/GPa)  (cm™) (em™)

ESY 0 115 0 0.00(5) 114 0.00(5) 113
BY) 0.75 127 0.77 0.56(8) 124 0.53(1) 123
EY 0.70 155 0.56 0.22(2) 152 0.17(2) 148
ESY 4.93 234 2.61 4.17(16) 240 2.05(5) 237
B 2.86 241 148 - - - -
By ~1.61 261 -0.77  —1.09(7) 260  —0.49(5) 261*
ESY 0.58 367 0.20 0.7(2) 389 0.21(2) 381
Ag) 1.72 374 0.57 1.44(9) 377 0.45(2) 375
By 2.50 459 0.68 2.27(6) 473 0.57(2) 472
B} 6.01 820 0.91 5.53(4) 795 0.82(2) 795
EY 5.50 824 0.83 5.05(6) 809 0.74(2) 808
AP 5.95 881 0.84 5.34(15) 874 0.72(2) 871

On the other hand, all of the observed Raman modes of the scheelite phase harden in the low
pressure range, as it is depicted in Fig. 4.9 (b). Similarly to the previous case, we performed a
linear fitting in order to obtain the values of dw/dP, wy and the Griineisen parameters y. For such

analysis, only the data taken upon pressure release could be used. The obtained values for the cal-
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Table 4.3: Experimental and calculated values of the pressure coefficients, zero-pressure frequencies and
Griineisen parameters of scheelite-type NdVO,. The Griineisen parameters were calculated considering
By = 143 and 143(8) GPa [44] for the theoretical and experimental set of values respectively.

Theory Experiment
Mode dw/dP o Y dw/dP @ Y
(cm™'/GPa)  (cm™') (cm™'/GPa)  (cm™')

ESV 0.48 111 0.62 0.54(9) 110 0.70(5)
1

BV ~0.13 139 —0.13 0.22(9) 138 0.23(9)
2

B 2.46 174 2.02 2.44(5) 173 2.02(12)

EY 2.57 175 1.82 - - -
1

ALY 0.60 219 0.34 0.86(3) 219 0.48(3)
3

ESY 2.38 287 1.03 2.53(6) 290 1.08(7)

AP 2.73 337 1.01 2.77 342 1.01(6)

BYY 1.60 356 0.56 1.9(1) 365 0.64(5)
4

BYY 3.01 386 0.97 2.83(7) 388 0.91(6)
4

ESY 2.93 404 0.90 2.71(5) 415 0.81(5)
5

EY 3.81 755 0.63 3.82(5) 737 0.64(4)

BYY 3.26 806 0.50 3.12 800 0.48(3)
3

AY 3.22 834 0.48 3.1(1) 833 0.46(3)

culated and experimentally observed Raman modes of the scheelite phase are shown in Table 4.3.
In this case, the agreement between calculations and experimental data is excellent, which rein-
forces the fact that the scheelite phase is the stable high-pressure polymorph of NdVO,4. Beyond
the zircon-scheelite transition pressures, only the E;l) and B;l) modes soften under compression.
Upon decompression, the frequency of the former increases, as it should be expected. However,

below 3.5 GPa, in the metastability region of the scheelite structure, the opposite behaviour is
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observed. As a consequence, its pressure coefficient at zero-pressure is positive. In the case of
the B;l) mode, its frequency is predicted to decrease under an increasing pressure load. However,
at very low pressures, this softening is predicted to be very small, as it is shown in Table 4.3.
Experimentally, we observe a very small increase in the frequency of this mode, which yields a
small but positive value of dw/dP. However, this small difference in the sign of the pressure coef-
ficient could be attributed to a minor inaccuracy of calculations. In both cases the value of dw/dP
is close to zero though. For higher pressures, the tendency of the frequency to decrease upon
compression predicted by calculations is empirically correct. In the case of the high-frequency

modes A(3)

g s B;lj) and E;S), their evolution is directly related to the V—O distance, since these are

the internal modes of the tetrahedra. In this case, when compared with the high frequency modes
of the zircon phase, these modes have lower dw/dP and w, values. This can be explained by small
changes in the direction of the vibration and a decrease in the contribution of the V atom to the
movement [67] (see subsection 1.3.2 in the Introduction). For instance, with respect to the most
intense Raman modes in each phase, the Agz) vibration in the zircon phase is exclusively directed

along the V-0 bond direction, but not in the A!(J3) mode of the scheelite phase.

4.5 AB INITIO CALCULATIONS

The calculated energy-volume as well as the enthalpy curves for the zircon, scheelite and
monazite phases of NdVO, are depicted in Fig. 4.10. These curves show how the scheelite is
actually a more stable phase at high pressures than the monazite phase. According to enthal-
phy calculations, the scheelite- and monazite-type structures become more stable than the zir-
con phase beyond 3.7 and 6.5 GPa respectively. However, the difference between the enthalphy
curves of both high-pressure phases is below 1 eV at 6.5 GPa. Therefore, the presence of small
stresses within the DAC pressure chamber can trigger the zircon-to-monazite phase transition,

like in Refs. [41, 114], where the experiments were carried out using 16:3:1 MEW as PTM. This
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Figure 4.10: Theoretical energy-volume curves (per unit-cell) for the zircon, scheelite and monazite struc-
tures of NdVOy,. Inset: Calculated enthalpy curves (per unit-cell) for these phases assuming T = 0K. The
zircon phase is taken as reference.

explains why the scheelite phase is only observed when He or Ne gases are used as PTM, since
these ensure optimal hydrostatic conditions. Contrary to NdVO,, the monazite phase of CeVO,
is predicted to be the most stable phase at high pressures. Nonetheless, the scheelite phase can
be achieved under poor hydrostatic conditions. These facts reveal the relevant role played by the
surrounding medium in RVO, compounds. Nevertheless, the predicted transition pressure for
the zircon-to-monazite phase transformation in NdVOy is accurately predicted by our calcula-
tions. By contrast, the predicted pressure transition for the zircon-to-scheelite transformation is
approximately 3 GPa lower than the experimental value. If we discard an eventual underestima-
tion of DFT calculations as a source of error, this considerable difference could be explained as a

result of the huge kinetic barrier between both phases. This is a reasonable assumption, since the
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Figure 4.11: Calculated IR modes (TO) for the (a) zircon and (b) scheelite phases of NdVO,.

existence of a large kinetic barrier is coherent with the irreversibility of the zircon-to-scheelite
phase transition.

For the sake of completeness, we also provide the calculated IR (only TO modes) and silent
modes (Figs. 4.11 and 4.12, respectively) for the zircon and scheelite phases of NdVO,. In the
zircon structure, all the IR modes show a positive pressure dependence in the whole range, with
the only exception of the E, mode located at ~ 300 cm™!, whose frequency shows a minimum at
~ 3 GPa. In the scheelite phase, the frequency of only two modes decreases upon compression.
These are the E, and A, modes, which can be found at ~ 150 and ~ 280 cm™! at zero-pressure
conditions, respectively. The partial softening of the A, mode leads to a frequency crossover
with a hard E, mode at 18.3 GPa. With respect to the silent modes, the most remarkable feature
is pressure-induced softening of a By, silent mode in the zircon phase, which becomes zero at 7.0
GPa, close to the observed transition pressure (6.4 GPa). This suggest a possible influence of this

soft mode in the phase transition.
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Figure 4.12: Calculated silent modes for the (a) zircon and (b) scheelite phases of NdVOy,.

In this regard, the difference between the predicted and the observed transition pressure in
the zircon-to-scheelite transformation motivates the study of the different mechanisms that may
induce the transition and lower the kinetic barrier. In some compounds under high pressure,
soft phonons or instabilities in the stiffness tensor induce second order phase transitions, which
are characterized by the absence of volume discontinuities. However, dynamical and mechanical
instabilities can also be related to first order phase transitions such as in some layered materials
like boron nitride [148] (dynamical buckling) or bulk materials [149, 150]. The soft By, silent
mode depicted in Fig. 4.12 (a) corresponds to rotations of the VO, tetrahedra around the direction
given by the c-axis. The softening of this mode is directly related to the frequency decrease upon
compression observed in the E;l) and By, Raman modes, since these also involve rotations of
the VO, units around the c-axis. In fact, it has been suggested by Mihailova et al. [151] that

the softening of this phonon reduces the kinetic barrier in the zircon-to-reidite phase transition
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in natural zircon (ZrSiO4). According to these authors, there is a second order phase transition
to a lower symmetry version of the zircon structure (called HPLS, S. G.: [42d), which a much
lower kinetic barrier to the reidite (scheelite) phase. This phase is experimentally identified by
the observation of a new peak below 100 cm™!. The reidite phase appears 1.5 GPa after in the
Raman spectra. The influence of this phonon in the transition would be discussed in the next
chapters in more detail, since it is directly related to the high pressure systematics of the RVO,
compounds. In our case, no evidence of this second order phase transition is observed. However,
the proximity of the observed transition pressure and the pressure at which the calculated By,
silent mode softens may indicate that a similar process to that observed in natural zircon can play

a role in the zircon to scheelite phase transition in NdVOy.

In addition to this, we searched for mechanical instabilities by calculating the stiffness ten-
sors of the zircon and scheelite phases. Ab initio calculations allowed us to calculated the C;jy;
elements of the matrix at a given pressure P. When the applied load on the solid is not zero,
the relationship between additional stresses and strains is given by Eqn. 2.60. The new stiffness
tensor B can be calculated with Eqn. 2.61, which takes the form expressed in Eqn. 2.63 for hydro-
static pressure. The structure can only be mechanically stable if the B stiffness tensor is positive
definite. Therefore, if the determinant of the stiffness tensor B becomes zero at some pressure,
the structure should undergo a spontaneous distortion. The direction of the distortion is given

by the eigenvector whose eigenvalue becomes zero.

The theoretical pressure evolution of the stiffness coefficients in the Voigt notation of the zir-
con and scheelite phases are shown in Fig. 4.13 (a) and (b) respectively; the minima that can be
observed in some coefficients at ~ 2.5 GPa in (b) is an artifact of calculations. The zircon struc-
ture shows a mechanical instability at 6.2 GPa. At this pressure, one of the matrix eigenvalues
becomes zero, which leads to the violation of one of the Born stability criteria for Tetragonal I
structures, which includes 422, 42m and 4/mmm point groups (see Table 2.3). In particular, the

condition B¢ > 0 is not fulfilled beyond 6.2 GPa. This mechanical instability is related to the
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Figure 4.13: Calculated pressure dependence of the stiffness matrix elements for the (a) zircon and (b)
scheelite phases of NdVOy,.

eigenvectorp=(0 0 0 0 0 1), which describes a pure shear strain of the ab plane. This is
compatible with the structural relationship between the zircon and the scheelite phases, which
involves a shearing of the ab plane of the zircon unit-cell [152, 153]. Moreover, some authors
have suggested the possible existence of a monoclinic structure between the zircon and scheel-
ite phases in isomorphic chromates [154], even though no experimental proof of this has been
reported. Although the mechanical instability (6.2 GPa) is apparently closer to the experimental
transition pressure (Pr = 6.4(3) GPa), an overestimation of ~ 0.5 GPa in the pressure at which the
By, silent mode becomes negative (7.0 GPa) is perfectly reasonable for DFT calculations. Thus,

since the value of both dynamical and mechanical instabilities are so close to the experimental
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transition pressure , it is difficult to discern which of both plays the primary role in lowering the
kinetic barrier between the zircon and scheelite phases. With respect to the scheelite phase of
NdVOy,, the mechanical instability predicted at 22.5 GPa is related to the violation of the Born
criterion 23%6 < Bgg(B11 — B12) beyond such pressure (see Table 2.3). The eigenvector associated
to this instability is » = (0.5 —0.5 0 0 0 —0.7), which corresponds to a monoclinic dis-
tortion. This deformation of the unit-cell is perfectly compatible with the scheelite-fergusonite
phase transition reported in our XRD and Raman spectroscopy experiments at ~ 19.9 and ~ 19.6
GPa respectively. This mechanism has also been reported for isomorphic compounds as a main
cause of the second order transition from scheelite- to fergusonite-type phases [144, 155]. In our
case, assuming that the results from our XRD experiments are accurate, this mechanism is also

compatible with a weak first order phase transition between both phases.

4.6 CONCLUSIONS

In this chapter we presented the results of our experiments on NdVO,4 under high pressure
in hydrostatic conditions. Firstly, powder XRD experiments up to 24.5 GPa were perform at a
synchrotron source, using He gas as PTM. At 6.4 GPa we reported the appearance of a new phase
corresponding to a scheelite structure, which remains stable up to ~ 19.9 GPa. These results were
confirmed by our Raman spectroscopy measurements using Ne as PTM, in which the Raman spec-
tra corresponding to the scheelite phase arises between 6.0 and 6.7 GPa. Enthalpy calculations
also show the scheelite phase as the high-pressure stable phase. The finding of this phase at high
pressures and room temperatures establishes a substantial difference with previous experiments
using 16:3:1 MEW as PTM, in which the monazite phase appeared over 6.5 GPa. This definitely
confirms the huge sensibility to hydrostatic conditions of some ternary oxides upon compres-
sion, such as RVOy in this case. The possible influence of dynamical or mechanical instabilities

in the zircon-to-scheelite phase transition has also been discussed. In addition to this, we also
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reported a second phase transition from scheelite- to fergusonite-type NdVO, between 19 and 20
GPa in our XRD and Raman experiments. According to calculations, this phase transition could
be favoured by a mechanical instability that leads to the distortion of the scheelite unit-cell. The
EOS of the different polymorphs are also reported, showing good agreements with previously
reported calculations. With respect to the Raman spectroscopy experiments, the pressure evolu-
tion of the Raman modes of the zircon and scheelite phases under high pressure has been studied,

showing excellent agreement with our theoretical predictions.



5 GADOLINIUM ORTHOVANADATE UNDER

HIGH PRESSURE

In the previous chapter, we studied the behaviour of NdVO, under high pressure conditions by
means of XRD and Raman scattering. Now, we follow a similar path towards the characterization
of GdVO,. Thus, in this chapter we provide a broad study on the pressure effects on GdVOy,
which include XRD, Raman scattering and optical absorption, measurements. In addition to this,
experimental results are supported by DFT calculations. This will allow us to discuss the relative
stability of the different phases, the identification of the different Raman modes and the role

played by stiffness instabilities in the transition processes.

Similarly to other RVO, compounds, GdVOy crystallizes in the zircon structure at ambient
conditions and undergoes a zircon-to-scheelite phase transition upon compression. Nonethe-
less, the phase diagram of this compound has been a matter of debate, since different experi-
ments under different hydrostatic conditions yielded different results. In this regard, Zhang et
al. [156] reported the existence of a zircon-to-scheelite phase transition at 7.4 GPa by means of
Raman spectroscopy and luminiscence experiments on doped GdVO,:Eu** microcrystals under
high pressure, using MEW as PTM. Moreover, metastable scheelite-type GAVO, samples (as well
as many other RVO, compounds) were studied by Huang et al. [157] at ambient temperature
using XRD and Raman spectroscopy measurements. Some discrepancies in the frequencies of

the Raman modes can be found in Refs. [156] and [157], which we expect to clarify with our

147
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experimental results. In addition to this, photoluminescence and XRD measurements on doped
GdVO,Er** under high pressure using silicone oil as PTM were performed by Hong et al[158].
These authors reported a zircon-to-scheelite and a scheelite-to-fergusonite phase transition at 7.4
and 23.1 GParespectively. In Yue et al. [115] un-doped GdVO, was studied under non-hydrostatic
conditions (no PTM was used) by means of XRD experiments. These results showed that the
zircon-to-scheelite and scheelite-to-fergusonite phase transitions take place at 5.0 GPa and 31.2
GPa respectively. In the previous chapter, we showed how different hydrostatic conditions can
alter the structural sequence of RVO, [40, 44] compounds under high pressure. Poor hydrostatic
conditions and sample doping can also alter the transition pressure of ternary oxides under high
pressure [41, 159-161]. Thus, in order to accurately determine the structural and vibrational
properties of GdVO, under high pressure, we need to perform a systematic study of un-doped
GdVO, under compression. In this chapter we describe the experimental and theoretical results
reported in Marquefio et al.[49] on GAVO, under high pressures. We studied GdVO, under high
pressure conditions by means of XRD and Raman spectroscopy experiments up to 16 and 39 GPa
respectively. Ar and Ne gases were used as PTM in order to ensure hydrostatic conditions. In
this study we also included ab initio calculations in which the stability and the atomic positions
of different phases are analyzed up to 31 GPa. The EOS and axial compressibilities of the zircon
and scheelite phases are analyzed, as well as the phonon frequency-pressure evolution of these
two polymorphs. For the sake of completion, we also included the results of optical absorption
measurements on a single-crystal GdVO, under compression up to 16 GPa, which allowed us to

determine the pressure dependence of the band gap energy of both zircon and scheelite phases.

5.1 EXPERIMENTAL DETAILS

The polycrystalline GdVO, samples used in XRD and Raman experiments were synthesized

by a solid-state reaction of proper amounts of predried Gd,O3 and V,05 with 99.9% purity. The
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oxides were homogeneously mixed, pelletized and heated at 800 °C for 24 h. The sample were
cooled afterwards to room temperature. The recovered product was regrounded and heated again
at 1100 °C for 24 h. On the other hand, the synthesis of GdVOy, single crystals used in the optical
absorption measurements is similar to that described for NdVO, in the previous chapter. Optical
clear GdVO, single-crystals were prepared by the flux growth method in which Pb,V,0; was
used as solvent [162]. Appropriate quantities of pure V,05, PbO and Na;B4O7 and 99.99% purity
Gd;0; were used as starting materials. A mixture of these materials was introduced and sealed
in a platinum crucible and heated up to 1270 °C for 12 h, and subsequently cooled to 800 °C. The
crucible was then removed and rapidly inverted in order to separate the flux from the crystals. The
residual flux was dissolved using hot diluted nitric acid. As a result optical transparent crystals
with average dimensions ~ 3 X 2 X 1 mm® were obtained. Both the polycrystalline and single-
crystal GAVO, samples were analyzed at room conditions by means of XRD. The obtained lattice
parameters are a = 7.198(6)A and ¢ = 6.353(3) A, which are in perfect agreement with the values
reported in literature [115]. The sample did not contain any other phase, impurities or precursor

residuals, which confirms the high purity of the obtained crystals.

A DAC with diamond culets of 350 ym diameter was used for the high-pressure angle-dispersive
XRD experiments. Powder GdVO, was introduced in a 150 ym diameter hole drilled on an Inconel
gasket, which was previously preindented to ~ 40 ym thickness. Fine copper grains were also
loaded in the DAC chamber, whose EOS was used as pressure gauge [163]. Ar gas was loaded as
PTM to ensure quasihydrostatic conditions below 20 GPa [99]. The evolution of the Ar peaks in
the XRD patterns can be used to confirm the pressure [164] indicated by the Cu Bragg peaks. The
loading of the DAC was carried out with special care in order to avoid sample bridging between
the diamond anvils and the sample, which would introduce non-hydrostatic stresses [118, 165].
The experiment was carried out at the MSPD-BL04 beamline of the ALBA-CELLS synchrotron
[166] (Fig. 3.12) using a monochromatic x-ray beam with A = 0.4246A focused down to 20 X 20

pum? (FWHM). A Rayonix detector located at 240 mm from the sample was used to collect the
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Figure 5.1: Unrolled CCD cake image of zircon-type GdVO, at 0.8 GPa. The spotty appearance of the
Debye rings confirms the existence of preferred orientations in the sample.
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XRD patterns. The homogeneity of the Debye rings was improved by using a +3° rocking angle.
The integration of the collected CCD images into 26 patterns was performed using the Diop-
tas software [122]. The refinements of the integrated XRD patterns were performed using the
PowderCell [123] and FullProf [167] software packages. Preferred orientation effects, which are
shown in Fig. 5.1, did not allow to perform Rietveld refinements. Thus, only LeBail refinements
were possible. This kind of analysis allows us to study the pressure evolution of the unit-cell
parameters and the identification of each of the crystal structures that appear during the experi-

ment.

On the other hand, two different runs were performed in the Raman scattering experiments,
with the same DAC than that used in XRD experiments. Steel and rhenium gaskets were used in
the first and second runs, respectively. The gaskets were preindented to a 40 ym thickness and
subsequently drilled a 200 ym diameter hole. Powder GdVO, and ruby chips were introduced in
the cavity of the DAC, which was loaded with Ne gas as PTM. Pressure was determined by the
ruby luminiscence method [100]. The experiments were performed in the setup schematized in

Fig. 3.14 and described in subsection 3.3.

