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Resumen en castellano 

1. Introducción 

Recientemente se han sintetizado un gran número de nuevos yodatos metálicos [1–

7]. También se han realizado múltiples estudios sobre sus propiedades. En particular, la 

estructura cristalina, la generación del segundo armónico, la energía de la banda 

prohibida electrónica (band gap) y la estructura de las bandas electrónicas se han 

estudiado en condiciones ambientales. La síntesis y caracterización de numerosos 

yodatos metálicos nuevos ha sido impulsada por la búsqueda de materiales ópticos no 

lineales (NLO) con aplicaciones tanto en comunicaciones, en sensores ópticos, como 

dispositivos de almacenamiento óptico. Debido a la existencia de un par de electrones 

solitarios (LEP) en el yodo, los yodatos metálicos suelen formar una diversa gama de 

estructuras cristalinas no centrosimétricas sujetas a una distorsión Jahn-Teller de 

segundo orden. Por lo tanto, los yodatos metálicos suelen tener una alta eficiencia de 

generación de segundos armónicos (SHG). Por ejemplo, el BaNbO(IO3)5 [1], en el que 

los poliedros NbO6, IO3 y BaO forman un entorno distorsionado y la polarización de 

los mismos está en la misma dirección, presenta una excelente respuesta SHG, unas 14 

veces mayor que la de los materiales NLO comerciales más utilizados, el KH2PO4 

(KDP). Por otro lado, la respuesta SHG del Bi(IO3)F2 [8] es aproximadamente 11.5 

veces mayor que la del KDP bajo radiación láser de 1064 nm; la respuesta SHG del 

LiZn(IO3)3 y del LiCd(IO3)3 [6] es aproximadamente 14 y 12 veces mayor que la del 

KDP bajo radiación láser de 1064 nm; además, el efecto SHG del LiMg(IO3)3 [9] es 

aproximadamente 24 veces mayor que el del KDP bajo radiación láser de 1024 nm. 

Un buen candidato para el desarrollo de materiales NLO debe tener las siguientes 

propiedades [10–12]: (ⅰ). Es necesaria una gran respuesta SHG para la alta eficiencia 

de conversión del láser. (ⅱ). Una amplia región de transparencia, lo que significa un 

gran bandgap para convertir la frecuencia del láser en una región amplia y aplicable. 

Esto es razonable porque, si la energía del bandgap de los materiales NLO es estrecha, 

y menor que la energía del láser de entrada o de salida, entonces los materiales NLO 

absorberán el láser de entrada y activarán los electrones de la banda de valencia a la 

banda de conducción. (ⅲ). Un alto umbral de daño del láser (LDT). Este requisito 

también está relacionado con el bandgap de los materiales NLO, si los materiales NLO 
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tienen un bandgap amplio, la transferencia de energía del láser a los materiales NLO es 

despreciable. (ⅳ). Buena estabilidad química para la aplicación práctica y (ⅴ). Una 

birrefringencia moderada. 

La estructura cristalina de los yodatos metálicos juega un papel importante en la 

respuesta SHG, así como también lo hacen la estructura de bandas electrónica y la 

energía de bandgap de la misma. Por ello, en esta tesis doctoral se estudia en 

profundidad y se presentan y analizan resultados de la estructura cristalina a alta presión, 

las vibraciones atómicas y la estructura de bandas electrónica de cuatro yodatos 

metálicos. Estos son el yodato de hierro, Fe(IO3)3, el yodato de cobalto, Co(IO3)2, el 

yodato de zinc, Zn(IO3)2, y yodato de magnesio Mg(IO3)2. Estos materiales han sido 

estudiados por medio de difracción de rayos X a alta presión (HPXRD), dispersión 

Raman a alta presión (HPRS), espectroscopia infrarroja por transformada de Fourier a 

alta presión (HPFTIR), absorción óptica a alta presión (HPOA) y cálculos de primeros 

principios empleando la teoría del funcional de la densidad. En el trabajo se presentan 

resultados sobre los efectos de la presión sobre el LEP estereoquímicamente activo en 

el yodo y la estructura cristalina, observándose fenómenos como el aumento de la 

coordinación del yodo con el oxígeno inducida por la presión, las transiciones de fase 

isoestructurales inducidas por la presión y la expansión de la distancia de enlace yodo-

oxígeno inducida por la presión. Diversas características comunes de los espectros 

Raman de los compuestos estudiados también se observan a presión ambiente y a alta 

presión. Algunos modos Raman-activos muestran un comportamiento de 

ablandamiento (softening) bajo presión que está íntimamente relacionado con el cambio 

de la estructura cristalina bajo presión. Los cambios en la estructura de bandas 

electrónica, combinados con los cambios de la estructura cristalina bajo compresión, 

nos llevan a establecer dos reglas fenomenológicas útiles para el diseño de yodatos 

metálicos de energía de banda prohibida ancha. 