Finally, in the optical absorption experiments, small single crystals of size ~ 80 X 80 ym and
thickness ~ 10 ym were studied under high pressure in a DAC equipped with IIA-type diamond
anvils with a culet size of 480 ym. The sample was loaded in a 200 ym hole drilled in an In-
conel gasket previously preindented down to 50 ym. A mixture of 16:3:1 methanol-ethanol-water
(MEW) was used as PTM. The pressure of the cavity was measured using the ruby luminiscence
method [100]. 16 GPa was the maximum pressure achieved in the experiment. The optical set up
consisted in a deuterium lamp, fused silica lenses, reflecting optics objectives and an UV-visible

near-infrared spectrometer.
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5.2 SIMULATION DETAILS

Theoretical calculations for the different phases of GdVO, were carried out with the Vienna Ab
Initio Simulation Package (VASP) [126, 127] in the framework of density functional theory (DFT)
[125]. The pseudopotential method and the projector augmented wave scheme (PAW) were used
[128]. The generalized-gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
prescripition [168] was employed to describe the exchange-correlation energy. The Dudarev’s
GGA+U method [169] was used to describe the highly localized nature of the rare-earth 4f elec-
trons, with an effective U value of 3.4 eV. A basis of plane waves up to kinetic energy curoff of 520
eV was used to ensure highly converged results. The integrations on the Brillouin zone (BZ) were
performed with a dense Monkhorst-Pack k-special points grid [130]. The structural configura-
tions were completely optimized for a set of selected volumes by minimizing the atomic forces
and stresses [170]. The applied optimization criteria were to acieve forces below 0.006 eV/A and
differences among the diagonal elements of the stress tensor smaller than 0.1 GPa. The phonon
calculations were carried out at the center of the BZ by means of the small displacement method,
which has been reported to yield accurate results when calculating phonons under high pressures
[171].

Calculations were performed by our collaborators at University of La Laguna (Tenerife, Spain),

Alfonso Munoz and Placida Rodriguez-Hernandez.

5.3 PowDER XRD EXPERIMENTS

Selected powder XRD patterns of GAVO, upon compression from 0.8 to 16.7 GPa are depicted
in Fig. 5.2. The Bragg reflections of the PTM (Ar) and the pressure calibrant (Cu) are indicated
within the figure. From ambient pressure to 6.0 GPa the diffraction peaks can be unambigu-

ously assigned to the zircon phase of GdVO,4. At 0.8 GPa, the unit-cell lattice parameters are
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Figure 5.2: Selected powder XRD patterns of GdVO, at different pressures up to 26.1 GPa. The pattern
corresponding to the recovered sample at 0.3 GPa is shown in (b). The Ar and Cu diffraction peaks are
indicated. Asterisks identify the Bragg peaks associated with V,0s.

a = 7.186(4)A and ¢ = 6.341(3)A, which are similar to the values reported at room conditions
[50, 172]. At 7.1 GPa, new Bragg peaks arise in the spectra, which indicates the onset of the
zircon-to-scheelite phase transition. Both zircon and scheelite phases of GdVO, coexists up to
10.4 GPa. The zircon reflections progressively vanish and the scheelite appears as a single phase
at 11.6 GPa. For pressures over 8 GPa, the unit-cell lattice parameters of the zircon phase cannot
be determined since only the (200) reflection associated with this phase is visible. The scheelite
phase lattice parameters at 13.6 GPa are a = 4.963(4)A and ¢ = 11.023A. The broadening of the

scheelite peaks with respect to those of the zircon phase can be observed in Fig. 5.2 (a). This
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Figure 5.3: Williamson-Hall plot for the zircon (red symbols) and scheelite (green symbols) phases of
GdVOy at 5.2 and 13.2 GPa respectively.

widening can be attributed to the effects of the huge volume collapse at the transition pressure
(AV/Vy = 10.8%). These effects include a reduction in the grain size and a strain increase. This
can be easily proof by performing a Williamson-Hall plot [111, 135] (subsection 3.2.2) of two dif-
ferent XRD patterns corresponding to the zircon and scheelite single phases, which is shown in
Fig. 5.3. The instrumental contribution to the peak breath was subtracted taking the callibrant
(LaBg) as reference. It is also possible to determine the change in the microstrain parameter ¢ be-
fore and after the transition, since it must necessarily be related with changes in the sample. As a
result, we determined that in the zircon phase at 5.2 GPa the mean grain size and the microstrain
parameters are tz ~ 330 nm and £z = 3.3 X 1072 respectively. By contrast, these magnitudes take
the values ts ~ 60nm and & = 8.2 x 107> for the scheelite phase at 13.2 GPa, which are coherent
with expected consequences of the volume collapse at the phase transition. Similar effects have
been reported for ErVO, [54] and NdVO, (Chapter 4) under high pressure, in which a partial loss

of crystallinity is observed after the zircon-to-scheelite phase transition.
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The Bragg peaks associated with the scheelite phase start to broaden for pressures above
20 GPa, as it can be observed in Fig. 5.2 (b). In fact, this structure cannot precisely describe the
evolution of the patterns, unless we consider a monoclinic distorted version of the scheelite phase,
in particular a fergusonite-type structure (S. G.: I12/a, Z = 4). Therefore, we can state that there
is a scheelite-to-fergusonite phase transition above 20 GPa, which has been reported at similar
pressures in other rare-earth orthovanadates [36, 37, 39, 44, 139]. This phase transition has been
reported at 31.2 GPa by Yue et al. [115] under non-hydrostatic conditions. In our experimental
results we observe a small reflection arising at 20 ~ 8°, which is labeled in Fig. 5.2(b) with an
asterisk. This small Bragg peak cannot be explained by none of the proposed structures for GdVO,
but as the most intense reflection of V,05 [137]. In fact, as we could see in the case of NdVO,
[44], a partial x-ray induced decomposition of V,05 units can take place as a consequence of the
photoelectric processes triggered by the interaction of x-rays with the sample. This has been
observed for ternary oxides [138], including other RVO, compounds [36, 37]. Upon pressure
release, the scheelite structure reappears at 21.0 GPa, showing the reversible character of the
scheelite-to-fergusonite phase transition. By contrast, the zircon-to-scheelite phase transition
can be considered as irreversible, since the scheelite phase was recovered at 0.3 GPa, as it can
be observed in Fig. 5.2(b). This is a typical feature of the zircon/scheelite structured compounds,
including other related orthovanadates [35-37, 39, 46, 54, 136]. This also reveals the existence of

considerable kinetic barriers between both phases.

The pressure evolution of the unit-cell lattice parameters of the diffrent phases of GdVOy is
depicted in Fig. 5.4. In this figure we included our exoerimental and theoretical results, as well
as the experimental results reported by Yue et al.[115] for the sake of comparison. The differ-
ence between our results and calculations is rather small. In adittion to this, our experimental
results are much less dispersed than those reported in Ref. [115], since the latter were taken
under non-hydrostatic conditions. Moreover, Yue et al.[115] reported the onset of the phase tran-

sition at 5.0 GPa, whereas according to our results the estimated transition pressure is 6.6(5) GPa.
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Figure 5.4: Pressure dependence of the unit-cell lattice parameters of the zircon, scheelite and fergusonite
phases of GdVOy,. The corresponding colors for each phase are indicated in the figure. Circles correspond
to our experimental data (Ne as PTM) whereas squares refer to the data reported by Yue et al[115] (no
PTM). Solid and empty symbols represent the data taken upon compression and decompression respec-
tively. Solid lines represent the results of our ab initio calculations.

This reduction in the transition pressure has been previously reported for other vanadates, such
as HoVOy, in which the transition pressure is reduced from 8.2 to 4 GPa under non-hydrotatic
conditions [37]. The onset of the zircon-to-scheelite phase transition for GdVO,:Eu*® [156] and

GdVO,:Er*3[158] was found below 7.4 GPa, which is good agreement with our results.

The experimental linear compressibilities of the lattice parameters of the zircon phase of
GdVO, are k, = 2.6 X 107 and k. = 1.9 x 10~ GPa™!, which are in good agreement with the
calculated axial compressibilities k, = 2.7 X 107 and k. = 1.6 X 107> GPa"!. Both experimental
and theoretical values show that the a-axis is clearly more compressible than the c-axis. This
anisotropic behaviour of the zircon phase can be explained in terms o the particular arrangement
of the GdOg and VO, polyhedra within the structure and their different compressibilities, as we

previously explained for NdVO, (see also sections 1.2 and 1.3). In the case of the scheelite phase,
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the experimental axial-compressibilities are k, = 1.6 X 107> and k. = 2.7 x 1072 GPa"!. The com-
pressibility of the c-axis was determined for the data points collected below 10 GPa, since these
were much less dispersed. The calculated values x, = 1.5 X 107> and x, = 2.7 X 1072 GPa™! are
reasonably in accordance with the experimental values. In addition to axial compressibilities, we
could also estimate the zero-pressure lattice parameters of the scheelite structure. The obtained
experimental values are ay = 5.063(2) A and ¢y = 11.390(12) A, which are similar to the predicted
values ap = 5.084 A and ¢y = 11.364 A. Again, as in the zircon phase, the scheelite anisotropic
compressibility can be explained in terms of the different compressibilities of the GdOs and VO,
polyhedral units. At the scheelite-to-fergusonite phase transition, the monoclinic f angle sud-
denly increases up to ~ 91° and stays nearly constant up to the maximum pressure achieved
(~ 26 GPa). With regard to the other lattice parameters, these do not show any discontinuity
with those of the scheelite phase. The a and the ¢ parameters of the fergusonite phase diverge
upon compression, with the former reproducing the tendency of the a parameter of the scheelite
phase. The b parameter of the fergusonite phase slightly increases upon compression, which is a

common feature of fergusonite structured oxides upon compression [44, 144].

Fig. 5.5 shows the change in the unit-cell volume of the zircon, scheelite and fergusonite
polymorphs. The former two were analyzed using a third order BM EOS [173], which allowed
to estimate the values of the zero-pressure volumes, the bulk moduli By and its first derivative
Bj,. The data corresponding to the fergusonite phase were not sufficient to provide an accurate
analysis. The obtained results of the fitting are summarized in Table 5.1, in which we included
the calculated values as well as some values reported in literature. The reported results are very
similar to those obtained for Eu-doped GdVO, (10% Eu). With respect to the relative compress-
ibility of the zircon and scheelite phases, there is a 11% increase in the value of the bulk modulus
By. This fact is coherent with the increase in the packing efficiency after the transition, which is
associated with a ~ 10.8% volume collapse. The predicted values for the ambient-pressure vol-

ume and the bulk modulus are in good agreement with the results obtained in the experiments.
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Figure 5.5: Evolution of the unit-cell volume with pressure of the zircon. scheelite and fergusonite phases
of GdVOy. The meaning of the symbols is the same than that used in Fig. 5.4.

By contrast, when no PTM is used, the structure seems to be much less compressible, especially
during the scheelite phase. Hence, the existence of considerable deviatoric stresses can lead to a
substantial increase in the measured value of the bulk modulus. In the case of the experiments
reported by Huang et al. [157] fo Eu-doped GdVOy, in which silicon oil was used as PTM, the
bulk modulus of the zircon phase is lower than that obtained under quasi-hydrostatic conditions.
Nonetheless, this fact do not contradict the general tendency, since the associated error bar for
the value of By is quite large. In fact, the observed general tendency in many other vanadates con-
sists in a reduction of the bulk compressibility (i.e. larger By values) as non-hydrostatic effects
increase [35-37, 174].

As we previously mentioned, the zircon structure can be described as a set of chains of al-
ternating VO, tetrahedra and GdOg dodecahedra distributed along the c-axis direction and edge-
sharing GdOg dodecahedra along the a-axis direction (Fig. 1.1). By contrast, in the scheelite phase

the relative positions and orientations of the different polyhedral units change, so that the VO,
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Table 5.1: EOS parameters for zircon- and scheelite-type GdVO,. We included the calculated EOS pa-
rameters of the proposed postfergusonite phase (S. G.: Cmca)

Phase PTM Vo(A3%) By (GPa) B
Zircon (our work, [49]) Theory 331.9 117.3 5.5
Zircon (our work, [49]) Ar 330.0(5) 122(5) 4.2(1.5)
Zircon [157] Silicon oil  327(2) 102(14) 4 (fixed)
Zircon [115] None 327(2) 185(28) 4 (fixed)
Scheelite (our work, [49])  Theory 294.5 138.03 3.9
Scheelite (our work, [49]) Ar 293.4(6) 137(2) 6(2)
Scheelite [157] Silicon oil ~ 289.6(1.4) 137(15) 4 (fixed)
Scheelite [115] None 283.6(1.4) 379(32) 4 (fixed)
Cmeca (our work, [49]) Theory 535.9 110.7 4.5

tetrahedra are no longer edge-shared (Fig. 1.2). Fig. 5.6 shows the calculated evolution of the
Gd-0O and V-0 bond length upon compression for both phases. The GdOg dodecahedra are not
regular in any of these phases, since there are two different Gd—O distances. Nonetheless, this
distortion is reduced by an order of magnitude in the zircon-to-scheelite transition, since both
Gd-O distances become much more similar in the scheelite phase. To put it more clearly, the
bond-length distortion index of these polyhedral units are ~ 0.03 and ~ 0.003 for the zircon and
scheelite phases respectively. The predicted change in the bond distance is compatible with previ-
ous reported data on different RVO, compounds [37, 174]. On the other hand, the VO, tetrahedra
are regular in both structures, with a small expansion during the phase transition (AV/V ~ 4%),
as it can be deducted from the small increase in the V-0 interatomic distance shown in Fig. 5.6.
Moreover, this figure also shows that the V-0 distance is far less compressible than the Gd—O

distances. Therefore, the contribution of the GdOg dodecahedra to the pressure-induced volume
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Figure 5.6: Calculated pressure dependence of the Gd—O and V—-O bond distance in the zircon and
scheelite phases of GdVO,.

change of the crystal is much more significant than that of the VO, tetrahedra. This behaviour
has been observed in many other isomorphic compounds such as orthomolybdates[175] and or-

thophosphates [140, 176].

54 RAMAN SPECTROSCOPY EXPERIMENTS

As we noted in previous chapters, the zircon structure have twelve Raman-active modes at
the center of the BZ (I'z = 2414 + 4By + Byg + 5E,) [63, 177]. The evolution of the Raman spectra
of the zircon phase of GdVO, at different pressures is shown in Fig. 5.7(a). Even though 12
Raman modes are predicted, only 9 can be actually observed in the spectra. The symmetry of
these modes has been assigned according to our calculations and the values reported in literature
[64]. As in other zircon-structured compounds, the spectra are divided in two main regions,
separated by a large frequency gap between ~ 500-800 cm™'. The modes in the high-frequency

region (over 800 cm™') can be considered as internal vibration modes of the VO4 tetrahedra in
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good approximation [67]. The modes with identical symmetries are distinguished with different
supra-indexes in order to ease explanations, so that the small (large) indexes correspond to the
lower (higher) frequency modes. It must be remarked that this labeling order is the opposite in
Marqueno et al. [49], but it has been modified so that the same criteria applies to all the Raman
experiments reported in this dissertation. The Raman spectra of zircon-type GdVO, is dominated
by the symmetric stretching mode Ag? located in the high frequency region at 893 cm™. In this
same region we can also find the Eés) and Bg;) asymmetric-stretching modes at 824 and 818 cm™!
respectively. On the other hand, in the low-frequency region, the Raman peak corresponding to
the Agz) shows an asymmetric profile. According to some polarization works in which different
scattering geometries were studied, this line corresponds to the contribution of two different
modes [64]. In Ref. [178], the authors suggest that these are the Ag;) and E;4) Raman modes. In
fact, our calculations predict a very little difference in their wavenumbers at room pressure (352
and 366 cm™! respectively). Thus, it is reasonable to assume that the observed peak asymmetry
is a consequence of the proximity of such Raman modes. The other Raman modes observed at
1.2 GPa in the low-frequency region are the Bg;) , Ey), Ag; and By, ones, which are located at
486, 392, 382 and 260 cm™! respectively. The Bg;) and Eél) modes are not observed in the spectra,
probably due to their weak Raman scattering cross-section. These peaks can only be identified

using GdVOjy single crystals in air (outside of a DAC), under particular scattering geometries [64].

Fig. 5.8 (a) shows the evolution of the Raman frequencies of zircon-type GdVO,4 under high
pressure. Although our theoretical calculations tend to yield slightly lower frequency values (with
differences from 1% to 13%), the predicted behaviour upon compression is in good agreement with
our experimental observations. Except for the low-frequency modes E;z) and B,; modes, which
soften upon compression, most of the Raman modes show a positive (quasi)linear dependence
with pressure. In Table 5.2 we shown the experimental and calculated values of the pressure co-
efficients dw/dP, the zero-pressure frequency w, and the Griineisen parameters for each Raman

mode, showing good compatibility. The Griineisen parameters were calculated with the values
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Figure 5.8: Pressure dependence of the frequency of the Raman active modes of (a) zircon- and (b)
scheelite-type GdVOy. Red symbols stand for the data obtained during the first run. while black and
empty circles represent the data obtained in the second run upon compression and pressure release re-
spectively. Solid lines represent the calculated frequencies. In (b), the data shown after 20 GPa represent
the average position of the peaks observed in the spectra. Some of these peaks are not single modes,
in particular those associated with E; modes in the scheelite phase, since the frequency degeneracy is
broken in the fergusonite phase.

of By shown in Table 5.1. In the low-frequency region, only the E_,(f) mode shows a comparable

pressure dependence. The strong positive linear dependence of this mode and the progressive
softening of the By; mode make that near 3 GPa there is a crossover of these two modes. This
is a common feature in zircon-structured compounds, including many other related orthovana-
dates [38, 46, 54, 179] as well as in Eu-doped GdVO, [156]. Moreover, the fact that the E;S) is the
low-frequency mode with the strongest pressure dependence is also a particularity of zircon-type
RVO,4 compounds [38, 46, 54, 179]. In order to compare with previously reported results, the data

reported in Zhang et al. [156] (doped GdVO, samples) and Voron’ko et al. [64] are also included
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in Table 5.2. In general, there is a reasonably good compatibility between our data and those
reported in Ref. [156], with the only exception of the E;z) mode. According to Zhang et al. [156],
this mode has a small positive pressure dependence, whereas our calculations and experimen-
tal results suggest that the frequency of this mode decreases under compression (dw/dP < 0).
Nonetheless, this discrepancy may be attributed to its small absolute value, which is close to
zero. Therefore, since in this case the experimental margin of error is comparable to the disper-
sion of the data, both values can be considered as compatible, even though the sign of the pressure

coefficients are different.

Fig. 5.7 (a) shows how there is a striking change in the Raman spectra between 6.4 and 7.3
GPa, which can be associated with the zircon-to-scheelite phase transition. Our previous XRD
experiments on GdVO, under high pressure showed that the phase transition is located at some
pressure between 6.0 and 7.1 GPa. Therefore, according to both experiments, a more accurate
value of the transition pressure would be 6.8(4) GPa. The Raman spectra shown in Fig. 5.7 (a)
show a coexistence of both phases from 7.3 up to 9.1 GPa, in which the zircon phase progressively
vanishes as the scheelite phase arises. In our experiments, we observed a subtle change in the
colour of the sample just after the transition, which can be associated with a band gap collapse,
as we will show in the next subsection. Above 9.1 GPa the scheelite structure appears as a single
phase. In accordance with group theory analysis [63], the scheelite phase has thirteen Raman
active modes at the center of the BZ (Iz = 3A, + 5B, + 5E,) [145, 146]. In this particular case, all
these modes can be observed in the spectra . As in the previous phase, the Raman spectra appears

as divided in two regions, with a frequency gap between ~ 550 and 750 cm™!