2. Objetivos 

1). Investigar en detalle la estructura cristalina, las vibraciones atómicas, y el par de 

electrones solitarios estereoquímicamente activo de los compuestos Fe(IO3)3, Zn(IO3)2, 

Co(IO3)2, y Mg(IO3)2 bajo condiciones estáticas de alta presión, a temperatura ambiente, 

utilizando celdas de yunques de diamante. 
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2). Investigar los cambios inducidos por la presión en la energía del bandgap de los 

compuestos Fe(IO3)3, Zn(IO3)2, Co(IO3)2 y Mg(IO3)2. 

3). Adicionalmente, combinado los resultados y conclusiones de los dos puntos 

anteriores, tratar de encontrar la relación entre la energía del bandgap y la estructura 

cristalina.  

4). Encontrar una regla práctica para diseñar yodatos metálicos de banda prohibida 

ancha. 

3. Resultados y conclusiones 

3.1 Estructura cristalina a presión ambiente 

Las estructuras cristalinas a presión ambiental de los cuatro yodatos metálicos se 

muestran esquemáticamente en la Figura 1. La información de la estructura cristalina 

y los detalles de refinamiento de la estructura de los mismos se resumen en la Tabla 1. 

Excepto el Fe(IO3)3, que cristaliza en una estructura hexagonal descrita por el grupo 

espacial P63 (Nº 173), el resto de los yodatos metálicos aquí estudiados cristalizan en 

una estructura monoclínica, descrita por el grupo espacial P21 (Nº 4). La estructura 

cristalina de los mismos está formada por unidades poliédricas IO3 y AO6 (A=metal) y 

comparten algunas características comunes. El poliedro IO3 tiene una geometría 

molecular piramidal trigonal, con tres átomos de oxígeno en la base y un átomo de yodo 

en el vértice. Los átomos metálicos tienen una coordinación octaédrica. Cuando la 

estructura cristalina se observa a lo largo del eje c de los yodatos de Fe y Zn (equivalente 

al eje b de los yodatos de Co y Mg), cada átomo de yodo está enlazado con tres átomos 

de oxígeno y la distancia de enlace oscila entre 1,8 Å y 2,0 Å. Cada catión metálico está 

rodeado por seis pirámides IO3 que comparten un átomo de oxígeno con los octaedros 

por los vértices. Si las estructuras de la Figura 1 se observan perpendicularmente al eje 

c de los yodatos de Fe y Zn (que es el eje b de los yodatos de Co y Mg), se puede ver 

que la estructura cristalina de los cuatro yodatos metálicos muestra una estructura tipo 

laminar, formada por capas de IO3 que están conectadas por los octaedros de AO6. 

Según los parámetros de red de los yodatos de Co, Zn y Mg resumidos en la Tabla 1, 

el parámetro de red a y c de los mismos tienen un valor muy similar entre ellos y el 

ángulo monoclínico es cercano a los 120 grados, por lo que la estructura cristalina de 
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estos tres yodatos metálicos se puede describir como pseudohexagonal. El volumen de 

la celda unidad por unidad de fórmula de los yodatos de Co, Zn y Mg es similar (Tabla 

1), es alrededor de 1/3 de la del Fe(IO3)3. El parámetro de red a en el Zn(IO3)2 es casi 

la mitad del mismo parámetro de la estructura de los yodatos de Co y Mg. 

 

 

Figura 1. Estructura cristalina de Fe(IO3)3, Co(IO3)2, Zn(IO3)2 y Mg(IO3)2 a presión 

ambiente. Para cada estructura se enseñan dos proyecciones distintas. Los átomos de 

hierro, cobalto, zinc, magnesio, yodo y oxígeno se muestran en color gris, verde, marrón, 

amarillo pálido, azul y azul cian, respectivamente. "SG" significa grupo espacial. 
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Formula Fe(IO3)3 Co(IO3)2 Zn(IO3)2 Mg(IO3)2 

Crystal system hexagonal monoclinic monoclinic monoclinic 

Space group P63 P21 P21 P21 

a (Å) 9.2476(4) 10.943(6) 5.465(4) 11.2563 

b (Å) 9.2476(4) 5.078(1) 10.952(8) 5.0497 

c (Å) 5.2326(2) 10.925(4) 5.129(4) 11.2128 

β (o) 120 119.814(3) 120.37(8) 119.8256 

Z 2 4 2 4 

V(Å3)/Z 193.00 131.67 132.4 138.23 

Refinement method Rietveld Rietveld Rietveld Rietveld 

Rp 3.83% 9.60% 7.22% 9.23% 

Rwp 13.42% 13.30% 9.91% 8.85% 

 

Tabla 1. Datos de la estructura cristalina de los distintos compuestos y detalle del 

refinamiento de la estructura de los cuatro yodatos metálicos estudiados en esta tesis. 

Los parámetros de red se obtienen a partir del refinamiento de Rietveld de los patrones 

XRD recogidos a presión ambiente. Rp y Rwp reflejan la calidad del refinamiento de 

Rietveld. 

3.2 Estructura cristalina y compresibilidad a alta presión 

En el rango de presiones cubierto por nuestro estudio, el Fe(IO3)3 experimenta tres 

transiciones de fase isoestructurales (IPT). Las mismas ocurren a 1.5-2.0 GPa, 5.7-6.0 

GPa y 22.2 GPa, respectivamente (ver Figura 2). Las dos primeras IPTs se evidenciaron 

por la dependencia no lineal de la presión de los modos vibracionales activos Raman, 

por la discontinuidad de las constantes elásticas calculadas y por la inestabilidad 

dinámica evidenciada en la dispersión de fonones calculada bajo alta presión. La tercera 

IPT se puso de manifiesto por la aparición de nuevos picos en el patrón de XRD a 22.2 

GPa. La estructura cristalina de la tercera fase de alta presión (HP) se resolvió por el 

método de Rietveld. Los patrones XRD de esta fase pueden ser refinados empleando el 

mismo grupo espacial que describe la fase de LP, pero con diferentes parámetros de red. 

La tercera IPT estuvo acompañada de un colapso del 5% en el volumen de la celda 

unitaria, lo que indica que es una transición de fase de primer orden. 
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El Co(IO3)2 experimenta dos IPTs. La primera a 3 GPa y la segunda en el rango 

de presión de 9-11 GPa (ver Figura 2). Las transiciones de fase se evidenciaron por el 

comportamiento no lineal de los parámetros de red, la evolución en presión de la 

distancia de enlace Co-O calculada, los cambios de la intensidad relativa de dos modos 

Raman y variación con la presión de los modos Raman e infrarrojos activos. No se 

encontró ninguna discontinuidad en el volumen de la celda unitaria alrededor de la 

presión de transición de fase. 

El Zn(IO3)2 experimenta dos IPTs. Las transiciones de fase tienen lugar en el rango 

de presión de 2.5-3.4 GPa y 8-9 GPa, respectivamente (ver Figura 2). Las transiciones 

de fase se pusieron de manifiesto por el comportamiento no lineal de la dependencia de 

la presión de los parámetros de red, el comportamiento de la distancia de enlace Zn-O 

calculada y la dependencia de la presión de los modos Raman e infrarrojos activos. Al 

igual que en el Co(IO3)2. no se encontró ninguna discontinuidad en el volumen de la 

celda unitaria alrededor de la presión de transición de fase. 

El Mg(IO3)2 tiene un comportamiento diferente. Este compuesto experimenta una 

transición de fase de la estructura monoclínica de LP (grupo espacial: P21) a una 

estructura trigonal (grupo espacial: P3). La transición de fase ocurre en el rango de 

presión de 7.7-9.6 GPa (ver Figura 2). La transición de fase se evidenció mediante el 

refinamiento Rietveld de los patrones XRD y la aparición de nuevos picos en los 

espectros Raman e infrarrojo a alta presión. No se encontró ninguna discontinuidad en 

el volumen de la celda unitaria alrededor de la presión de transición de fase. En este 

material no se observó las IPTs encontradas en los otros tres yodatos metálicos. 