. The symmetry
of each mode has been assigned in accordance with our calculations and previous data from the
literature [156]. The highest mode in frequency is also the dominating Raman peak in the spectra.
This mode correspond to the A_((f) symmetric-stretching mode of the VO, tetrahedra, which can

be found in the high-frequency region at 877 cm™ at P = 13 GPa. Within the same region, we can

also find the asymmetric-stretching modes B;S) and EéS) at 848 and 796 cm™! respectively. With
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Table 5.2: Experimental and calculated values of the pressure coefficients, zero-pressure frequencies and
Grineisen parameters of the Raman-active modes of zircon-type GdVOy. The Griineisen parameters were
obtained considering By = 117.3 and 122(5) GPa [49] (see Table 5.1) for the calculated and experimental
values respectively. The results reported by Zhang et al. [156] and Voron’ko et al. [64] for the zircon phase
of GdVOy are also included

Theory Experiment Ref. [156] Ref. [64]
dw/dP o Y dw/dP o Y dw/dP Wy o

Mode (cm™!/GPa) (cm™?) (cm™!/GPa) (cm™?) (ecm™!/GPa) (cm™!) (cm™)
ESY 146 1053 1.62 - - - - - 110
By 159 1128 165 119(8) 123 1.18(9) 0.9 124 123
EY  —096 1505 —0.75 —021(2) 155 —0.17(4) 0.1 156 156
EY) 486 2147 266 47(3) 247 232(18) 45 245 246
BY 266 2374 131 - - - - - 252
By  -1.62 2564 —0.74 -1.02(2) 261 —048(2) -0.8 263 261
A 175 3523 058 216(4) 379 0.72(6) 1.7 384 380
ESY 051 3665 058  14(1) 391 0.49(7) - - 438
By 237 4516 062 260(4) 484  0.66(3) 2.5 485 483
B) 558 8016 082 578(2) 811 0.87(4) 5.2 811 809
EY) 525 8112 076 524(2) 827 0.77(3) 531 827 825
A®P 567 8700 076 551(14) 887  0.76(4) 5.5 887 884
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1

regard to the modes in the low-frequency region, we could observe the Eél) mode at 119 cm ™" at

this same pressure, which was not previously reported in literature.

The calculated and experimental pressure dependence of the Raman-active modes of the
scheelite phase is depicted in Fig. 5.8 (b). The frequency of all these modes has a positive linear
dependence with pressure, with the only exception of the B;l) mode, which shows a clear non-
linear behaviour. The pressure coeflicients, zero-pressure frequencies and Griineisen parameters
(considering the bulk modulus values shown in Table 5.1) for scheelite-type GdVO, are summa-
rized in Table 5.3. Previously reported data by Zhang et al. [156] and Huang et al. [157] are
also included. In general, there is a good agreement between the values reported by Zhang et
al. [156] and our experimental values, with the only exception of the pressure coefficients of the
E;‘l) and B;S) modes, which are underestimated in their study. Moreover, the B_éz) is incorrectly
labeled in Ref. [156] as a degenerate E; mode (as indicated in Table 5.3). The theoretical value
of the pressure coefficient of the B;S) mode was calculated for P < 5 GPa due to its non-linear
behaviour. In our case, we could not report an accurate value of dw/dP at low pressures, since
the data points collected upon decompression are insufficient in such region. It seems reasonably
to assume that the value given in Ref. [156] is negative, in contrast to our theoretical value, due
to the fact that the authors calculated dw/dP by making a linear fit of the whole pressure range
in which the scheelite phase is observed. On the other hand, some wq values reported by Huang
et al. [157], such as those corresponding to the E;l), B;l) and B;Z) modes, are quite different from
those obtained in our experiments and also from the values reported in Ref. [156]. A possible
explanation of these differences may be the presence of precursor impurities or small quantities

of zircon-type GdVOy in the recovered sample synthesized by Huang et al. [157].

A particular feature of the Raman spectra shown in Zhang et al. [156] is the presence of a
Raman peak near 900 cm™! which is not explained and appears at the zircon-to-scheelite phase
transition. We believe that the presence of this Raman peak may be ascribed to the existence of

V,05 [180] units as a consequence of a small partial decomposition of the sample. In our case,
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Table 5.3: Theoretical and experimental values of the pressure coefficients, zero-pressure frequencies
and Grineisen parameters of the scheelite phase of GdVO,. The Griineisen parameters were calculated
considering By = 138.03 and 137(2) GPa [44] for the theoretical and experimental set of values respectively.
For the sake of comparison, we included previously reported data in Zhang et al. [156] and Huang et al.

167

[157]. The values indicated with an asterisk are labeled as T'(E,) in Ref. [156]. In the case of the B;l) mode,

the values with a dagger superscript were obtained for P < 5 GPa, since this mode shows a non-linear
evolution with pressure. The corresponding experimental values are not shown due to insufficient data

below 5 GPa.
Theory Experiment Ref. [156] Ref. [157]
dw/dP Wy Y dw/dP Wo Y dw/dP Wo Wo
Mode (cm™!/GPa) (cm™!) (cm™!/GPa) (cm™!) (cm™!/GPa) (cm™!) (cm™!)
ESV 0.76 1095 1.05  032(5) 115 0.38(6) - - 147
B 176" 1275 1907 - 140 - ~0.6 140 176
By 2.45 1588 233 1.95(7) 178 1.50(6)  3.4* 178* 200
EY 2.10 1841 172 229(7) 189  1.66(6) 2.1 190 188
ALY 0.89 2293 059  0.86(55) 236 0.50(3) 1.0 236 244
ESY 2.12 297.1 108  2.36(8) 309 1.05(4) 2.8 307 321
AP 2.18 3195 1.03  2.88(7) 348 1.13(3) 2.3 350 350
By 2.66 3434 117  1.90(11) 374  0.70(4) 1.0 370 368
B! 2.75 383.8 1.08  3.198) 401 1.09(3) 2.6 407 417
ESY 2.86 4025 107  3.1009) 428  0.99(3) 1.7 432 435
EYY 3.04 742.8  0.62  3.99(9) 744  0.73(2) 2.8 745 748
By 2.50 7915 048  2.97(14) 808  0.50(2) 1.6 804 809
AY 3.47 810.9 0.65  3.33(8) 833  0.55(2) 3.2 833 831
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we do not report any peaks that may be associated with vanadium pentaoxide. This suggests the
idea that non-optimal hydrostatic conditions can induce the partial decomposition of the sample

across the phase transition.
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Figure 5.9: Pressure evolution of the frequency of the scheelite Bél) mode and its transformation into the
Ay mode of the fergusonite phase at ~ 20 GPa. The meaning of the symbols is the same than that used

in Fig. 5.8. The black solid line stand for the predicted theoretical behaviour of the B;l) mode. Red lines
are only a guide to the eye.

The progressive softening under high pressure of the B;l) mode of scheelite-type GAVO,4 up
to 20 GPa is displayed in Fig. 5.9. On the contrary, the frequency of this mode shows a posi-
tive pressure dependence beyond such pressure. Several experimental studies have shown that
there is no discontinuity between the scheelite Bél) mode and the fergusonite A, mode, but the
transformation of one into the other [144]. This is experimentally manifested as a change in the
shift direction of the associated Raman peak. In other words, the frequency of the scheelite Bél)
mode decreases upon compression up to the point in which it transforms into the fergusonite

Ay mode, which hardens with pressure. This is actually a characteristic feature of the second-
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order scheelite-to-fergusonite phase transition [144]. Therefore, these results and those obtained
in our XRD experiments confirm that there is a transition from the scheelite phase to a fergu-
sonite structure of GAVOy. In Fig. 5.7 (b) we compared the obtained spectra at 22.4 GPa and the
calculated positions of Raman modes of the fergusonite phase at the same pressure, showing a
reasonable agreement between both. The calculation of the Raman frequencies were performed
assuming the same structure than that obtained in the XRD refinements at 22.4 GPa, whose unit
cell parameters are a = 4.8933A, b = 10.9367A, ¢ = 4.8160A and f = 91.06°. This transition is
characterized by the breaking of the scheelite E; modes degeneracy due to the lower symmetry
of the fergusonite phase, according to our calculations. The consequence of this should be a small
splitting of the corresponding Raman peaks. Nonetheless, this effect is actually quite small and
cannot be directly observed in our measured Raman spectra. Furthermore, there is an increase of
non-hydrostatic effects over 20 GPa (see the hydrostatic limits of Ne in Table 3.1) that hinders a
clear observation of any peak splitting, since all of the Raman peaks tend to broaden. In order to
avoid any misinterpretation, we decided to follow the behaviour of the peaks over 20 GPa as if
they were single. In Fig. 5.8 (b) we represent the evolution of these peaks beyond 20 GPa, which

do not necessarily represent one particular mode.

For higher pressures, new changes in the Raman spectrum take place at 29.3 GPa. In fact,
for pressures over 32.6 GPa the fergusonite peaks disappear and the Raman spectra are mainly
constituted by broad bands. We think that this fact can be attributed to a phase transition towards
a new post-fergusonite structure of GdVO,4, whose unit-cell is depicted in Fig. 5.10. Similar
observations have been reported for other similar compounds. In fact, in Ref. [181], the authors
suggest the existence of an orthorhombic post-fergusonite phase (S. G.: Cmca) of TbVO,4 under
high pressure. According to this scenario, there is an increase in the coordination of both Gd and
V atoms at the transition, as well as a considerable volume collapse (AV /V ~ 11.8%). In particular,
the V coordination increases from 4 to 6, which implies a larger polyhedral unit and therefore

a weaker V—O bond. This would induce smaller frequency values of the dominant stretching
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Figure 5.10: Unit-cell of the suggested post-fergusonite phase for GdVOy (S. G.: Cmca, Z = ).

mode. This is compatible with the fact that the most intense band of the post-fergusonite phase
appears on the left-hand side of the fergusonite most intense peak, which is associated with the
Ay stretching mode. The suggested post-fergusonite phase has 36 modes in the center of the BZ,
which, together with the progressive loss of hydrostaticity, can explain the observation of wide
bands in the Raman spectra. As a consequence, the pressure evolution of these modes cannot be
extracted from the spectra. Even though all of the described facts seem coherent, this is just an
hypothetical explanation of our experimental observations. Further experiments and calculations
are necessary to elucidate this question. It must be remarked that during the experiment the
laser beam used for exciting the ruby was being absorbed by the sample once the third phase
transition was achieved. Moreover, the sample was opaque and showed a gray bright colour after
the transition. A possible explanation to this is a huge decrease in the band gap energy from the
visible region to the near infrared, as happens in SrCrO,4 [182]. Nonetheless, the reflectivity of
the sample is not enhanced, which indicated that the decrease in the band gap does not imply
a pressure-driven metallization, which contradicts previous predictions [32]. Finally, in Fig. 5.7

(c) we show the collected Raman spectra upon decompression. When pressure is released, small
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peaks seem to appear at 22.6 GPa and become more visible at 20.3 GPa. Upon pressure release,
the bands corresponding to the post-fergusonite phase vanish, whereas the Raman peaks that
can be assigned to the scheelite phase reappear. Therefore, it is possible to assume that there is a
phase transition near 22.6 GPa, which is extremely close to the scheelite-to-fergusonite transition
pressure observed upon compression. Thus, the most reasonable scenario is that the obtained
sample after 22.6 GPa corresponds to the scheelite- and not to the fergusonite-type structure of
GdVOy,. The scheelite phase is recovered in a metastable state at the lowest pressure (P = 0.6
GPa), which clearly shows the irreversible character of the zircon-to-scheelite phase transition.
In addition to this, the Raman spectra shows two wide bands that could be associated to the

post-fergusonite phase, which are labeled with asterisks in Fig. 5.7 (c).

5.5 OPTICAL ABSORPTION EXPERIMENTS

As we could see in subsection 1.3.3, most of zircon-type RVO, compounds only allow step-like
direct transitions. Moreover, the magnitude of the direct band gap for most rare-earth orthovana-
dates is between 3 and 4 eV at room conditions (see Table 1.10). In this particular case, we carried
out optical absorption measurements in zircon-type GdVO, single crystals under high pressure.

The absorption spectra obtained in the experiments is shown in Fig. 5.11 up to 16 GPa. In op-
tical absorption measurements, the optimal thickness of a single crystal is that for which ad ~ 3.
Considering that « is of order 10° cm™! in direct semiconductors at room conditions, the optimal
thickness d should be smaller than 1 ym. Thus, the selected single-crystal is excessively thick for
a direct semiconductor (d = 10 pm). As a result, the maximum value of the measured absorp-
tion coefficients are below 2500 cm™!, which hinders the optical absorption analysis explained
in Chapter 3. Consequently, we could only analyze the low-energy tail of the absorption edge
at different pressures. However, according to Urbach’s rule [183], the absorption edge has an

exponential dependence on the photon energy,
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T ) (5.1)

a:aoexp( z
U

where Ey is the so-called Urbach energy, which is directly related with the steepness of the
absorption tail, and aq is a constant. By fitting Eqn. 5.1 to the absorption spectra shown in
Fig. 5.11 it is possible to estimate the change of the bandgap energy Ey,, upon compression.
The absolute value of Ey,, cannot be determined with this equation though. Nonetheless, we
estimated by linear extrapolation that the value of Eyq, is 3.83 €V at 1 bar, which is in quite good
agreement with the value previously reported by Krumpel et al. [75] (Eg4qp = 3.87 €V) at room
conditions. As clearly shows Fig. 5.11, the behaviour of the absorption edge is the opposite in

the zircon and in the scheelite phases. In particular, the band gap energy tends to grow upon
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Figure 5.11: Absorption spectra for zircon- and scheelite-type GdVO,4 under high pressure.



5.5. OPTICAL ABSORPTION EXPERIMENTS 173

compression, while it decreases in the scheelite phase. In other words, the band gap widens and
narrows in the zircon and scheelite phases respectively. This can be observed in Fig. 5.12. Similar
behaviour has been reported by Panchal et al. [48] and Bandiello et al. [184] for other rare-earth
orthovanadates. Here we see that there is a band gap collapse of AEy,, ~ 0.6 eV at the phase
transition (P ~ 7 GPa), which is slightly smaller than the band gap collapse observed for other
rare-earth orthovanadates, such as those studied in Panchal et al. [48] in which AE,, ~ 1 eV.
This explains the colour change of the sample at ~ 7 GPa observed during our previous Raman
scattering experiments. In both phases, the band gap energy follows a linear dependence with
pressure, which allows to obtain the value of dEy,,/dP by fitting a linear function to the data. For
the zircon phase we obtain dEu,/dP = 21.1(7) meV/GPa, which is compatible with the values
obtained for zircon-type YbVO,4, YVO, and LuVOy [48]. By contrast, we found a negative pressure
dependence of the band gap energy in the scheelite phase, in particular, dEy,,/dP = —18.4(3)
meV/GPa. This value compatible with other reported values on scheelite-type YVO,, YbVOy,

TbVO, and DyVO, [32, 48].

The calculated band-structure of zircon-type GdVO, has been previously reported by Huang
et al. [72]. These authors suggest a direct band-gap at the I" point with a theoretical value of 2.77
eV. In general, DFT calculations tend to yield lower values of the Ey,;, than those experimentally
observed. In the particular case of RVO, compounds, these calculations tend to underestimate the
band gap energy by ~ 1 eV [48]. Thus, the difference between the calculated value reported in Ref.
[72] and the experimental results (3.83 and 3.87 eV in our work [49] and Ref. [75] respectively) is
acceptable. Furthermore, Huang et al. [72] also reported that the upper part of the valence band
is mainly composed of O 2p states, with a very small hybridization with the 5d orbitals of Gd.
On the other hand, the main contribution to the lower part of the conduction band is constituted
by antibonding V 3d—O 2p states. Thus, the broadening of the band gap in zircon-type GdVOy,
can be associated with the reduction of the V—O bond distance in the VO, tetrahedra. A possible

contribution of the rare-earth atom 4 f orbitals to the valence or the conduction band has also been
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Figure 5.12: Pressure dependence of the band gap energy of zircon- (red circles) and scheelite-type (green

circles) GdVOy. Solid lines represent a linear fit to both sets of data. The obtained parameters are included
within the figure.

a matter of debate in literature [185]. However, according to the density of states calculated by
Huang et al.[72] for the band-structure of zircon-type GdVOy, 4f electrons do not have a relevant
contribution to the upper part of the valence band nor the lower part of the conduction band. In
fact, these electrons are highly localized and remain practically unaffected upon compression in

the current range i.e. up to 16 GPa.

By contrast, the calculated electronic band structure of scheelite-type GdVO, has not been
reported in literature up to our knowledge. Nonetheless, some authors [48] have suggested that,
for similar RVO4 compounds, pressure may induce a weak hybridization of the O 2p and V 3d with
the s orbitals of the rare-earth cation. This would explain the band gap collapse observed in the
transition as well as the negative pressure dependence of E,,, with pressure (dEyq,/dP = —18.7(7)
meV/GPa). In addition to this, the small expansion of the VO, tetrahedra at the transition may

also contribute to the band gap collapse.
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5.6 AB INITIO CALCULATIONS
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Figure 5.13: Theoretical energy-volume curves for different phases of GdVO,. Energies are given per
unit-cell. In the case of the post-fergusonite phase, the energy of the unit-cell has been divided by 2, since
it has twice the number of atoms than the rest. Inset: Calculated pressure dependence of the enthalpy of
the same GdVOy phases considering T = 0 K. The zircon phase is taken as a reference.

The calculated E-V curves for the different studied polymorphs of GdVO, is shown in Fig.
5.13. The theoretical pressure evolution of the enthalpy of these phases is shown in the inset
of the figure, in which the zircon phase is taken as a referrence. Calculations were performed
assuming T = 0 K. The structural parameters of these different structures of GdVO, are shown in
Table 5.4. The enthalpy curves displayed in the inset of Fig. 5.13 show that the zircon-to-scheelite
phase transition is predicted to take place at 4.8 GPa. Moreover, according to the energy-volume

curves, which are also shown in Fig. 5.13, this transition should involve a huge volume collapse
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of 10.9%, which is in agreement with our experimental observations. This is also coherent with
the first-order reconstructive nature of the zircon-to-scheelite phase transition. The structural
relationships between these phases, as well as different transition mechanism has been proposed
in literature [151, 152, 186—188] for natural zircon (ZrSiOy4). These studies have shown that the re-
constructive nature of the transition is directly related with the existence of a considerable kinetic
barriers, which must be surpassed so that the transition can take place. Since our calculations do
not contain any information about the particular kinetics of the transition, it is reasonable to as-
sume that the predicted experimental transition pressure will be underestimated. In fact, whereas
the transition should happen at 4.8 GPa according to our DFT calculations, we experimentally ob-
serve the appearance of the scheelite phase at 6.8(4) GPa. With respect to the post-fergusonite
phase, the suggested structure (5.G.: Cmca) would appear at 29 GPa, which is compatible with

the transition pressure observed in our Raman scattering experiments.

Lattice dynamics calculations of the zircon and scheelite phases of GdAVO, were performed
in order to support our Raman scattering experiments and to evaluate the dynamical stability of
both structures. We also provide the frequencies of the infrared (IR) active (only the TO modes)
and silent modes of both structures, which are shown in Fig.5.14 and Fig. 5.15 respectively. With
regard to the IR active modes, all of them have a positive dependence on pressure in the zircon
phase, with the only exception of the E, mode located at ~ 300 cm™?!, which is approximately
constant, with less than a 1% of variation. In the scheelite phase, only the E, and A, modes
located at ~ 150 and 250 cm™! at 0 GPa soften upon compression. As a result, there is a mode
crossover of the latter with the hard E, mode (located near 250 cm™! at 0 GPa) around 21 GPa.
With respect to the silent modes of the zircon phase, two of them harden, another remain constant
and two soften as pressure increases. Moreover, the By, mode, which has the lowest frequency
of all, shrinks to zero at ~ 8.2 GPa, near the transition pressure. This mode correspond to pure
rotations of the VO, tetrahedra around the direction defined by the c-axis. The fact that the

dynamical instability at 8.2 GPa is so close to the transition pressure ~ 7 GPa suggest that this
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Table 5.4: Calculated structural parameters of different phases of GdVOy. The fergusonite structure was
calculated by assuming the unit-cell parameters obtained at 22.4 GPa in our XRD experiments as fixed,
since this structure reduces to scheelite in our calculations.

Atom Site x y z

Zircon (S.G.: I4;/amd) at 0 GPa; a = b = 7.22610 A, ¢ = 6.35814 A

O 16h 0 —0.06618 0.79907
\Y 4b 0 0.25 0.375
Gd 4a 0 0.75 0.125

Scheelite (S.G.: I[4;/a) at 14.1 GPa; a = b = 4.96269 A, c = 10.96299 A

O 16f 0.65091 0.50346 0.29159
\Y% 4a 0 0.25 0.125
Gd 4b 0 0.25 0.625

Fergusonite (S.G.: 12/a) at 22.4 GPa; a = 4.89330 A, b = 10.93670 A, ¢ = 4.81600 A,

B =91.06°

o} 8f 0.00104 0.21022 0.15253
0, 8f 0.90564 0.45963 0.24678
\% 4e 0.25 0.87632 0

Gd 4e 0.25 0.37511 0

Post-fergusonite (S.G.: Cmca) at 31.8 GPa; a = 7.37379 A, b = 12.23432 A, ¢ = 4.91467 A

O, 8f 0 0.08762 0.07106
Oz &d 0.65227 0 0

O3 8f 0 0.20808 0.50645
Oy 8e 0.25 0.34707 0.25

\Y 8f 0 0.41012 0.21704

Gd 8e 0.25 0.15843 0.25
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mode could trigger the zircon-to-scheelite transition by lowering the kinetic barrier. This idea
has been previously suggested by Mihailova et al. [151] for the zircon-to-reidite phase transition
observed in ZrSiOy. In fact, this behaviour is also predicted for many other zircon-type rare-earth

orthovanadates [35, 181] and orthophosphates [134]. These ideas are discussed in more detail in

Chapter 7.
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Figure 5.14: Calculated frequencies of the IR active modes (TO) of (a) zircon- and (b) scheelite-type
GdVO,.