El módulo de compresibilidad (módulo de bulk) de los cuatro yodatos metálicos 

estudiados en las diferentes fases se resume en la Tabla 2. Para las fases de baja 

presiones (fase de presión ambiental, fase I1 y fase I2), el módulo de compresibilidad 

del Fe(IO3)3 es el más grande. Por otro lado, el Zn(IO3)2 tiene el módulo de 

compresibilidad más pequeño. Nótese que esta magnitud física aumenta drásticamente 

en la fase de alta presión (fase I2 del Co(IO3)2 o HP de otros compuestos). La razón de 

este fenómeno es el aumento gradual de la coordinación del yodo con átomos de 

oxígeno. Los nuevos enlaces formados entre el yodo y los oxígenos pertenecientes a la 

capa vecina IO3 fortalecen la resistencia del material a la presión externa. Los cuatro 

yodatos metálicos muestran un notable comportamiento anisotrópico, el eje c en el 

Fe(IO3)3 y el Zn(IO3)2 y el eje b en el Co(IO3)2 y el Mg(IO3)2 son los ejes más 
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compresibles. Esto se debe a la estructura de capas ordenadas perpendicularmente a 

esas direcciones. 

 

 

Figura 2. Resumen de la estructura cristalina y el grupo espacial adoptado a los cuatro 

yodatos metálicos estudiados en esta tesis en función de la presión. El área rellena con 

el patrón de rejilla indica el intervalo de presión en el que se produce la transición de 

fase. 
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Compuestos Fase BM-EOS V0 (Å3) B0 (GPa) B0’ 

Fe(IO3)3 
Ambient+I1+I2 3rd-order 385 55(2) 4.3(0.3) 

HP 2nd-order 353(9) 73(9) 4.0 

Co(IO3)2 
Ambient+I1 3rd-order 529 29.8(1) 3.5(0.3) 

I2 3rd-order 462.9(5.6) 70.8(3.6) 5.2(0.6) 

Zn(IO3)2 Ambient+I1+I2 3rd-order 264.8(4) 21.6(0.7) 7.0(0.3) 

Mg(IO3)2 
LP 3rd-order 552.8 22.2(0.8) 4.2(0.4) 

HP 3rd-order 369.6(0.3) 63.6(0.4) 3.3(0.1) 

 

Tabla 2. Volumen determinado experimentalmente, módulo de masa y la derivada de 

presión correspondiente para los cuatro yodatos metálicos en diferentes fases. El 

módulo de masa se obtuvo a partir del ajuste del volumen de la celda unitaria adoptando 

la ecuación de estado de Birch-Murnaghan (BM-EOS) 

3.3 Aumento de la coordinación del oxígeno del yodo 

Para todos los yodatos metálicos estudiados en esta tesis, hay dos tipos de enlaces 

I-O. Ambos enlaces son diferentes entre sí en cuanto a la distancia de enlace. El primer 

tipo de enlaces I-O, es entre el yodo y los átomos de oxígeno de la capa interna, como 

por ejemplo O7, O8 y O9 en la Figura 3. En esta figura utilizamos la distancia de enlace 

I-O calculada de Mg(IO3)2 como ejemplo. Las distancias de enlace oscilan entre 1.8 y 

2.0 Å, a presión ambiente. Interesantemente, la distancia de enlace aumenta ligeramente 

bajo presión. El otro tipo de enlaces I-O, corresponde a un rango de distancias de enlace 

de 2.5 a 3.2 Å. Estos enlaces están ilustrados por la distancia con los átomos O10, O5 

y O8' en la Figura 3. Los mismos corresponden a enlaces entre el yodo y los átomos 

de oxígeno en la capa vecina de IO3. Este tipo de enlace sólo se forma bajo alta presión, 

como consecuencia de dos efectos; (ⅰ). El acortamiento de la distancia de enlace 

inducido por la presión (debido a la reducción de la distancia entre capas) y (ⅱ). La 

existencia de un LEP en el yodo. El segundo tipo de enlaces I-O se acortan bajo presión. 

El acercamiento de los átomos de oxígeno de la capa intermedia al yodo favorece el 

alejamiento del yodo de los átomos de oxígeno de la capa interna y provoca el 

alargamiento bajo presión del primer tipo de distancia de enlace I-O. 
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Figura 3. Distancia de enlace calculada entre el yodo y el oxígeno en función de la 

presión en el Mg(IO3)2. La discontinuidad en torno a 9 GPa es una razón de la sutil 

transición de fase inducida por la presión. 