Besides the vibrational structure of the zircon and scheelite phases of GdVO,, we also per-
formed calculations in order to study their elastic properties. The non-zero elastic constants of
are summarized in Tables 5.5 and 5.6, in which we included the experimental and theoretical val-
ues of other RVO, compounds for the sake of comparison. With regard to the zircon phase, the
calculated stiffness tensor elements at ambient pressure are quite similar, although apparently
slightly underestimated, compared to the other RVO, compounds. On the other hand, the elastic
constants calculated for scheelite-type GdVO, are put into comparison with previous reported

values of SmVO,4 and GdVO, using the GGA+U and LSDA+U approximations [35, 157]. These
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Figure 5.15: Calculated silent modes of (a) zircon and (b) scheelite-type GdVO,

calculations were carried out using the VASP and CASTEP software packages respectively. It is
clear that the obtained values for SmVO, and GdVO, in Ref. [35] and in our work [49] are in
better agreement than the results reported in Ref. [157] for both compounds.

In order to seek for any kind of mechanical instability of either the zircon or the scheelite
phases of GAVOy, we also calculated the pressure evolution of the stiffness tensor elements as-
suming hydrostatic conditions. The results are shown in Fig. 5.16 for (a) zircon- and (b) scheelite-
type GdVOy,. In both cases there is a mechanical instability at high pressures, as it can be inferred
from the insets of Figs. 5.16 (a) and (b), where the lowest eigenvalue of the stiffness tensor shrinks
to zero at a certain pressure, i.e., the matrix is not positive definite beyond that point. In partic-
ular, these instabilities take place at 9.6 GPa and 22.8 GPa for the zircon and scheelite phases
respectively. Regarding the former, the condition Bes < 0 is not fulfilled over 9.6 GPa [89, 91, 94,
95]. This mechanical instability should not have any physical relevance in the transition process,
since it take place when the zircon phase is nearly nonexistent, as it is shown in our experiments.

With respect to the scheelite phase, the Born criterion ZBf6 < Bgs(B11 — B12) [89, 91, 94, 95] does
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Table 5.5: Theoretical and experimental stiffness tensor elements of different zircon-type rare-earth or-
thovanadates at ambient pressure.

SmVO, GdVO, TbVO, DyVO, HoVO, ErvVO,
Elastic constant [35] (our work, [49]) [189] [189, 190] [191] [192]
Theoretical Experimental
Cii 212 227.2 240(2)  242(2)  246.4 (230K) 256.6(5.1)
Cis 37 45.6 55(3) 50(4) - 53(3)
Cis 76 83.9 - - - 79(6)
Css 286.6 297.8 - - 310.5 (190 K)  313(6)
Cu 40.8 435 - - 48.5 (250 K)  50.1(1.0)
Ces 13.6 16.5 13.1(2.0)  15.0(0.5) 16.07 (250 K)  17.7(0.9)

Table 5.6: Calculated stiffness tensor elements of different scheelite-type rare-earth orthovanadates at

ambient pressure.

SmVO, SmVO, GdVO, GdVO,
Elastic constant ~ [35] [157]  (our work, [49])  [157]
Cn 218 192 229.5 279
Cio 114.4 77 115.5 146
Ci3 99.5 92 97.9 129
Css 196.3 187 200.5 251
Cyq 534 57 54.9 79
Ces 68.1 96 69.8 85
Cie —-21.8 -56 —-22.5 —22
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not stand beyond 22.8 GPa. The direction of deformation can be deducted from the eigenvector
associated to the eigenvalue that becomes negative beyond 22.8 GPa, since this is proportional
to the induced strain vector. At 23.7 GPa, the very next calculated pressure after 22.8 GPa, the
eigenvector associated with the instability is (-0.4195 0.4195 0 0 0 0.8050). This eigenvec-
tor corresponds to a distortion within the ab plane of the unit-cell. The immediate consequence
of this is a decrease of the y angle, and a contraction and expansion of the a and b lattice param-
eters respectively. The described changes are perfectly compatible with a monoclinic distortion
of the scheelite phase, which leads to the fergusonite-type structure. Thus, calculations strongly

support the fact that there is a scheelite-to-fergusonite phase transition in GdVO, at ~ 20 GPa.
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Figure 5.16: Theoretical stiffness matrix elements vs pressure for (a) zircon- and (b) scheelite-type GdVOj,.
Inset: Pressure evolution of the lowest eigenvalue. Mechanical instabilities take place when this eigenvalue
becomes zero. This happens at 9.6 and 22.8 for the zircon and scheelite phases respectively.
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Table 5.7: Theoretical elastic moduli B, E and G (GPa), the B/G ratio, and Poisson’s ratio v in the Voigt,
Reuss and Hill approximations for the zircon and scheelite phases of GdVOy, at zero pressure. We included
the values reported by Huang et al. [157] for the scheelite structure of GdVOj.

Phase Approximation B E G v B/G
Zircon Voigt 131.0 1485 56.6  0.311 2.31
Reuss 126.1 105.3 38.7 0.361 3.26

Hill 128.5 127.2 47.6 0.335 2.70

Scheelite Voigt 142.5 155.8 59.1 0.318 241
Reuss 141.1 147.3 55.5 0.326 2.54

Hill 141.8 151.6 57.3 0.322 247

Hill [157] 149 198 75 0.320 2.40

Experimental [157] 140 175 68 0.290  2.10

Table 5.7 shows the calculated bulk (B), Young (E) and shear (G) moduli as well as the Poisson’s
ratio v of zircon- and scheelite-type GdVO,. Each of these quantities can be calculated by combin-
ing the elastic constants of the stiffness tensor under different approximations. In particular, we
included the obtained values under the Voigt [193], Reuss [194] and Hill [195] approximations'.
The theoretical and experimental values given in Huang et al. [157] for the scheelite phase are
also shown in the table for the sake of comparison. According to Pugh [196], it is possible to
establish an empirical relationship between the elastic moduli and the plastic properties of mate-

rials, which is expressed as the B/G ratio (see Table 5.7). In such study the following criterion is

IThe bulk modulus and the shear modulus can be estimated according to the following approximations:
(1) VOigt: By = (Cu +C22 +C33)/9+2(C12 +C13 +C23)/9; GV = (Cll +C22 +C33 _CIZ —C13 —C23)/15+ (C44 +C55 +C66)/5~
(2) Reuss: Bg = [(S11+S22+S33) +2(S12+S13+523)] 715 Gr = [4(S11+ S22+ S33) —4(S12+S13+523) +3(Saa +Ss5+S66) 1 7",
where S;; are the elements of the compliance tensor, defined as the inverse of the stiffness tensor ([S] = [C] ™). The
Hill approximation is the arithmetic mean of the values obtained under the Voigt and Reuss approximations:
(3) Hill: By = (BR +Bv)/2; Gy = (GR + Gv)/z.
In all cases, the Young’s modulus E and the Poisson’s ratio v can be estimated as E = 9BG/(3B + G) and v =
(3B —2G) /(6B + 2G), respectively.
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proposed: a material can be considered ductile if B/G > 1.75 and fragile otherwise. In our case,
both zircon and scheelite phases of GAVO, can be considered ductile at zero pressure, with very

similar B/G values in both cases.

For the sake of completeness, we also included the calculated Birch-Murnaghan EOS param-
eters for the post-fergusonite phase (S. G.: Cmca) proposed in this work, which are shown in
Table 5.1. A particular feature that may attract our attention, is the fact that the bulk modulus
of this post-fergusonite phase is smaller than that of the scheelite phase. In other words, the
post-fergusonite phase would be more compressible, which is in apparent contradiction with the
increase in density and packing efficiency in this phase. Some possible explanations have been
given for such cases. For instance, in has been proposed that a smaller bulk modulus could be
explained by a localized-to-delocalized electronic transition in the f electrons of the rare-earth
cation. This phenomenon has been observed in pure rare-earths under high pressure conditions
[197]. The consequence of such delocalization would be a weaker Gd—O bond, which leads to
a higher compressibility. Nonetheless, these scenarios are just hypothetical and further experi-

ments are required to elucidate this question.

5.7 (CONCLUSIONS

In this section we presented our experimental and theoretical results on GdVO,4 under high
pressures. XRD, Raman scattering and optical absorption experiments at high pressures show that
there is a zircon-to-scheelite phase transition at 6.8(4) GPa. For these two phases we reported the
calculated and experimental Birch-Murnaghan EOS parameters and the pressure dependence of
the Raman active modes. We also included the theoretical behaviour of the IR and silent modes
under high pressure for the zircon and scheelite phases. We predicted a dynamical instability at
8.2 GPa, near the experimental transition pressure, which suggest a possible influence of a soft

silent phonon in the transition mechanism. The optical absorption measurements clearly showed
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the band gap collapse during the transition, which explains the subtle change in the sample colour
observed during the Raman experiments. We also found a scheelite-to-fergusonite phase transi-
tion near 20 GPa, which is induced by a mechanical instability according to our calculations. In
our Raman scattering experiments we also confirmed the existence of a post-fergusonite phase
over 29 GPa. We proposed an orthorhombic structure with Cmca symmetry as a possible can-
didate for this post-fergusonite structure, which is more stable than the scheelite phase over 29
GPa in our DFT calculations. This phase becomes opaque to light, which may be due to a small
band gap in the IR region. Upon decompression, the scheelite phase reappears at 22.9 GPa and
is recovered at low pressures, showing the irreversible character of the zircon-to-scheelite phase

transition. A small fraction of post-fergusonite seems to remain in the recovered sample.



6 PRASEODYMIUM ORTHOVANADATE UNDER

HIGH PRESSURE

In this chapter we present our results on the behaviour of PrVO,4 under high-pressure condi-
tions. The results here presented have been published in Marquerio et al. [43] and [46]. Previ-
ously to such works, the behaviour of PrVO, at high pressures and room temperature has been
studied, although many questions remained unanswered. This compound has been studied by
means of Raman scattering experiments under high pressure by Errandonea at al. [65]. These
authors compressed a powder PrVO, sample in a DAC loaded with 16:3:1 MEW as PTM, which
is quasi-hydrostatic below ~ 10 GPa. According to the changes in their Raman spectra, a zircon-
to-monazite phase transition takes place near 6 GPa. The monazite phase remains stable up to
the maximum pressure reached in their experiments (17.2 GPa) and it Fis recovered at ambient
conditions in a metastable state after decompression. In the same work, these authors report
the XRD pattern of a recovered PrVO,4 sample after compressing it under non-hydrostatic con-
ditions up to 12 GPa in a Paris-Edinburgh large-volume press cell. A monazite structure was
recovered, reinforcing the idea of a zircon-to-monazite phase transition at high pressures. On the
other hand, Bandiello et al. [42] performed powder XRD high-pressure experiments on PrVOy. in
which they reported a second phase transition to a post-monazite structure near 14 GPa. Since
these experiments were performed with MEW as PTM, they are not hydrostatic beyond ~ 10 GPa.

Moreover, the proposed structure for the post-monazite phase, which is a monoclinic BaWO,-II-

185
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type phase according to the authors, cannot explain their experimental observations. Their DFT
calculations at T = 0 K show that there is a phase transition at 11 GPa, which is in agreement with
their observations. However, there are considerable discrepancies in the predicted and observed
lattice parameters. For instance, whereas they found f = 90.71°and a = 11.557(7) A in their
experiments, these values are § = 96.20°and a = 12.45 A according to calculations. Thus, these
facts indicate that new experiments under better hydrostatic conditions as well as more accurate
DFT calculations needed to be performed to properly determine the post-monazite crystalline

structure.

In our study, we carried out high pressure powder XRD experiments using a more hydrostatic
PTM (Ne gas). We also performed a more systematic and varied search for post-monazite can-
didate structures. In particular, we included other different polymorphs in our calculations and
evaluated their stability and also their compatibility with our experimental observations. Powder
XRD experiments confirmed the onset of the zircon-to-monazite phase transition at 5-5.9 GPa and
the existence of a second phase transition at 12.2 GPa. In addition, we could show that the com-
pressibility of the monazite phase is affected by hydrostaticity. We identified the post-monazite
phase as a monoclinic PbWO,-III-type structure (S.G.: P2;/n), which is perfectly compatible with
our experimental observations. Furthermore, our DFT calculations showed that the scheelite
phase is energetically competitive with the monazite phase, suggesting that the observation of
one phase or the other could depend on kinetic effects, an thus on temperature. Therefore, we
performed different syntheses at high pressures (P = 7 GPa) and high temperatures (T = 600 -
1000°C) in a Paris-Edinburgh large press cell during different time lapses. The recovered sam-
ple was a mixture of zircon- and scheelite-type PrVOy. The latter was recovered in a metastable
phase and is not observed in high pressure experiments at room temperature. The recovered
sample with the largest scheelite phase proportion was studied under compression by means of
Raman scattering experiments, showing a reversible phase transition to a PbWO,-III-type phase

at 16.8(4) GPa. The pressure evolution of the Raman active modes were evaluated.
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6.1 EXPERIMENTAL DETAILS

Polycrystalline PrVO, samples were prepared by the solid-state reaction method introducing
proper amounts of predried Pr¢O;; and V,05 (Alfa-Aesar) in a Pt crucible. The homogeneous
sample was heated up to 600 °C for 24h and subsequently reground and pelletized. The obtained
pellets were heated again up to 900 °C for 24h and at 1100 °C for another 12h. The recovered
samples were characterized at room conditions via XRD, using a Panalytical X-pert Pro diffrac-
tometer using Cu —K,, radiation. These experiments confirmed a zircon structure whose lattice
parameters are a = 7.3618(2) A and ¢ = 6.4634(3) A, which are in good agreement with the

values previously reported in literature [51].

The zircon-type PrVO, powder samples were studied by means of angle dispersive XRD ex-
periments in the MSPD beamline the ALBA-CELLS synchrotron [166] (Fig. 3.12). The sample was
compressed using a DAC with diamond culets of 350 ym diameter. The powder sample and some
ruby chips were introduced in a 150 ym diameter hole drilled on a rhenium gasket preindented to
a 40 um thickness. The pressure within the chamber was determined by the ruby luminescence
method [100]. Ne gas was loaded in the DAC as PTM, which ensures a hydrostatic liquid medium
below 5 GPa and remains quasi-hydrostatic up to 20 GPa [99]. For the XRD measurements we
used a monochromatic x-ray beam with a wavelentgth A = 0.4642 A, focused down to 20X 20 ym?
FWHM. The x-ray patterns were collected using a bidimensional Rayonix CCD. The collected im-
ages were integrated and transformed into I vs. 260 patterns using the DIOPTAS software [122].
Structural refinements were carried out with the UNITCELL and PowderCell software packages.
Preferred orientations in the sample lead to spotty cake images, which hinders the structural
analysis concerning the relative intensities of the Bragg peaks. Thus, Rietveld refinements could

not be performed but only Le Bail analysis.

The high-pressure and high-temperature syntheses of the scheelite phase of PrVO, were per-

formed in a Paris-Edinburgh large press cell, which is shown in Fig. 3.17 (a) in Chapter 3. A com-
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pacted powder sample of PrVO, was introduced in a compacted boron nitride tube, which acts
as PTM. This was subsequently introduced in a cylindrical graphite oven, with two molybdenum
disks on its bases as the electrodes of the heating system. The whole capsule was then introduced
in a pyrophyllite gasket, which was previously treated at 1223 K for 1 h 30min. A Teflon ring was
added around the gasket to prevent lateral extrusion of the material. This also improved the the
pressure-load efficiency. An scheme of this assembly is depicted in Fig. 3.18. The pressure of the
sample was raised by a hand-operated hydraulic pump, which raised the oil pressure and moved
the piston. The oven was heated by a computer-controlled electrical power supply. The P-T con-
ditions of the sample were measured and controlled by using the oil-pressure/sample-pressure
and electrical-power/temperature calibration curves, whose estimated error is below 5%. Three
different syntheses were performed at 7 GPa at 600, 800 and 1000 °C for 1 h. The synthesis at
7 GPa and 800 was repeated afterwards for 6 h in order to increase the scheelite proportion in
the recovered sample. In this second run, we decided to heat up the sample below 1000 °C in
order to avoid temperature-induced decomposition. The compression of the sample was carried
out in 2-2.5 GPa steps up to 7 GPa. After reaching this pressure, temperature was linearly in-
creased during 10 min from ambient to the target temperature and kept at that temperature for
1h (6h in the latter case). After this time lapse, the sample was quenched to ambien temperature
and decompressed during few hours. The product was then recovered at room conditions. The
sample was then characterized ex situ using XRD at ambient conditions on a Bruker B8 Advance
diffractometer configuration using Cu—K, radiation. The lattice parameters as well as the atomic
positions were refined by the Rietveld method (subsection 3.2.2) using the program GSAS-II [198].

By doing so we could also estimate the relative amount of zircon and scheelite phases.

The sample with a higher scheelite/zircon phase composition ratio (~ 80/20) was studied by
means of Raman spectroscopy under high pressure. The sample load was identical to that used
in XRD experiments (same DAC, powder sample, Ne as PTM, ruby as pressure gauge, etc.), but

with an Inconel gasket instead of a rhenium one. For the Raman scattering experiments, we
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used the same in-house built setup than in the previous experiments with NdVO4 and GdVO,4. A

description of the system can be found in subsection 3.3.

6.2 SIMULATION DETAILS

Ab initio calculations were performed in order to better understand the influence of pressure
on PrvO4. Computational simulations were carried out with the Vienna Ab initio Simulation
Package (VASP) [126, 127] within the framework of the density functional theory (DFT). The
projector augmented wave (PAW) [128] pseudopotentials of Pt, V and O were provided by the
VASP pseudopotential base. The 4f electrons of the Pr atom were assumed as core electrons. The
exchange-correlation energy was described by the generalized-gradient approximation (GGA)
with the AMO05 prescription [129, 199]. A basis of plane waves up to a kinetic energy cutoff of
540 eV and a dense Monkhorst-Pack k-special points grid [130] to carry out the integrations in
the Brillouin zone (BZ), which ensures highly converged results. The structural configurations
of a set of selected unit-cell volumes were optimized by minimizing the forces on the atoms and
the stress matrix. The convergence criteria used implied forces were smaller than 0.006 eV/A and
differences among the diagonal components of the stress tensor below 0.1 GPa. T = 0 K was
assumed for these simulations. Therefore, transition pressures can be estimated by analyzing the
enthalphy curves of the different polymorphs.

The effects of considering the 4f electrons of the Pr atom as valence instead of core electrons.
The resulting effect on the value of the transition pressures was rather small though. For instance,
the calculated transition pressures in the zircon-to-scheelite phase are 3.6 and 3.7 GPa considering
the 4f electrons in the core and in the valence band, respectively.

Temperature effects were also considered in some particular cases. In order to introduce such
effects, lattice-dynamics calculations have been carried out using the PHONOPY software pack-

age and scripts. A complete description of how to obtain the thermodynamic properties in the
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harmonic and quasi-harmonic approximations are given in Togo and Tanaka [131]. Using the
same software, it is also possible to calculate the lattice-dynamical properties in the harmonic
approximation. This allowed to obtain the Hellman Feynman forces and the dynamical matrix to
derive the frequencies, the eigenvectors and the irreducible representations of the normal vibra-
tion modes at the BZ zone-center. The phonon density of states as well as the phonon dispersion
were calculated using supercells. The elastic properties of the crystal were also studied by using
the method implemented in the VASP code [132]. The elastic constants (i.e. the stiffness tensor)
of the solid were calculated in the harmonic approximation for the fully optimized structures,
through small distortions, which give rise to small strains in different directions.

Calculations were performed by our collaborators at University of La Laguna (Tenerife, Spain),

Alfonso Munoz and Placida Rodriguez-Hernandez.

6.3 PowbDER XRD EXPERIMENTS

Some selected powder XRD patterns of PrVOy, at different pressures are shown in Fig. 6.1. The
(a) and (b) pictures show the changes in the XRD patterns of PrVO,4 under compression (pressure
ranges 1.4-11.0 and 11.0-20.7 GPa respectively) whereas (c) shows the behaviour of the sample
upon pressure release (from 20.7 to 0.2 GPa). According to our Le Bail refinements, the unit-cell
lattice parameters of the zircon phase at 1.4 GPa are a = 7.333(3) A and ¢ = 6.454(3) A. The
highest pressure at which the zircon structure is observed pure is 5 GPa. At 5.9 GPa, which is
the very next pressure, the XRD pattern looks strikingly different, which reveals the onset of a
phase transition. This new phase can be undoubtedly identified as a monazite-type structure.
Upon compression, we observe the coexistence of both zircon and monazite phases up to 11 GPa.
The monazite phase finally appears as a single phase at this pressure. In addition to this, some
extra Bragg peaks appear at 5.9 GPa, which are associated to the pressure-induced solidification

of the Ne gas used as PTM. These are labeled as "Ne" in the figure. Beyond 6.3 GPa, the reflections
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associated with the zircon phase are weak and insufficient to refine the lattice parameters. Thus,
the structure could only be analyzed for pressures lower than 6.3 GPa. The refined unit-cell
parameters of the monazite structure at 11.0 GPa are a = 6.744(8), b = 6.975(14) and ¢ = 6.492(5)
A and B = 104.22(5)". This transition confirms the results reported by Errandonea et al. [65] and
Bandiello et al.[42]. A volume collapse of AV /V, ~ 8.4% takes place at 5.9 GPa, reflecting the
first-order nature of the transition. The structure remains stable upon further compression up to

12.2 GPa, as it is shown in Fig. 6.1 (a).

As it is displayed in Fig. 6.1 (b), beyond 12.2 GPa new Bragg reflections appear in the XRD
patterns, while those associated to the monazite phase begin to disappear. Above 15.5 GPa, the
monazite phase is no longer visible. On the contrary, the new high pressure phase is stable up
to the maximum pressure reached in the experiments (P = 20.7 GPa). Similar behaviour has
been observed in CeVO,4 under high pressure, in which two phase transitions are observed at
5.6 (zircon-to-monazite) and 14.7 GPa (monazite-to-post-monazite) [39]. The authors suggest a
post-barite-type structure (S.G.: P2;212;, Z = 4) such as the one observed in BaSO4 and PbSO4
[200, 201]. On the contrary, in the case of monazite-type LaVO,, Errandonea et al. [45] reported
XRD and Raman scattering measurements under high pressure, showing that there is a phase
transition to a BaWO,-1II structure (S. G.: P2;/n, Z = 8) below 12 GPa. As it has been previously
mentioned, Bandiello et al. [42] proposed a BaWO,-II-type structure for PrVO,4, which showed
some inconsistencies with the measured unit-cell lattice parameters. Here, several high pressure
structures were considered as post-monazite candidate structures. From all of those considered,
we decided to propose one similar to the PbWO,-III phase (S.G.: P2;/n, Z = 8), which according
to Richter et al. is formally isomorphic to the BaWO,-II phase. However, we decided to name this
new phase "PbWO,-III" instead of "BaWO,-II" because the former is associated with a smaller
monoclinic distortion (f ~ 90°) which barely changes with pressure. In our ab initio calculations
we could verify that the structure proposed by Bandiello et al. [42] corresponded to a free energy

local minimum, whereas our candidate structure is associated with an absolute minimum. Thus,
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Figure 6.2: Unit-cell of the PbWO,-III phase of PrVO,4 under different projections. The Pr atoms and the
VOyg units are represented as blue spheres and yellow polyhedra. The V atoms are represented as dark
spheres within the yellow polyhedra.

the proposed structure is the most stable phase beyond the transition pressure. The unit-cell of
the PbWO4-III-type phase is depicted in Fig. 6.2. This kind of structure can also be considered
as a distorted version of the post-monazite phase of CeVO,. Actually, both crystal structures

are related via group-subgroup transformations. The reasons that support the assignment ot the

PbWO,-III structure to the post-monazite phase are manifold:

(i) This phase is the most stable of all the considered phases according to our DFT calculations,

as it is shown in the Ab initio calculations section.

(ii) The predicted transition pressure (P;pe, = 11.1 GPa) is compatible with our experimental

observations (Pey, = 12.7(8) GPa).

(iif) The simulated XRD pattern of the calculated structure is qualitatively similar to the exper-

imental pattern at the same pressure (Fig 6.3).

(iv) The predicted pressure dependence of the unit-cell lattice parameters is in good agreement

with the experimental data obtained from XRD measurements

(v) This phase is isomorphic to the high pressure post-monazite phase of LaVO,.
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Figure 6.3: Visual comparison of the experimental (black line) and simulated (red line) XRD patterns
of the PbWO,-Ill phase of PrVO, at ~ 19 GPa (A = 0.4642 A). The calculated Bragg peak positions are
depicted as red vertical ticks. In the simulated patter we assumed a Gaussian width of w = 0.05. The
predicted lattice parameters and atomic positions at 19 GPa are summarized in Table 6.1.

The monazite-to-PbWOy-III phase transition shows a noticeable large volume collapse of
AV [Vy = 8.8% at 14.4 GPa, which is similar to the volume change in the first phase transition.
The refined PbWO,-III phase lattice parameters at 16.7 GPa are a = 11.681(11) A, b = 6.496(4)
A, ¢ = 6.865(8) A and f = 90.42(4)°. It must be remarked that in this new high-pressure phase,
the VO, tetrahedra that are present in the previous crystal structures no longer exist, since the
vanadium coordination increases from 4 to 4+2 during the transition. In other words, the VO,
tetrahedra of the monazite phase transform into the slightly distorted VO4 octahedra that are part
of the PbWO,-III structure. This can be observed in Fig. 6.2. The calculated atomic positions for
the PbWO,-III phase are compiled in Table 6.1.

Upon decompression, the monazite-type phase reappears at pressures below 11.9 GPa and is
finally recovered at room conditions in a metastable state. Thus, while the second phase transition

is reversible, the first is not. A similar behaviour has been reported for other orthovanadates
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Table 6.1: Theoretical atomic positions for the PbWOy-III structure (S.G. : P2y/n, Z = 8)of PrVO, at 19
GPa. The unit-cell lattice parameters are a = 11.5608, b = 6.3821, ¢ = 6.8746 A and f = 90.365 °.

Atom x y z

O 0.4091 0.4752 0.8004
O, 0.3016 0.8889 0.2641
O3 0.4507 0.8359 0.9745
Oy 0.4507 0.8359 0.9745
Os 0.4315 0.2395 0.3116
Os 0.3134 0.1734 0.9817
0Oy 0.4867 0.1132 0.6695
Os 0.4117 0.5823 0.4571
Vi 0.4116 0.3282 0.5864
V, 0.3986 0.0408 0.1366
Pry 0.3547 0.8363 0.6666
Pr; 0.3695 0.5442 0.1355

such as CevO, and LaVOy [39, 45]. This can be seen in the XRD pattern of the recovered sample
near ambient pressure, which is shown in Fig. 6.1 (c). The refined lattice parameters of the
recovered monazite phase are a = 7.008(5) A, b = 7.198(11) A, ¢ = 6.610(8) A, and = 104.85(5)".
The difference between these values and those reported in Ref. [40] range from 0.5 to 1.0%.
Some of the Bragg peaks in the recovered XRD pattern could not be explained with a monazite-

n¥kn

type phase, but with the zircon and scheelite structures (labeled with the symbols "*" and "+"
respectively in Fig. 6.1 (c)). The tentative values of their unit-cell parameters at 0.2 GPa are
a ~ 7.353 A and ¢ ~ 6.510 A for the zircon phase and a ~ 5.140 A and ¢ ~ 11.892 A for the

scheelite phase. Hence, it is reasonable to suggest that a minor quantity of scheelite-type PrVO,

appears below 11.9 GPa, just when the second phase transition is reversed, and another small
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fraction of the sample returns to the zircon structure, which is the most stable phase at ambient
conditions. These hypotheses cannot be fully confirmed, since the recovered XRD pattern does
not show enough Bragg reflections that could be assigned to these phases. Nonetheless, the
suggested scenario is coherent with the results obtained in our high-pressure-high-temperature

experiments, which are shown in the next section of this chapter.
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Figure 6.4: Unit-cell parameters vs pressure for the zircon (red), monazite (green) and PbWO,-11I (blue)
phases of PrVO,. Experimental data and calculations are represented with circles and solid lines respec-
tively. The data collected upon pressure release are depicted as semi-void circles. The insets of the figure
represent the evolution of the monoclinic angle § for the monazite and PbWO4-I1I phases.

Fig. 6.4 shows the pressure dependence of the theoretical and experimental lattice parameters
for zircon-, monazite- and PbWO,-III-type PrVO,. The linear compressibilities of the experimen-
tal and calculated values of the lattice parameters are summarized in Table 6.2. In the case of
the PbWO,-III phase, there is an excellent agreement between the calculated and experimental

values, which supports the hypothesis of this phase as the post-monazite structure of PrVOy,.
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The compressibility of the lattice parameters is anisotropic for all three polymorphs, although «
is very similar for the a, b and ¢ axes in the PbWO, phase. Regarding the monazite phase, the
compressibilities of the a and b axes are similar, whereas the c parameter is nearly half compress-
ible than the former two. These values are qualitatively compatible with those reported for other
monazite-type rare-earth orthovanadates such as LaVO, [45] and CeVOy [39]. Calculations on
rare-earth orthophosphates such as LaPO,, CePO4 and PrPOy, also yield compatible results [140].
The linear compressibility of the b parameter obtained in our experimental analysis is in much
better agreement with theoretical predictions than the value reported in Ref. [42] which is 50%
higher, as it is shown in Table 6.2. This may be a consequence to the different hydrostatic con-
ditions over 10 GPa in the experiments, since Bandiello et al. [42] used a 16:3:1 MEW mixture as
PTM whereas Ne gas was used in our case. The monazite-type structure is described in detail in
section 1.2 (Fig. 1.3). A difference between experiments and calculations with regard to the mon-
azite phase is that, although in both cases a decrease of the monoclinic § angle is observed, the
dependence with pressure is more or less constant with pressure in the former whereas it shows a
non-linear behaviour in the latter. From our experimental data, we obtained a pressure coefficient
of —6.1(2) X 1072 °/GPa and a zero-pressure angle 104.87(2)°after performing a linear fitting. This
tendency has also been experimentally verified in both LaVO, and CeVO, [39, 45]. As we stated
before, in the PbWO,-III phase all axes show similar compressibilities. Another particularity of
this phase is that the monoclinic angle  remains more or less constant upon compression, with

a measured value of ~ 90.4°. Calculations do correctly predict this behaviour.

Fig. 6.5 shows the experimental and calculated pressure dependence of the unit-cell volume of
the different observed phases. The experimental data corresponding to the zircon and monazite
phases were fitted to a second-order and a third-order BM EOS. The former analysis allow us
to compare our data with that reported by Bandiello et al. [42]. In the latter case, we decided
to fix the value of the bulk modulus derivative to the theoretical value in order to improve the

reliability of the fit, since it is known that there is a correlation of By and Bj,. On the other hand,
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Table 6.2: Linear compressibilities of the unit-cell parameters of each PrVO,4 polymorph observed in the
high pressure-room temperature XRD experiments. In the zircon and monazite phases, the values of x
were obtained at ambient conditions, whereas in the case of PbWOy-IIl these values are estimated at
~ 11.5 GPa.

Phase Kg Kp K Kp

(x1073) GPa™! (x107%) GPa™! (x107%) GPa™! (x107%) GPa™!

Zircon Ref.[42] 3.1(1) - 1.29(4) -
Our work [43] 3.03(5) - 1.30(4) -
Theory 2.75 - 1.49 -
Monazite Ref.[42] 3.4(1) 4.3(1) 2.1(3) 6.8(2)
Our work [43] 3.0(1) 2.8(1) 1.5(2) 5.8(1)
Theory 3.03 2.82 2.02 2.71
PbWO,-IIT  Ref. [42] 0.5(1) 1.7(2) 1.7(2) 2.0(5)
Our work [43]  1.36(9) 1.31(1) 1.4(1) 0.03
Theory 1.36 1.31 1.46 0.10

we used a second-order BM EOS to fit the experimental data of the PbWO,-III phase due to the
fact that the predicted value of Bj is close to 4. In Table 6.3 we included our experimental and
theoretical results as well as those reported by Ref. [42] for the sake of comparison. In general,
the zircon and monazite phases have very similar bulk moduli By. The value of the bulk modulus
of the zircon phase reported in Ref. [42] and in our experiments is very similar, while that of the
monazite phase is clearly underestimated by Bandiello et al. [42]. This can be explained in terms
of the deterioration of the hydrostatic conditions provided by MEW over ~ 10 GPa [99]. In any

case, the reported values for the zircon and monazite phases in our experiments [43] and in Ref.
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Figure 6.5: Unit-cell volume vs. pressure for zircon-, scheelite- and PbWOy-Ill-type PrVO,. Experimental
and calculated data are represented as in Fig. 6.4. The spotted lines represent the EOS fitted to the data.

[42] are both compatible with calculations. The PbWO,-III structure shows an increase of ~ 50%
in the value of By with respect to the previous phases, which may be associated to the change in
coordination of the vanadium atom from 4 to 4+ 2. In this case, the experimental value of the bulk
modulus By is ~ 25% higher than the calculated value for the same structure. This disagreement
in the experimental and predicted compressibility may arise form the scarcity of experimental
points at the highest pressures (when this phase is observed as single). The calculated value of

the EOS parameters of the scheelite phase are included for completion.

6.4 SCHEELITE PHASE SYNTHESIS AND CHARACTERIZATION

Our experiments at room-temperature and high-pressure as well as those reported in Refs.
[42] and [65] confirm that zircon-type PrVO, transforms into a monazite-type structure upon

compression at ~ 5.5 GPa. Nonetheless, several experiments reported in literature have shown
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Table 6.3: BM EOS parameters of zircon-, monazite-, scheelite- and PbWO,-1ll-type PrvVOy,.

Phase Range Vo (A3) By (GPa) Bj,
Zircon Ref. [42] Experiment  350.4(3) 120(3) 4.0 (fixed)
Our work [43] Experiment 351(3) 117(4) 4.0 (fixed)
(P < 6.5 GPa) 352(4) 110(6) 5.8 (fixed)
Theory 354.0 114.2 5.8
Monazite Ref. [42] Experiment 321(4) 95(6) 4.0 (fixed)
Our work [43] Experiment 322(3) 108(5) 4.0 (fixed)
(P < 15.5 GPa) 321.9(3)  114.8(1.4) 3.1 (fixed)
Theory 324.0 111.2 3.1
PbWO,-IIT  Ref. [42] 561(4) 147(6) 4.0 (fixed)
Our work [43] Experiment 566(3) 175(15) 4.0
(P > 11 GPa) Theory 568.09 136.4 3.9
Scheelite Our work [43] Theory 312.1 139.4 4.1

that the scheelite phase of other RVO4 compounds with larger and smaller cations (R = Ce and Nd)
can be achieved under compression [40, 44, 202]. Furthermore, our ab initio calculations show that
the scheelite phase is energetically competitive with the monazite phase at high pressures, which
encourage us to carry out the synthesis of the scheelite phase of PrVO,. In order to obtain such
structure, we performed four different syntheses at 7 GPa: at 600, 800 and 1000 °C during 1 h and at
800 for 6 hours. Fig. 6.6 shows the XRD patterns of the recovered samples which were synthesised

at 7 GPa and 800 °C for 1 and 6 hours. The recovered pattern is composed of different Bragg
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Figure 6.6: Powder XRD patterns of the recovered samples at ambient conditions after their synthesis at
7 GPa and 800 °C for 1 and 6 hours (47 and 78% of scheelite phase, respectively). White dots represent
the experimental data and red solid lines stand for the refined patterns. The green lines at the bottom of
each pattern represent the difference between these two. Black and red ticks indicate the positions of the
Bragg reflections of the zircon and scheelite phases respectively. The reflections of the scheelite phase of
PrVOy are labeled with their respective (hkl) Miller indices in the upper pattern. Inset: Bragg reflections
of a remaining tiny fraction of monazite-type PrVO,.

reflections that can be assigned to a mixture of both zircon and scheelite phases. The combined
effects of temperature gradients during the synthesis process as well as the existence of kinetic
barriers between these two structures [151, 187, 188] produce an heterogeneous composition in
the recovered sample, with a different zircon/scheelite relative composition in different parts of it.
Nonetheless, these effects can be overcome by performing syntheses for longer periods of time,
so that more parts of the system can reach the fully stable phase. In fact, as it is shown in Fig. 6.6,
longer time lapses lead to a higher degree of homogeneity and a larger proportion of scheelite
phase. It must be remarked that, as it can be seen in this picture, the Bragg reflections associated
to the zircon phase are much more broad than those corresponding to the scheelite phase. This

could be explained as a direct consequence of the internal strains of the zircon phase that take
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place during the zircon-to-scheelite phase transition.

Besides the zircon and scheelite phases, some weak reflections can be observed in the region
20 ~ 25-30°, which cannot be explained with these two structures. This can be seen in the inset
of Fig. 6.6. We found that a monazite phase with unit-cell parameters a = 6.920 A, b = 7.406 A,
¢ = 6.551 A and f = 105.4°is compatible with the existence of such reflections. According to our
Rietveld refinements, this structure is found in a relative proportion of ~ 2 wt %. The correspond-
ing (hkl) Miller indices of the reflections associated with the monazite structure are depicted in
blue in the inset of Fig. 6.6. Although the suggestion of the monazite phase in order to explain
the weak reflections seems quite reasonable, we must emphasize that this is only an hypothesis,
since there are not enough reflections in the pattern to completely verify it. Nonetheless, the
presence of a minor residual of this phase in the final result is coherent with the experimental
procedure that we followed during the synthesis. As we previously explained, the original sample
was compressed at 7 GPa at room temperature and temperature was increased once this pressure
has been achieved. We expect a partial transition from zircon to monazite at high pressures before
the heating process. As the temperature of the sample is increased, this fraction of the monazite
phase should undergo a phase transition to the scheelite phase, which is presumably the most
stable phase at 7 GPa. This would be a consequence of the system overcoming the kinetic barriers

through thermal motion of the atoms.

The XRD patterns of the recovered sample were refined according to the Rietveld method. The
obtained results are shown in Table 6.4. In this table we included the lattice parameters of both
zircon and scheelite structures, the atomic positions of the oxygen atoms in the scheelite unit-
cell (the position of the praseodymium and vanadium atoms are fixed by symmetry constraints),
the relative amount of each phase and the R,,, fitting parameter. As it was expected, the refined
values of the unit-cell lattice parameters for scheelite-type PrVOy lie in between of those obtained
for the same phase of NdVO, [43] and CeVOy, [39, 202] after being decompressed. With respect

to the zircon/scheelite relative amounts, the refinements revealed that the scheelite proportion
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decreases as temperature increases. By contrast, the scheelite phase was quite abundant (~ 80%)
in the recovered product when the synthesis time duration was extended to 6 hours. In our
argumentation, we assumed that the scheelite phase, not the monazite structure, is the most
stable polymorph at 7 GPa, but it is necessary to heat up the sample in order to surpass kinetic
barriers. Nonetheless, our results could also indicate that the scheelite phase may be more stable
than the monazite phases at high-temperature conditions due to entropic effects [203]. However,
as we will show latter in the ab initio calculations section, entropic effects barely change the

relative stability of these two high pressure structures.

Table 6.4: Refined parameters (Rietveld method) of the recovered scheelite phase at ambient conditions.
All syntheses were performed at 7 GPa. The temperature of each synthesis is indicated in the first row.

Synthesis conditions 600°C (1 h) 800°C (1 h) 1000°C (1 h) 800°C (6 h)

a (A) 5.1437 5.1463 5.1447 5.1436

c(A) 11.7489 11.7533 11.7750 11.7488

vV (A) 310.84 311.28 311.01 310.83

O (x) 0.2324 0.2300 0.2307 0.2348

O (y) 0.1166 0.1245 0.1295 0.1202

0O (2) 0.0458 0.0468 0.0429 0.0470

Ryp 0.092 0.075 0.098 0.108
Zircon-scheelite Phase fraction (%)  46-54 53-47 65-35 20-78(+2% monazite)

Thus, we should consider the influence of kinetic barriers in order to explain our experimen-
tal observations. If we assume that the scheelite polymorph is the most stable phase at 7 GPa (as
our theoretical predictions found), the appearance of such phase would be necessarily precluded
by a huge kinetic barrier. In Fig. 6.7, we suggest a qualitative energetic diagram for explaining all

these facts in a qualitatively way. In this scheme, the relative energetic positions of the different
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Figure 6.7: Qualitative energy scheme of the kinetic barriers between the zircon (Z), monazite (M) and
scheelite (SCH) phases at 7 GPa (synthesis pressure).

structures were set in accordance with our ab initio calculations. The energetic barriers between
each phase (Z= zircon, M= monazite and SCH = scheelite) are labeled with numbers. At room-
temperature conditions, the size of the barrier 1 in the M to Z direction explains why the monazite
phase is recovered in a metastable state at low pressures upon pressure release. However, thermal
energy is still too low to surpass barrier 2. As it is shown in Table 6.4, at 600 °C this barrier can
be surpassed and the scheelite phase can be achieved. That is to say, the thermal energy must
be nearly tripled so that the sample can transform into the scheelite phase (54%). However, the
kinetics of the phase transition are still low, since 6 hours are needed to have a clearly dominant
scheelite phase relative amount (78%). When the sample is quenched to room temperature, the
scheelite phase remains trapped in its energy local minimum, thanks to the kinetic barrier ef-
fect. By contrast, if the sample is heated at even higher temperatures (near 1000 °C), there is an
enhancement of the monazite-to-scheelite transformation but, however, thermal energy is high
enough to trigger the back-transformation to zircon, which leads to increased amounts of zircon

in the final product (Z/SCH = 65/35 %).
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6.5 RAMAN SCATTERING EXPERIMENTS ON THE SCHEELITE PHASE
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Figure 6.8: Selected Raman spectra of scheelite-type PrVO, at different pressures. The black and red
spectra represent the data collected upon compression and decompression respectively. The Raman peak
indicated with an asterisk correspond to the most intense peak of zircon-type PrVO,4. The arrows in the
Raman spectra at 17.3 GPa point to the new Raman peaks of a post-scheelite phase, which could be
associated to the PbWO4-III phase.

For our high-pressure Raman scattering experiments, we decided to study the recovered sam-
ple with the highest scheelite proportion (78%). Selected Raman spectra of this sample upon com-
pression are depicted in Fig. 6.8 (a). The general appearance of the Raman peaks in the spectra
follows the typical distribution of scheelite structured compounds. In particular, the spectra is
clearly divided in two frequency regions, with a frequency gap between them from ~ 450 and

700 cm™!. All the modes predicted by calculations were observed in the experimental patterns,
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with the only exception of the B;4) mode, predicted at 380 cm™! at zero pressure. The symmetry
of each mode was assigned in accordance with calculations. In our case, four Raman peaks can
be observed in the high frequency region. The three most intense peaks can be attributed to the
internal vibration modes of the VO, tetrahedra, while the small peak at the highest frequency (la-
beled with an asterisk in Fig. 6.8) correspond to the most intense Raman mode of the zircon phase.
This is a direct consequence of the small zircon relative amount in the studied sample, which is
~ 20% according to our XRD refinements (see Table 6.4). As pressure is increased, the Raman
peak assigned to the zircon phase disappears above 6.0 GPa. This can be explained in terms of
the zircon-to-monazite phase transition observed in the XRD experiments on zircon-type PrVO,
at high pressures [42, 43, 65]. However, the peaks associated with the monazite phase are ex-
tremely weak here, so they are not observed during the experiment. As it is shown in Fig. 6.8 (b),
substantial changes in the Raman spectra take place above 16.3 GPa approximately. At higher
pressures, the Raman peaks associated to the scheelite phase considerably broaden and decrease
in intensity. Moreover, new peaks arise at higher frequencies, at the left-hand side of the scheelite
A_,(JS) mode at 17.3 GPa, which are indicated by arrows. These observations are compatible with
the onset of a phase transition from scheelite- to PbWO,-III-type PrVO,4, which is predicted to
take place at 15.2 GPa according to our ab initio calculations. At 18.5 GPa the spectrum consists
of a set of broad peaks and bands, which hinder an accurate identification of the different Raman
active modes. After achieving 19.5 GPa, the applied load was progressively decreased to ambient
pressure. At 15.0 GPa, the Raman spectra associated with the scheelite phase reappeared, which
reveals the reversible character of this transition. The scheelite phase was finally recovered near

room pressure in a metastable state. No other phases were identified in these conditions.

Fig. 6.9 shows the pressure dependence of the Raman active modes of the scheelite phase. As
expected, all modes have a positive quasi-linear dependence with pressure, except for the E_((}l)
and B_(gl) modes, which are found at the lowest frequencies. Our calculations predict that the

frequency of the Eél) mode increases from ambient pressure to a maximum at ~ 4.5 GPa. Upon
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Figure 6.9: Pressure evolution of the frequencies of the Raman active modes of the scheelite phase of
PrvVOy. The experimental data collected upon compression and decompression are represented by black
and void circles respectively. Solid lines stand for the calculated data.

further compression, the behaviour is the opposite. This predicted pressure dependence is well
reproduced by our experimental data. Regarding the Bél) mode, there is a small frequency de-
crease at low pressures which enhances upon further compression. In general, our experimental
data reproduce this negative pressure dependence, with the only exception of a few points at very
low pressures, which show a weak frequency increase. Nonetheless, this minor disagreement is

compatible with the accuracy of the DFT calculations or the detector data resolution. Theoret-
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ical and empirical values of the pressure coefficients and frequencies at zero-pressure and the
corresponding Griineisen parameters are shown in Table 6.5. In general, the obtained values are
quite similar to those obtained for scheelite-type NdVO, and GdVO, (shown in Tables 4.3 and
5.3 respectively), although some pressure coefficients of scheelite-type PrVO, are slightly larger.
Since all these phases show similar compressibilities and unit-cell volumes, the differences in
the Griineisen parameters with other RVO, compounds may be attributed to differences in the

electronic density distribution.

6.6 AB INITIO CALCULATIONS
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Figure 6.10: Calculated energy-volume curves for different phases of PrVOy. Inset: theoretical pressure
dependence of the enthalpy of the structures experimentally observed (T = 0 K). The zircon phase is taken
as a reference.
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Table 6.5: Calculated and experimental pressure coefficients, zero-pressure frequencies and Griineisen
parameters of the Raman active modes of scheelite-type PrVO,. The value of the bulk modulus used for
estimating the Griineisen parameters was By = 139 GPa for both sets of data.

Theory Experiment
dw/dP o Y dw/dP o 14
Mode (cm™!/GPa) (cm™1) (cm™!/GPa) (cm™)
ESY 0.32 110 0.40 0.31(9) 108 0.4(1)
B" ~0.23 138 ~0.23 0.16(7) 136 0.16(7)
EY 2.56 169 2.11 2.70(2) 166 2.26(2)
By 4.20 175 3.33 3.1(4) 171 2.5(3)
ALY 0.99 214 0.64 1.34(9) 212 0.88(6)
ESY 2.60 283 1.28 3.1(1) 278 1.55(3)
AP 2.74 337 1.13 3.17(4) 341 1.29(2)
B 2.67 354 1.05 2.43(2) 355 0.95(1)
B" 1.96 382 0.71 - - -
ESY 2.52 400 0.88 3.3(1) 410 1.12(3)
ESY 4.48 756.8 0.82 4.5(1) 733 0.85(2)
B 3.79 807 0.65 4.08(14) 797 0.71(1)
AY 3.60 840 0.60 4.02(6) 828 0.67(1)

Theoretical energy-volume curves of different structures of PrVO, are displayed in Fig. 6.10.
In this case we included the experimentally observed phases as well as the post-barite and AgMnOy,
[201, 204] phases for the sake of comparison. The calculated pressure evolution of enthalpy of the
experimentally observed polymorphs is shown in the inset of such figure, with the zircon phase
as a reference. With regard to the relative stability of the scheelite and monazite phases, calcu-

lations suggest that the former is the most stable structure after the zircon phase. Accordingly,
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the predicted transition pressures at T = 0 K are 3.5 and 5.2 GPa for the zircon-to-scheelite and
zircon-to-monazite phase transformations. Nonetheless, both curves are extremely close to one
another, so that the enthalpy differences per atom are of the same order of thermal energy at 300
K. Thus, we decided to include thermal effects in order to investigate the role of temperature in
the relative position of the Gibbs free energy curves for the zircon, scheelite and monazite phases.

These calculations were carried out in the framework of the quasi-harmonic approximation.

06 T T T T T T T T
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Figure 6.11: Theoretical Gibbs free energy difference of zircon-, scheelite- and monazite-type PrVO4 upon
compression at 300 (solid lines) and 700 K (dashed lines). The zircon phase has been taken as reference.

The Gibbs free energies of these three polymorphs calculated at 300 and 700 K for different
pressures are shown in Fig. 6.11 (the zircon phase is taken as a reference). In both cases, the
theoretical transition pressures are quite similar to those calculated assuming zero-temperature
conditions, that is to say, neglecting the entropic effects (inset of Fig. 6.10). In fact, the zircon-

to-scheelite and zircon-to-monazite predicted transition pressures at 300 K are 3.7 and 5.3 GPa
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respectively (3.5 and 5.2 GPa at T = 0). At high-temperatures (700 K) these values are 4.0 and 5.4
GPa, which are also quite similar. In essence, entropic effects are not critical for calculating the
transition pressures for these structures. Similarly to the T = 0 case, the difference between the
Gibbs free energy curves of the scheelite and monazite phases is of the same order of thermal
energy at 300 K. Thus, calculations predict a similar stability between both phases. Thus, in cases
such as CeVO, [48] and NdVO, [44, 114], hydrostatic effects are crucial in order to obtain one
phase or another at high pressures. Furthermore, if both high-pressure structures show similar
stability, the existence of kinetic barriers can definitely alter the observed transition sequence.
In fact, some studies [187] have quantified the kinetic barrier between the zircon and scheelite
phases of ZrSiOy4 to be 80 kJ/mol (~ 0.83 eV/molecule), which is a highly enough value to consid-
erably modify the expected transition pressure. Another feature that is worth mentioning, is that
DFT calculations tend to underestimate the zircon-to-scheelite phase transition by ~ 1-2 GPa in
zircon-structured compounds [49, 151, 205]. It must be remarked that DFT calculations predict a
very similar stability of the scheelite and monazite phases at high pressures, so that they are un-
able to undoubtedly distinguish which one is actually the stable polymorph at such conditions.
Moreover, this issue only comes at worse when we take into account the existence of kinetic

barriers, hydrostaticity and the difficulty of dealing with rare-earth 4f orbitals in calculations.

The obtained results for our Gibbs free energy calculations can be useful in order to infer
the sign of the slope for the zircon-scheelite and zircon-monazite phase boundaries in the P — T
diagram. In fact this can be inferred from the changes in AG depicted in Fig. 6.11. According to
the definition of the Gibbs free energy, the difference between the calculated AG curves at T} and
T, can be expressed as

Azx = AGry — AGry = _(Sx - Sz) (TZ - Tl) (6-1)

where x = S or M for the scheelite and monazite phases directly. According to the results shown

in Fig. 6.11, Az and T, — T; > 0, since T; = 700 K and T; = 300 K. Therefore, Ss < Sz. By contrast,
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the monazite AG curves are very similar at 300 and 700 GPa. Hence we can state that Azy ~ 0
and Sz ~ Sy. Thus, Sz ~ Sy > Ss according to our reasoning. In this sense, PrVO,4 does not
follow the general tendency in which larger entropy values are associated with higher symmetry
phases [206], which would require that Sy > Ss > Sy;. As we showed in Chapter 2, the Clausius-
Clapeyron equation (Eqn. 2.13) establishes the relationship between the phase boundary line
slope in the P — T diagram with the changes in entropy and volume at this boundary. We can

rewrite this relationship from as

dPAS S, -Sz
dT AV V.-V,

(6.2)

Since V; > Vyy > Vs and Sy ~ Sy > Ss, then (dP/dT)zs > 0 and (dP/dT)zy ~ 0. In
other words, the slope of the zircon-scheelite phase boundary is positive whereas the boundary

between the zircon and monazite phases should follow a weak temperature dependence.

The reported high-pressure and room-temperature XRD experiments confirm the existence
of a monazite-to-PbWO,-III phase transition at 12.7(5) GPa, which is still visible at 11.9 GPa upon
pressure release. The calculated transition pressure according to the enthalpy-pressure curves of
Fig. 6.10 is 11.1 GPa, which is compatible with the experimental value. Moreover, these calcula-
tions also predict the transformation of the scheelite phase into the PbWQO,-III near 15.5 GPa. This
is compatible with the observation of a phase transition between 16.3 and 17.3 GPa in our Raman
scattering experiments on scheelite-type PrVO,4 under high pressures. However, many scheelite
structured RVO, compounds show a scheelite-to-fergusonite phase transition upon compression.
In this case, we think that PrVOy is an exception to this. In fact, as we proved for scheelite-type
NdVO, and GdVOy, this transition is associated with a mechanical instability related to the stiff-
ness tensor. Similarly to those cases, we calculated the stiffness tensor of scheelite-type PrVO,
at different hydrostatic pressures. The pressure evolution of the elastic constants is depicted in

Fig. 6.12. The obtained results predict that the mechanical instability that should lead to the
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Figure 6.12: Theoretical pressure behaviour of the stiffness tensor elements of scheelite-type PrVO,

fergusonite phase, defined by the eigenvector n ~ (0.5 —0.5 0 0 0 0.7),takes place at 23.3
GPa, far beyond the transition pressure observed during the experiment. Thus it is reasonably to
assume that the observation of the fergusonite phase is precluded by the transformation of the

scheelite into the PbWO4-III structure at lower pressures.

6.6.1 POLYHEDRAL CONTRIBUTION TO COMPRESSIBILITY

In order to evaluate the different contribution of the polyhedral units to the compressibility
of the zircon and monazite phases, we also calculated the pressure evolution of their volumes,
which is shown for both structures in Fig. 6.13 for normalized volumes. Both structures can be

described as an arrangement of VO, tetrahedra and PrO, polyhedral units (where x = 8 and 9 for
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Figure 6.13: Theoretical pressure evolution of the constitutive polyhedral units of the zircon and monazite
phases of PrVOy.

zircon- and monazite-type PrVO, respectively). As can be deducted from this figure, the PO, units
and the void space between polyhedral units (referred as inter-polyhedral space in the figure)
constitute the main contribution to the whole unit-cell volume decrease upon compression. This
theoretical data were fitted to a third order BM EOS, in order to compare the bulk modulus of
each polyhedron. The obtained results are summarized in Table 6.6. In this case we observe that
the VO, are much less compressible than the PrOy units. In fact By ~ 300 GPa for the former
whereas By < 100 GPa for the PrOx units. In fact, PrO, polyhedra show a similar compressibility
to the PrVO, phase. These values are in good agreement with previously reported calculations
on zircon-type PrVO, [156]. According to Recio et al. [207], the value of the bulk modulus in

some oxides can be expressed as a combination of the different contributions to compressibility
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Table 6.6: Calculated EOS parameters of the unit-cell of zircon- and monazite-type PrVO, and their
respective polyhedral constituents.

Phase Vo(A3) By (GPa) B;,
Zircon PrvO, 354.0 114.2 5.8
PrOg 27.2 98.2 5.0
VO, 2.6 290.0 5.0
Inter-Polyhedral Space 245.2 123.8 5.9
Monazite PrvO, 324.0 111.2 3.1
PrOg 32.3 85.2 6.0
VO, 2.6 341.5 11.5
Inter-Polyhedral Space 184.7 123.7 1.6

of the constitutive polyhedra. This is coherent with the anisotropic compressibility observed in
the studied structures, since this is a direct consequence of the particular arrangement o such
polyhedral units within the crystal.

In order to estimate the relative contribution of each element to the total compressibility, we
have to consider the total volume of the unit cell as the sum of the different polyhedral elements
within, as well as the inter-polyhedral space between them. In particular V = 4Vy,04 +4Vp,0x + Vip
in the case of zircon and monazite phases. If we take the basic definition of compressibility
k = (=1/V)(dV /dP)r it is possible to demonstrate that the compressibility of the whole unit cell

can be estimated as

K= V(4VVO4 - kvos + 4Vprox - Kprox + Vip - Kip) (6.3)

Since the compressibility is the inverse value of the bulk modulus (B = 1/k), it is possible
to tentatively estimate the relative contribution of each polyhedron using the reported EOS bulk

moduli in Table 6.6. Hence, the PrOg polyhedra and the inter-polyhedral space are, respectively,
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responsible of the 36 and 63% of the total compressibility of the zircon phase at ambient pressure.
On the other hand, the relative contribution of the PrOg units and the inter-polyhedral space
are 49 and 50% in the monazite phase. A particular feature of both structures is that the relative
contribution of the VO, tetrahedra to the oxide compressibility is only ~ 1%. This behaviour
is analogue to that observed for other isomorphic compounds, such as the rare-erth orthophos-

phates like CePO4 and PrVO, [140].

6.7 CONCLUSIONS

In this chapter we reported an extensive study of PrVO, under high pressure, in which we
provided experimental and theoretical results. In our XRD experiments at high pressures and
ambient temperature, a zircon-to-monazite phase transition was confirmed at 5.5(4) GPa. Be-
yond 12.2 GPa we found a second transition to a post-monazite phase, which we identified with
a PbWO,-III-type structure. This candidate phase showed a striking good compatibility with the
experimental results, in contrast to previous phases proposed in literature [42]. Experimental and
calculated linear compressibilities and EOS were also reported, showing good agreement. This
was possible thanks to the optimal hydrostatic conditions provided by Ne gas, which was used
as PTM. Theoretical predictions found the cited phase transitions at 5.3 and 11.1 GPa, which are
in agreement with the experimental observations. However, calculations also predicted that the
scheelite phase is energetically competitive at high pressures. For this reason we decided to per-
form several syntheses at high pressures and high temperatures in a Paris-Edinburgh large press
cell. As a result we obtained a mixture of both zircon and scheelite phases at ambient conditions.
The relative amount of scheelite in the recovered sample was considerably increased with the
synthesis duration. The refined parameters of the scheelite phase at ambient conditions were
reported. These results revealed the relevance of kinetic barriers in the transition mechanisms

of PrVO, under high pressure. The scheelite-type PrVO, samples were analyzed afterwards by
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means of Raman scattering experiments under high pressure. The pressure dependence of the
Raman modes shows good compatibility with calculations. At 16.7 GPa we found a reversible
phase transition to a post-scheelite structure, which we identified as the PbWO,-III-type phase
in accordance with calculations. No hints of a scheelite-to-fergusonite phase transition were ob-

served, in contrast to many other scheelite structured RVO, compounds.
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7 TRANSITION MECHANISMS IN RVO,

COMPOUNDS

The zircon-to-scheelite phase transition has been widely studied in literature, specially in
the case of natural zircon (ZrSiOy4), where the high-pressure phase, usually referred as reidite,
is isomorphic to the scheelite structure. In 1986, Kusaba et al [153] proposed a zircon-scheelite
transformation mechanism in ZrSiO4 under shock compression based in two consecutive pro-
cesses. In the first process there is a shearing of the zircon structure, which increases the density
of the crystal by ~ 10%. More specifically, a deformation of the zircon unit-cell along the base
diagonal occurs, so that the [110] direction in this phase transforms into the [001] direction in
the scheelite structure. Once the crystal is transformed into a quasi-scheelite structure, a small
readjustment of the SiO, tetrahedra takes place, which leads to the scheelite structure final con-
figuration. Nonetheless, this explanation has been proved to be insufficient for explaining the
large kinetic barriers associated with the transition. In a later publication, Florez et al. [187]
explored this two steps mechanism proposed by Kusaba et al. [153] by means of DFT calcula-
tions. In their work, they studied the size of the activation barrier through different transition
pathways. A more favourable monoclinic C2/c transition path was found, whose associated ac-
tivation energy was 80 kJ/mol. According to their explanations, two Zr—O bonds are broken and
two new Zr—O bonds appear, so that the cation coordination is preserved. In fact, this would be a

consequence of the tilting of the SiO4 tetrahedra, since these structures change from sharing the

219
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Figure 7.1: Selected hexagonal layers of the zircon (left) and scheelite (right) phases. The vibration pattern
of the By, silent soft mode is represented in the upper part of the figure, between both phases. This mode
correspond to a rotation of the VO, tetrahedra around the c-axis direction.

0O-0 edge with the ZrOg bidisphenoid in the zircon phase to a O corner in the scheelite structure.
This process is in fact the main responsible for hindering the phase transformation at room tem-
perature. The SiO4 remain unaltered during this process i.e. there is no Si—O bond breaking or
formation. Thus, according to these results, the second step of the process proposed by Kusaba
et al. [153] would not be a simple readjustment, since the transition necessary involves oxygen
displacements and the breaking and formation of Zr—O bonds. However, in recent years, new

transition mechanisms that we should explore have been proposed.

The structure of both zircon and scheelite phases can be described as a set of alternating
hexagonal layers, such as the ones depicted in Fig. 7.1, where two isolated layers of each phase
are compared. Both layers show very similar atomic configurations with one remarkable differ-
ence though: the relative position of the VO, tetrahedra. The fact that the change in the relative
position of the VO, tetrahedra requires, at least in some degree, the rotation of this units during
the transition suggests that maybe there is a possible influence of the By, silent soft mode in the
transition mechanism, since this mode consists of pure rotations of the VO, tetrahedra. In fact,

some studies on zircon-type RVO, compounds have pointed to the proximity of the observed
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zircon-to-scheelite transition pressure and the predicted pressure at which the By, silent mode
softens [35, 37, 46, 49]. In fact, we showed in previous chapters that our DFT calculations predict
the softening of this mode at pressures near the transition point, as it is depicted in Figs. 4.12
and 5.15 (a) for zircon-type NdVO, and GdVOy, respectively [46, 49]. Fig. 7.2 shows the calcu-
lated softening of the By, silent mode for other RVO, compounds. As it is shown in the figure,
this mode shrinks to zero at pressures between 7 and 9 GPa, close to the observed transition
pressures. The silent nature of the soft mode precludes the use of conventional techniques like
Raman or IR spectroscopy to characterize the evolution of this mode upon compression and its
influence in the transition mechanism. Nonetheless, the frequency decrease driven by pressure
observed in some Raman active modes like By, [46, 49, 65] is directly related to the progressive
softening of the By, silent mode, since the former involves the rotation of the tetrahedra around
the c-axis direction. Finally, the relationship between the softening of the By, silent mode and
the zircon-to-scheelite phase transition was theoretically elucidated by Stangarone et al. [208] for
ZrSiO4. The phase transition mechanism proposed for this authors was experimentally confirmed
by Mihailova et al. by means of Raman scattering experiments under high pressure. According
to these studies, in between the zircon ans scheelite phases, there is a tetragonal structure similar
to the zircon phase, but with the VO, tetrahedra rotated in accordance with the vibration pattern
of the By, mode. This phase has a lower symmetry than the zircon phase and it is referred as
HPLS (High-Pressure Low-Symmetry) by the authors. In their experiments, this phase is observed
as single in a very narrow range of pressures and in coexistence with the scheelite phase upon
further compression. The calculations reported by these authors predict that the scheelite phase
is more stable than the zircon phase above 9.1 GPa, since beyond this pressure, the former has
a lower Gibbs free energy, although considerably larger pressures are needed to experimentally
observe the scheelite structure. However, the soft By, silent mode should become negative be-
yond 20 GPa. This dynamical instability leads to the so-called HPLS metastable phase, which we

previously described. According to the authors, the activation barrier is considerably lowered by
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the apparition of this intermediate phase, which triggers the emergence of the scheelite structure
at the very next pressures. As it is shown below, our systematic analysis of the data reported in

literature shows that this kind of mechanism also applies to the small cation RVO, compounds

(R = Nd-Lu).

120 T T T T T T T T T T T

100 +

—'—HoVO1 _._D.\’\’Ol .

80 +

—&— ErVO 1

—a— LnVO1

40 L

22;::=:=:=\\:=::;

4 6 8 10 12
Pressure (GPa)

lu

1
B mode frequency (cm )
[\

o

1
W
o

T

1

|
D
o

0

o

Figure 7.2: Predicted softening of the By, silent mode for different zircon-type rare-earth orthovanadates
under high pressure.

On the other hand, the zircon-to-monazite phase transition observed in large cation RVO,
compounds (R = Ce, Pr, Nd) cannot be explained in terms of this dynamical instability. Thus,
we decided to calculate the pressure evolution of the stiffness tensor associated with the zircon
phase for each case in order to look for possible mechanical instabilities. As a matter of example,
Fig. 7.3 shows the change in the non-zero elements of the stiffness tensor for zircon-type PrvVO,.
The inset of the figure shows how the smallest eigenvalue of the tensor becomes zero at 5.1 GPa.
Thus, the structure is mechanically unstable beyond that pressure, since the stiffness tensor is no
longer positive definite. As a consequence of this, there is a violation of one of the Born criteria

associated with tetragonal I structures, which are shown in Table 2.3 in Chapter 2. In particular,



223

390 — T y T T T T T -
300 | B/E/B/B/E)a .
B
33
250 _
<
g | _
U 1
- 200 | 19 . . . . | | _
= O
- e |
= & 4 T~
© 4 g [ T~
L 150 - "0 4 e~ 7
@ <. 0-g
O B B L -
© 01 2 3 4 5 6 7
% 100 | Pressure (GPa) _
= B’/EM
% i BL:; 2 1
N B
14
B
OF M _
. 1 . 1 . 1 . 1 .

Pressure (GPa)

Figure 7.3: Pressure dependence of the non-zero stiffness tensor elements in zircon-type PrVOy.

the B¢ element of the matrix is not positive beyond 5.1 GPa. The spontaneous distortion asso-
ciated with this instability is described by a strain vector proportional to the eigenvector whose
eigenvalue shrinks to zero. In this case, this vectoris (0 0 0 0 0 1), which describes a pure
shear strain within the ab plane of the zircon unit-cell. In other words, this vector corresponds
to a monoclinic deformation along the ab base diagonal. We think that this mechanism can help
to diminish the activation barrier between the zircon and monazite phases. This is coherent with

the zircon and monazite structural relationships, since the transition from one to another requires
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Figure 7.4: Structural relationship between the zircon (left) and monazite (right) structures. The associ-
ated monoclinic distortion of the zircon phase is depicted in the upper part of the figure.

some shift of the planes perpendicular to the b-axis, as it is shown in Fig. 7.4. Thus, it is reason-
able to assume that this kind of mechanical instability could trigger the zircon-to-monazite phase
transition.

Once we have discussed the mechanisms involved in the dynamical and mechanical insta-
bilities, we are able to understand their influence on the whole family of RVO, compounds. We
summarize in Fig. 7.5 the experimental pressure ranges of observation for the zircon and mon-
azite/scheelite phases of the whole RVO, family, either pure or in coexistence. The lanthanum
symbol is denoted with an asterisk since here we are dealing with metastable zircon-type LaVOj.
Experimentally, LaVO,, CeVOy4, PrVO, and, depending on hydrostatic conditions, NdVOy, trans-
form into the monazite phase at high pressures, while, by contrast, the compounds with smaller
rare-earth cations transform into the scheelite phase. The phase coexistence is extended to larger
pressure ranges at the sides of the diagram, for metastable zircon-type LaVO,, CeVO,4 on one side
and for the lanthanides laying in between Dy and Lu (both inclusive) on the other side.

The obtained results of our theoretical calculations are also shown in Fig. 7.5. Magenta and

green circles stand for the predicted transition pressures for the zircon-to-monazite and zircon-
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Figure 7.5: Experimental transition pressures of the RVO, family (R = Lu - La) represented as vertical
bars [35, 37, 40-44, 48, 49, 54, 61, 62, 117, 209, 210]. The obtained results in our ab initio calculations
are represented with symbols. The legend over the figure indicates the meaning of the bar colours and
the symbols. The Lanthanum symbol "La" has been labeled with an asterisk to remark that here we are
dealing with metastable zircon-type LaVOy,.

to-scheelite transformations respectively, according to their relative enthalpies. According to
experimental observations, the stable phase of LaVO, at room conditions is the monazite struc-
ture. Thus, the fact that our ab initio calculations found the zircon phase as thermodynamically
stable at low pressures indicates that the predicted zircon-to-monazite transition pressures are
probably slightly overestimated. Nonetheless, the predicted tendency of the zircon-to-monazite
transition pressure to decrease with the size of the rare-earth atom is completely coherent with
experimental observations. On the contrary, the zircon-to-scheelite transition pressure is pre-

dicted to have a very weak dependence on the type of rare-earth cation. This different behaviour
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of the transition pressures with the rare-earth atomic number explains why both monazite and
scheelite phases can only be achieved in RVO, compounds where R = Ce, Pr, Nd, in which the
calculated enthalpies are similar one to each other, whereas only the scheelite structure can be
obtained for the compounds with smaller cations. The predicted pressure at which the dynamical
instability associated to the softening of the By, mode takes place is depicted in Fig. 7.5 as black
circles. In general, this pressure barely changes with the atomic number. Similarly, the pressure
at which the zircon structure is mechanically unstable is indicated with void circles. This pressure

clearly decreases from ~ 15 GPa in LuVOy to ~ 4.5 in mestastable zircon-type LaVOy.

At first sight, the most striking feature in Fig. 7.5 is the fact that the zircon-to-scheelite phase
transition is observed at higher pressures that those predicted by DFT enthalpy calculations. On
the contrary, the experimental zircon-to-scheelite transition pressures show a considerable good
compatibility with the pressure at which the dynamical instability should occur, with differences
of ~ 1 GPa. Thus, it seems that the transition pressure in these compounds is governed by the
softening of the By, silent mode, similarly to the mechanism described for natural zircon by
Stangarone et al. [208] and Mihailova et al. [151]. To be more precise, the kinetic barrier between

the zircon and scheelite phases is lowered by this particular mechanism.

On the other hand, there is a coincidence between the predicted and experimental zircon-
to-monazite phase transition with the pressure at which the zircon phase becomes mechanically
unstable for R = Nd-La. The existence of kinetic barriers between the zircon and monazite phases
has been experimentally demonstrated, since the latter is recovered in a metastable state at ambi-
ent conditions after releasing the pressure load [41-43, 144]. We believe that the phase transition
from the zircon to the monazite phase for R = La-Nd is triggered by the mechanical instability
associated to the monoclinic distortion shown in Fig. 7.4. The pressure evolution of metastable
zircon-type LaVO,4 nanostructures [62] constitutes a perfect example for this actually. In fact,
according to the experiments reported by Yuan et al. [62], the zircon phase remains stable up to

~ 4.5 GPa. At higher pressures the monazite phase appears in coexistence with the zircon phase,
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which progressively vanishes. The observed transition pressure matches with the pressure at
which the zircon phase is mechanically unstable which suggests that this mechanism reduces
the activation barrier between both phases. With regard to CeVQOy, the zircon-to-monazite phase
transition is empirically observed at ~ 4.9 GPa [39], probably triggered by the mechanical in-
stability predicted at 4.4 GPa. In this case, the scheelite phase cannot be observed at room tem-
peratures, since the dynamical instability that should lead to it is predicted at higher pressures.
In the case of PrVO,, both monazite and scheelite phases are thermodynamically competitive at
high pressures according to enthalpy calculations. In fact, whereas the former is found at high
pressures and room temperature, the latter can only be synthesized at high pressures and high
temperatures [43], as we previously showed. The explanation for this would be analogue to that
used for CeVO,. Even though both phases are relatively equally stable, only the monazite phase
is observed at room conditions, since the mechanical instability precedes the softening of the By,

mode.

The boundary that divides the family in these two groups is constituted by NdVOy, since the
monazite phase cannot be obtained at high pressures for smaller rare-earth atoms than Nd. Upon
compression, zircon-type NdVO, transforms into the scheelite phase when hydrostatic conditions
are optimal [44]. Otherwise, the monazite phase appears instead [41]. As it is shown in Fig. 7.5,
the dynamical and mechanical instabilities should occur at more or less the same pressure, also in
coincidence with the zircon-to-monazite calculated transition pressure. This is coherent with the
observation of the monazite phase under poor hydrostatic conditions, since these tend to lower
the pressure at which the mechanical instability happens. With regard to the RVO4 compounds
with R = Sm, Eu and Gd, both instabilities are also close in pressure, but the monazite phase

cannot be observed experimentally because the enthalpy of the scheelite phase is clearly lower.

It must be remarked that, apparently, the range of coexistence of the zircon and scheelite
phases increases as the difference between the pressures at which the dynamical and mechani-

cal instabilities are predicted to happen. In other words, the pressure at which the monoclinic
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distortion should take place is extremely close to the upper limit of the zircon-scheelite coexis-
tence. According to our previous explanation, the apparition of the monazite phases is triggered
by the mechanical instability for large rare-earth cation. However, for small rare-earth atoms
the enthalpy of the monazite phase is considerably larger than that of the scheelite structure.
Therefore, it seems that the monoclinic distortion induced by the mechanical instability favors
the completion of the zircon-to-scheelite phase transformation.

In this chapter, we have gathered the experimental data reported in literature and our cal-
culations, which allowed us to describe how the pressure induced phase transitions of RVO,
compounds are not only affected by differences in the enthalpy of the studied polymorphs, but
also by a complex interrelation between dynamical and mechanical instabilities. These mecha-
nisms help to lower the activation barrier between the zircon and the monazite/scheelite phases
and thus, they determine the experimental transition pressures. We believe that this approach to
the systematics of RVO, compounds under high pressures can be also applied to other families

of compounds.



8 THE JAHN-TELLER EFFECT IN TERBIUM

ORTHOVANADATE

Some zircon-type rare-earth oxides have shown to undergo a second order phase transition at
low temperatures, driven by a cooperative Jahn-Teller distortion. This led to exhaustive studies
on their vibrational, optical and magnetic properties as well as on their structural evolution at
low temperatures [26, 27, 211-215]. With regard to RVO, compounds, the cooperative Jahn-Teller
effect has been observed to take place in TbVO,4 and DyVO, below 33 K and 14 K [27], respectively.
TmVO, orthovanadate has also shown this kind of behaviour, but at much lower temperatures

(below 2.15 K) [25, 216, 217].

In the zircon structure unit-cell we can find two rare-earth cations on D,; sites related by
an inversion center. At room conditions, the crystal field leads to pseudo-degenerated electronic
levels, which split into more separated states when the zircon structure gets distorted. The direc-
tion of the distortion and the associated splitting of the electronic levels are both schematically
shown in Fig. 2.8 (Chapter 2). In particular, the cooperative Jahn-Teller effect observed in these
compounds is caused by the coupling of the nearly degenerated electronic states and a singly

degenerated lattice mode [28].

According to several studies on TbVOy [27, 28, 216], this compound undergoes a second order
phase transition at low temperatures from a zircon to a zircon-like orthorhombic phase whose

space group is Fddd. The orthorhombic distortion is associated with the Raman-active By; mode

229
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in TbVOy, which is the most strongly coupled vibration to the low-lying electronic levels of the
rare-earth cation (E ® Byg). During this transition the point symmetry of the terbium cation
changes from Dy, (4m2-dodecahedral) to D, (222-distorted dodecahedral). The temperature evo-
lution of the unit-cell parameters were reported by Will et al. [218] and Kazei et al. [219] by
means of XRD measurements at low temperatures on single-crystals and powder, but the struc-
ture was not fully refined. The crystal structure of the low-temperature phase was finally solved
by Kirschbaum et al. [215] via single-crystal XRD measurements. These authors showed that a
twinning of the crystal takes place in this transition and verified the reduction in the site sym-
metry of the Tb cation.

In this chapter we characterize the temperature evolution of the TbVO, bandgap energy from
13.5 K to ambient conditions by means of optical absorption measurements. This allowed us to
determine the effects of the Jahn-Teller distortion on the bandgap of TbVO,. Moreover, we ex-
plored the phase boundaries between the zircon and the distorted phase of TbVO, in the low
temperature range using powder XRD measurements at high pressures. Our experiments deter-
mine that pressure considerably raises the transition temperature, since it eases the orthorhombic

distortion of the structure.

8.1 EXPERIMENTAL DETAILS

TbVOy single crystals were obtained by the flux growth method. A 1:1.923 mol. mixture of
V,05 and PbO (99% and 99.9%) plus borax (Na,B,07-10H,0, > 99%) was used as the flux. Borax
was added as a flux modifier, in order to increase the size of the crystals. Tb,O3 (99.99%) was
added as the crystal precursor. All the reagents were in form of fine powders. Platinum crucibles
were filled with the flux and the precursor, sealed with a platinum lid, and put in a programmable
oven. To dehydrate the mixture, the temperature was ramped up at 0.6 °C/hour and kept at 250 °C

for 2 hours. Afterwards, the temperature was kept fixed for 15 hours at 1300 °C, after a gradual
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increment at a rate of 105 °C/hour. During this step, the flux melts and acts as a solvent for Tb,Os.
The temperature was then slowly decreased until 950 °C (—1.8 °C/hour), in order to promote the
formation of the crystals by precipitation and spontaneous nucleation. The crucible was then
removed from the oven, rapidly reversed (to facilitate the recovery of the crystals) and allowed
to cool down to room temperature. Subsequently, the platinum lid was removed and the crucible
was immersed in hot nitric acid (1.5 M), which was continuously stirred and renewed multiple
times until the complete dissolution of the flux. Finally, the clean crystals were washed with

deionized water and recovered using a paper filter.

Polycrystalline samples of zircon-type TbVO, were synthesized by the solid-state reaction
method by mixing appropriate quantities of pre-dried Tb,O3 (Indian Rare Earth Ltd. 99%) and
V,05 (Alfa-Aesar 99%). An homogeneous mixture of the precursors was compacted into pellets,
which were heated at 800 °C for 24 h and cooled to ambient temperature afterwards. The recovered
pellets were reground and heated at 1100 °C during 24 h. The obtained samples were characterized
by means of XRD in a Panalytical X-pert Pro diffractometer using Cu—Kea radiation. The zircon-
type structure was confirmed by the measured XRD patterns, with unit-cell lattice parameters
a =7.166(7)A and ¢ = 6.317(6)A. These values are compatible with those reported in literature

[215].

A TbVOj, single-crystal of ~ 10 um thickness with plane parallel faces was placed in the sam-
ple holder of a cryostat, which allows to cool down the sample by using a cold finger through
which liquid Helium circulates. A vessel equipped with transparent windows was placed around
the sample holder in order to provide the vacuum conditions necessary to preclude water con-
densation and the formation of ice crystals. The temperature of the sample was determined by a
thermocouple attached to the sample holder. The sample was cooled down at the lowest temper-
ature (13.5 K) and subsequently warmed up using a resistive heater. Temperature was stabilized
by a digital temperature controller, so that the spectra measurements were taken upon sample

warming. The optical absorption measurements were carried out using a system with a deu-
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terium lamp as a light source. Since the size of the vessel precludes the use of objective lenses,
the light beam was focused on the sample through a system of concave mirrors with no chro-
matic dispersion. A schematic representation of this experimental setup is depicted in Fig. 3.16

(Chapter 3).

The high pressure angle-dispersive XRD meausrements were performed at the MSPD-BL04
beamline at the ALBA-CELLS synchrotron [166], using a DAC with a diamond culet size of
300 ym. A polycrystalline TbVO4 powder sample wass introduced, together with some ruby
chips, inside a 150 ym hole drilled in a stainless-steel gasket preindented to a thickness of 40 ym.
Pressure of the sample was determined by the ruby luminescence method [100]. Silicon oil was
loaded inside of the hole as PTM, since this medium does not solidify at low temperatures. The
whole DAC was introduced in a pumped He cryostat, which allowed to cool down the sample
down to a minimum of 15 K. The temperature of the sample was measured with a thermocouple
attached next to the DAC. The cryostat was introduced in a vessel equipped with x-ray transpar-
ent windows. Vacuum conditions were ensured in order to avoid the formation of ice crystals.
The temperature of the sample was regulated by a computer-controlled resistive heater. An in-
cident monochromatic beam with wavelength A = 0.4246 A focused down to 20 X 20 ym? was
used to characterize the sample. The diffraction patterns were collected using a Rayonix two-
dimensional CCD detector. The cake patterns were integrated using the DIOPTAS software pro-
gram [122]. Preferred orientations in the XRD patterns precluded the refinement of the atomic
positions in the unit-cell. However, the evolution of the unit-cell parameters could be studied by
performing LeBail analysis [105]. Integrated XRD patterns were analized using the UNITCELL
[124] and PowderCell [123] software packages. With the same setup, two succesive runs con-
sisting in cooling down the sample and warming it up were carried out at a series of different

pressures.
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8.2 OPTICAL ABSORPTION EXPERIMENTS

Fig. 8.1 shows the transmittance spectra of TbVO, at different temperatures from 280 to 13.5
K. As it can be observed in the figure, there is a considerable shift in the transmission edge from
280 to 100 K, whereas the spectra taken at 100, 60 and 35 K are barely different. In other words, the
bandgap energy shows a negative temperature dependence that becomes stronger upon warming.
On the other hand, the transmission edge of the spectrum taken at 13.5 K is slightly displaced
towards higher energies, which points to a bandgap energy increase in the distorted structure of

TbVOy, after the Jahn-Teller distortion takes place at ~ 30 K.

1.0

T
280 K
0.8 100 K
60 K
) —35K
E) 0.6 135K 4
<
+~
S
=
g0
é 0.4 .
<
=
&
0.2 _
0.0 : 1 . I 5 L
2.6 2.8 3.0 3.2 3.4

Energy (eV)

Figure 8.1: Transmittance spectra of TbVO, at different temperatures.

The absorption coefficient for each temperature can be calculated using the expression shown
in Eqn.3.25, where the transmittance data obtained in the experiment is taken as (T). An approx-
imate value of R is obtained using the expression 3.23, where we took an estimated value of

i = 2.1 according to the calculations and experiments reported of other zircon-type RVO4 com-
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Figure 8.2: Square root of ad vs. photon energy at 80 and 13.5 K (zircon and orthorhombic phases of
TbVOy, respectively). Circles stand for the experimental data while solid red lines represent the linear fit
for each series.

pounds [72, 220]. The variation of R with the photon energy in this range can be considered small.
After doing so, we plotted (ad)!/? (since the exact thickness d of the single-crystal was unknown)
as a function of the energy of the incident photons, as it is shown in Fig. 8.2 for the zircon and
orthorhombic phases at 80 and 13.5 K respectively. The linear dependence of the absorption edge
with energy is clear for both phases, showing the indirect character of the electronic bandgap
(see Eqn. 2.85). In this case, phonon absorption contribution is too weak to be observed. Thus,
only the phonon emission contribution is relevant in our analysis. The indirect nature of the
electronic bandgap is in agreement with the DFT calculations reported in the Materials Project
website by Persson [221]. In particular, whereas the minimum of the conduction band is located
at the I point, the maximum of the valence band is slightly shifted in the I' — Z direction. Many
RVO,4 compounds [68, 69, 222-224] are predicted to show this weak indirect bandgap nature. The

energy of the bandgap can be estimated by performing a linear fit to the (ad)'/? vs. E experi-
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Figure 8.3: Evolution of the bandgap energy (plus the energy of the assistant phonon E,) of TbVO, with
temperature. Circles represent the experimental data, while the red solid line stands for the obtained fit
to a Bose-Einstein function for T > 30 K. The vertical dashed line indicates the transition temperature.

mental data, as it is shown in Fig. 5.11. The intercept of the fitted line should give an estimation
of the value of Eyq, + E,, where E, is the energy of the phonon that assists the interband transi-
tion. Since the phonon absorption contribution is not observed we could not quantify the value
of E,. However, this magnitude is not expected to change during the experiment, so the observed
variation in the energy can be entirely attributed to the changes in Egqy,.

The obtained results from this analysis are depicted in Fig. 8.3, where we show the behaviour
of the bandgap of TbVO, from 13.5 to 280 K. For temperatures higher than 30 K, the temperature
dependence of the bandgap energy follows a tendency that can be described with a Bose-Einstein

function [225, 226],

2A
exp (hQ/kgT) — 1

Egap(T) = Egap(0) — (8.1)

where 71Q is the average phonon energy and A describes the strength of the interaction. The
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argument inside the exponential part can also be expressed as ®/T, with ® as the associated
temperature of the average phonon (iQ = kg®). The solid red line in Fig. 8.3 represent the result
of the performed fit. The obtained parameters are A = 112(8) meV, 7Q = 36(3) meV (O = 420(40)
K) and Ey4,(0) = 2.903(5) — E,, eV. Assuming that E, ~ 25 meV, then Ey,(0) ~ 2.878 eV. The
predicted value of Eyq,(0) in Ref. [221] is 2.990 eV, which is similar to our value. This small

discrepancy is compatible with the typical error associated to DFT calculations.

Table 1.10 (Introduction, Chapter 1) shows the experimental (obtained near room conditions
in optical absorption measurements) and theoretical values reported in literature. In general, the
experimental results reported in Panchal et al. [48] for several vanadates and in our work on
GdVOy4 (Ref. [49], Chapter 5) are ~ 1 eV higher than the predicted value, which is attributed in
to the tendency of DFT calculations to severely underestimate the size of the bandgap. On the
contrary, in our case, the estimated value of the bandgap of TbVO, at 0 K is compatible with
calculations. Although some assumptions were made in order to get the experimental value,
these cannot explain the ~ 1 eV difference with the experimental values of the other compounds.
With respect to our previous work on GdVOy, a possible explanation to the higher value of Ey,,
may be the fact that in the experiments, only the Urbach’s tail of the absorption spectra could be

analyzed, whereas in the case of TbVO,4 we could measure the whole absorption edge.

Regarding the behaviour of the bandgap below 30 K, Fig. 8.3 shows that the tendency of Ey,,
to be constant at low temperatures does not hold. On the contrary, the bandgap energy increases
when temperature decreases under 33(2) K. This is coherent with the second order phase tran-
sition induced by the cooperative Jahn-Teller distortion that takes place at similar temperatures
[215]. According to our results, in the low temperature orthorhombic phase of TbVOy, there is
a broadening of the electronic bandgap. In other words, the increase in the separation of the
electronic degenerated states, which is shown in Fig. 2.8 (b) (Chapter 2), leads to an increase of
the size of the bandgap. According to electronic band calculations in zircon-type TbVO, [221],

the major contribution to the density of states (DOS) in the maximum of the valence band and
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the minimum of the conduction band are 2p—O and 3d—V orbitals respectively. By contrast, the
only significant contributions to the electronic DOS of the rare-earth cation are found at low
energies in the valence band and at very high energies over the conduction band. Moreover,
these contributions correspond to s and d orbitals. The 4f electrons of the rare-earth cations
are highly localized in narrow bands at much lower energies [72]. In other words, calculations
predict that the changes in the size of the bandgap are mostly related to variations in the VO,
tetrahedra. Moreover, high-pressure experiments on zircon-type orthovanadates showed that the
compression of the tetrahedra leads to a widening of the bandgap. Thus, the observed widening
of the bandgap at low temperatures cannot be explained in terms of the contraction of the VO,
units, since, according to Kirschbaum et al. [215], the V—O bond length of TbVOy is 1.714(4) A
at ambient conditions (zircon phase) and 1.720(5) A at 22 K (orthorhombic phase). Therefore, the
increase in the band gap energy below 33 K may be attributed to an increase in the intensity of

the electron-phonon interaction.

8.3 Low-TEMPERATURE-HIGH-PRESSURE XRD EXPERIMENTS

Fig. 8.4 show some selected powder XRD patterns of TbVO, collected at different tempera-
tures and pressures. The reason why these patterns were not collected by following isobars or
isotherms is purely experimental. As the DAC is cooled down, the materials that constitute this
device contract, so that the pressure of the chamber increases as temperatures fall down. On the
other hand, the piston of the cell gets stuck at low temperatures, so that pressure cannot be in-
creased or released. Thus, it is only possible to follow diagonal lines in the Temperature-Pressure
phase diagram. The powder XRD pattern at room temperature and 0.9 GPa can be undoubtedly
assigned to a zircon-type structure whose lattice parameters are a = 7.158(3) A and ¢ = 6.317(4)
A, which are slightly smaller than those reported in Ref. [215] at ambient conditions. In the first

run the sample was cooled down to 15 K and compressed to 6.7 GPa. As it is depicted in Fig.
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8.4, subtle changes take place between 200 K, 2.1 GPa and 100 K, 4.8 GPa. There is a general
broadening of the Bragg peaks, which is specially evident for those located at 20 ~ 13.3°. At
15 K and 6.7 GPa the splitting of the peaks become more obvious. This new phase is perfectly
compatible with the orthorhombic structure (S.G.: Fddd) that should arise as a consequence of
the cooperative Jahn-Teller distortion. At 15 K and 6.7 GPa, the unit-cell lattice parameters are
a=10.194(2) A, b = 9.864(5) A and ¢ = 6.274(3) A, which are also similar, although smaller, than
those reported at 22 K and zero pressure by Kirschbaum et al. [215]. The sample was warmed

up to 250 K and 1.6 GPa. During this process the broadening of the peaks progressively reduces
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Figure 8.4: Selected XRD patterns of TbVOy, at different temperatures and pressures. Black and red solid
lines stand for those patterns collected upon cooling and warming respectively.
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and the zircon structure is recovered again. Due to the existence of preferred orientations in the
sample, variations in the width and intensity of the reflections hinder the identification of the
reverse phase transition to the zircon structure. Nonetheless, it is clear that at 250 K and 1.6 GPa
the peaks are not split. The sample was cooled again from these conditions down to 30 K. This
process was carried out in smaller temperature steps than in the first run, which lead to smaller
pressure increments. In fact, at 30 K we reached a pressure of 4.7 GPa, whereas the same pressure

was achieved in the first run at 100 K.

The distortion associated to the phase transition from zircon to the orthorhombic phase is
not evident at the beginning of the phase transition (Fig. 8.4). The temperature and pressure
of the phase transition are then determined by the evolution of the unit-cell parameters. It is
possible to relate the zircon (S.G.: I4;/amd) and orthorhombic (S.G.: Fddd) structures by group-
subgroup relationships. In particular, the a and b lattice parameters of the orthorhombic phase are
taken as the base diagonals of the tetragonal zircon structure, which correspond to the directions
associated to the vibration pattern of the By; mode. On the other hand, the ¢ axis is the same for
both structures. Thus, in the zircon-to-orthorhombic phase transition the the unit-cell parameters
transform as a — a/\/ﬁ, b/\/§ and ¢ — c¢. Hereon, we will use @’ and b’ for a/\/§ and b/\/§
respectively. In Fig. 8.5 we represented the evolution of the unit-cell lattice parameters and
the pressure of the sample against temperature for the data collected in the first (a) and second
(b) experimental runs upon cooling. We decided to establish temperature as the variable in the
horizontal axis and represent pressure in the lower part of the figures. It must be remarked that
each of the lattice parameters data points were obtained at a certain temperature and pressure.
In fact, in the lower part of both Fig. 8.5 (a) and (b), we see that the pressure load applied on
the sample has a quasi-linear dependence with temperature. Regarding the evolution of the unit-
cell parameters, we can observe that, in both cases, there is a splitting of the a lattice parameter
of the zircon phase into the a’ and b’ lattice parameters of the orthorhombic phase. Actually,

whereas the former slightly increases, the latter shortens as temperature goes down and pressure
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Figure 8.5: Temperature and pressure evolution of the unit-cell parameters of TbVO,4 during the first (a)
and second (b) experimental runs. Red and green circles represent the experimental data for the zircon
and orthorhombic phases respectively. For the latter phase a’ = a/V2 and b’ = b/+/2. Dashed lines are a
guide to the eye. Black dots represent the evolution of pressure with temperature in each case. A linear
fit to the data is represented by a black solid line.
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increases. This allows to estimate the temperature and pressure conditions at which the phase
transition occur. In particular, the phase transition is estimated to take place at 107(10) K and 4.8
GPa, according to the data collected during the first run. A similar analysis for the data collected
during the second run suggests that the phase transition can also happen at 120(11) K and 3.2
GPa. In contrast to the other lattice parameters, the c-axis shows no relevant variation during
the phase transition. All these changes are consistent with the second order character of the

transition, since no discontinuity is observed.
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Figure 8.6: Tentative P — T phase diagram of TbVOy. Red and green circles represent the measurements
at which the zircon and orthorhombic phases were found, respectively. Red dashed lines indicate the
path followed during the two different experimental runs. Void circles represent the estimated transition
points whereas the solid line stands for a quadratic fit to these data. The black dotted line represents the
hypothetical phase line for higher pressures.
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With these two points at the zircon-orthorhombic phase boundary and the one already known
at zero pressure and 33 K, we can tentatively draw a sketch of the P — T phase diagram, as it
is depicted in Fig. 8.6. In this case we fitted a quadratic function to the three available data
points. Assuming that the proposed phase boundary is more or less correct, we would expect a
considerable increase in the transition temperature with pressure up to ~ 3 GPa. Qualitatively,
we can see that high pressure conditions favour the Jahn-Teller distortion at considerably higher
transition temperatures. A possible explanation to this is that high pressures induce a much
stronger crystal field effect on the rare-earth cation, which promotes the splitting of the associated
electronic levels. In addition to this, Raman scattering experiments on TbVO, under high pressure
showed that the frequency of the By; mode decreases upon compression [181]. Therefore, it is
possible that this partial softening of this mode at high-pressures could also contribute to the

Jahn-Teller distortion at higher temperatures.

8.4 CONCLUSIONS

In this chapter we have characterized the bandgap of zircon-type TbVO, at low temperatures.
Our optical absorption experiments on TbVO, thin single crystals revealed that this compound
has an indirect gap whose behaviour at low temperatures can be described with a Bose-Einstein
function down to 35 K. At lower temperatures there is a progressive increase in the size of the
bandgap, which is associated with the Jahn-Teller distortion that leads to an orthorhombic struc-
ture below 33 K [27, 215]. We also performed XRD measurements of TbVO, at low temperatures
and high pressures. In the first run, we observed that the Jahn-Teller effect takes place at 107(10)
K and 4.8 GPa, whereas in the second one, the transition was observed and 120(11) K and 3.2
GPa. These transition temperatures are much higher than that observed at zero pressure (T = 33
K), which is coherent with the mechanisms that are involved in the distortion. A tentative P — T

phase diagram has also been proposed.
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In this dissertation we have explained in detail the obtained results of our experiments on
different RVO4 compounds under high pressures. These results have been supplemented with
DFT ab initio calculations, which allowed a better understanding of the underlying physical phe-

nomena.

We started in Chapter 4 by showing our results on NdVO, at high pressures under quasi-
hydrostatic conditions. Our XRD and Raman scattering measurements (using He and Ne gases as
PTM respectively) confirmed the onset of a zircon-to-scheelite phase transition near 6.5 GPa. This
constitutes a huge difference with previous studies in which the monazite phase was found as the
stable high pressure phase [41, 114]. The possible influence of dynamical or mechanical instabili-
ties has also been discussed. A second phase transition from scheelite to a fergusonite phase was
reported to take place at ~ 20 GPa in both kinds of experiments. According to our calculations,
the transition takes places as a consequence of a mechanical instability that leads to a monoclinic
distortion of the fergusonite phase. The obtained results confirmed the considerable influence of
hydrostatic conditions on RVO4 under compression. The EOS and the pressure evolution of the

Raman modes were also reported, showing good agreement with theoretical calculations.

In Chapter 5 we provided a systematic study on GdVO,4 under high pressures. XRD and Raman
spectroscopy experiments showed that this compounds transforms from a zircon to a scheelite
structure below 7 GPa. The EOS of these polymorphs, as well as the pressure evolution of the

Raman modes were reported, showing good agreement with calculations. The softening of the

243
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By, silent mode was predicted to take place at 8.2 GPa, near the observed phase transition. As
we lately proved, the softening of such phonon is directly involved in the transition process. The
zircon-to-scheelite phase transition was confirmed by optical absorption measurements, which
showed a band gap collapse at the transition pressure. This explains the change in the sample
colour during the transition. A second order phase transition is observed at ~ 20 GPa, in which
the scheelite phase transforms into a fergusonite phase. Calculations predict this transition at
similar pressures, which takes place as a consequence of a mechanical instability. In the Raman
experiments, a third phase is observed over 29 GPa. We proposed a structure with a Cmca sym-
metry, although further experiments are needed in order to fully assess the correct structure. The
scheelite phase is recovered at ambient conditions in a metastable form, showing the irreversible

character of the first phase transition.

On the other hand, in Chapter 6 we studied the polymorphism of PrVO, under high pressures
and high temperatures. We first performed XRD measurements under high pressures and room
temperatures, using Ne gas as PTM. A first zircon-to-monazite phase transition was confirmed
at 5.5 GPa, in line with previous studies [42]. A second order phase transition was reported to
take place beyond 12.2 GPa. We proposed a PbWOy-III phase as a candidate structure, which
showed an outstanding good compatibility with experimental observations, in contrast to pre-
viously suggested structures [42]. Ab initio enthalpy calculations predicted these transitions at
5.3 and 11.1 GPa, which definitely agrees with the experiments. Moreover, calculations predict
that a mechanical instability takes place at similar pressures than the zircon-to-monazite phase
transition, suggesting a possible influence of this mechanism in the trasnsformation process. The-
oretical calculations also predicted that the scheelite phase is energetically competitive with the
monazite phase. Thus, we decided to perform several syntheses in the Paris-Edinburgh large
press cell at high pressures and high temperatures. As a result we obtained a mixture of both
zircon and scheelite phases at ambient conditions. The proportion of scheelite phase was hugely

increased with longer heating lapses (80% after 6h). The lattice parameters as well as the atomic
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positions in the scheelite phase were refined. These experiments showed the great relevance of
kinetic barriers in RVO, compounds. The obtained scheelite-type PrVO, samples were analyzed
under high pressures by means of Raman scattering experiments. These experiments showed
a reversible phase transition to a PbWO,-III structure at 16.7 GPa, which is in agreement with

theoretical predictions.

A more general approach to the zircon-to-scheelite/monazite phase transition systematic is
given in Chapter 7. By gathering the experimental data reported in literature and our calcula-
tions we were able to unveil the mechanisms that underlay these high pressure transformations
in RVO4 compounds. Previously to our study, the structural systematics of RVO, was rationalized
in terms of the rare-earth cation size and the relative stability of the high pressure phases was
discussed in accordance with enthalpy calculations. However, the role played by dynamical and
mechanical instabilities is often left out of the scope. By contrast, our calculations showed that
the activation barrier of the zircon-to-scheelite phase transition is lowered by the softening of the
By, silent mode (dynamical instability). Moreover, the zircon-to-monazite phase transition is trig-
gered by a mechanical instability related to the stiffness tensor. In fact, this leads to a monoclinic
distortion of the zircon phase, which is compatible with the required atomic displacements of the
phase transition. The complex interplay between these two phenomena explains the observed
transition pressures as well as the observed systematic. In this case, the described mechanisms
were studied for the RVO, family. Nonetheless, we believe that our study constitutes a particular

example that may be applied to many other ternary oxides and related compounds.

By the end of this dissertation in Chapter 8, we studied the cooperative Jahn-Teller effect
in TbVOy at low temperatures. Optical absorption measurements of a thin single crystal at low
temperatures and ambient pressure revealed that zicon-type TbVO, has an indirect gap of ~ 2.8
eV. Upon cooling, the band gap of TbVO, slightly increases from 280 to ~ 100 K. Between 100
and 35 K the band gap remains more or less constant. This behaviour is well described by the

Bose-Einstein function. However, between 35 and 30 K, the band gap increases as temperature is
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lowered. This is in agreement with the second order phase transition induced by the Jahn-Teller
distortion at 33 K. XRD experiments at low temperatures and high pressures revealed that the
transition temperature can be considerably increased upon compression. In fact, two points at
the P—T phase diagram were determined: (1) 120(11) K and 3.2 GPa and (2) 107(10) K and 4.8 GPa.
Thus, high pressure conditions tend to favour the Jahn-Teller distortion, increasing the transition
temperature from 33 K at zero pressure to a maximum of 120(11) K.

To sum up, we have studied some RVO, compounds under extreme pressure and temperature
conditions. In our studies we could identify at least six different polymorphs: zircon, monazite,
scheelite, fergusonite, PbWO,-III (formally isomorphic to BaWO,-II) and the orthorhombic phase
of TbVO, at low temperatures. Some of these structures, like the scheelite and monazite can be
quenched at ambient conditions in a metastable state. Different kinds of experimental techniques,
such as XRD, Raman scattering and optical absorption, were used to characterize the samples.
The observed results were complemented with DFT ab initio calculations, which allowed us to
better interpret our observations. In addition to this, we studied the zircon-to-scheelite/monazite
transition systematic in these compounds by gathering experimental data from literature and our
theoretical calculations. We concluded that the systematic of these compounds can be explained
in terms of competing dynamical and mechanical instabilities, which opens the possibility of

performing similar analyses on other different ternary oxide families.
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