3.4 Espectros Raman a presión ambiente 

La Figura 4 muestra los espectros Raman de los cuatro yodatos metálicos medidos 

en condiciones ambientales. Los espectros Raman pueden dividirse en tres regiones 

bien diferenciadas: (ⅰ). La región de alta frecuencia, la cual está situada en el intervalo 

de números de onda de 600-900 cm-1. Los fonones de esta región están relacionados 

con vibraciones de estiramiento de los enlaces I-O (modos stertching), los modos más 

fuertes se encuentran en esta región y se han marcado en la Figura 4 indicándose su 

número de onda. (ⅱ). La región de frecuencia media, la cual se encuentra en el intervalo 

de números de onda de 300-500 cm-1. Esta región esta principalmente dominada por 

modos de flexión de los enlaces I-O. (ⅲ). La región de baja frecuencia, que involucra 

modos con números de onda inferiores a 300 cm-1. Estos modos están generalmente 

asociados a los movimientos de traslación y rotación de los iones yodato como unidades 

rígidas, por lo cual se conocen como modos externos. 
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Figura 4. Espectros Raman de los cuatro yodatos metálicos en condiciones ambientales. 

El número de onda de los modos más fuertes en cada espectro Raman se ha marcado al 

lado. Las cortas barras verticales debajo de cada espectro Raman son una indicación de 

la posición del pico determinado. 

3.5 Espectros Raman a alta presión 

La mayoría de los modos Raman en la región de alta frecuencia muestran un 

ablandamiento bajo compresión (disminución de la frecuencia con la presión). Este es 

un comportamiento no habitual y es el resultado de la ampliación de las distancias de 

enlace I-O inducida por la presión. Todos los modos en la región de media y baja 

frecuencia se endurecen bajo compresión (aumento de la frecuencia con la presión), la 

combinación de ambos fenómenos causa una reducción de la brecha existente entre los 

fonones de las regiones de media y alta frecuencia. Además, algunos modos Raman en 

los yodatos de Fe, Co y Zn muestran un comportamiento altamente no lineal bajo 

presión. En particular, la pendiente de la curva frecuencia-presión de estos modos 

cambia en la presión donde se producen las IPTs. Por otro lado, en el espectro Raman 

del Mg(IO3)2 aparecen algunos picos nuevos en torno a 7.7 GPa. Este hecho apoya la 
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transición de fase monoclínica a trigonal detectada en XRD. 

3.6 Espectros infrarrojos 

Los espectros infrarrojos se midieron para números de onda inferiores a 700 cm-1. 

Para el caso del Fe(IO3)3, se detectaron 12 modos infrarrojos-activos a presión ambiente, 

8 de ellos fueron seguidos bajo alta presión hasta la presión donde ocurre la tercer IPT. 

Además, se observó que hay un cambio repentino de la frecuencia de los modos a 15.3 

GPa. Estos cambios en los espectros infrarrojos se han asignado a la tercera IPT. Sólo 

se han podido seguir con precisión cinco modos infrarrojos activos bajo presión en la 

fase HP.  

Se han detectado un total de 9 modos infrarrojos activos en el Co(IO3)2 a la presión 

más baja (0.2 GPa) y todos ellos se han seguido bajo alta presión. La mayoría de los 

modos muestra un comportamiento no lineal bajo presión. El signo de su pendiente 

(curva frecuencia versus presión) cambia a la presión donde se producen las IPTs. No 

se observaron nuevos picos bajo presión.  

En el Zn(IO3)2 se detectaron un total de 25 modos infrarrojos activos a la presión 

más baja (0.9 GPa), y 18 de ellos se han seguido bajo presión. La mayoría de los modos 

infrarrojos activos muestran un comportamiento no lineal bajo presión. Como en los 

otros compuestos, el signo de la pendiente cambia a la presión en la que se produce la 

IPT. En este compuesto además se produce un cambio inesperado en el coeficiente de 

presión a 13 GPa. Esto podría ser un indicio de la ocurrencia de una tercera transición 

de fase, pero dicha transición no se observó en los otros métodos de diagnóstico 

empleados. 

Se han detectado un total de 14 modos infrarrojos activos en la fase LP y 9 en la 

fase HP del Mg(IO3)2, observándose dos nuevos picos a 9.6 GPa. Los cambios en el 

espectro infrarrojo están relacionados con la transición de fase monoclínica a trigonal 

inducida por la presión y detectada en los estudios Raman y XRD. 

3.7 Estructura de banda electrónica 

Según la estructura de bandas electrónica calculada por el método de la teoría del 

funcional de la densidad, los cuatro yodatos metálicos estudiados presentan un gap 

indirecto. Para el Fe(IO3)3, el mínimo de la estructura de valencia (VBM) en la 
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estructura electrónica está dominado por el estado O-2p, mientras que el máximo de la 

banda de conducción (CBM) está dominado por estados Fe-3d y el I-5p. El bandgap 

del Fe(IO3)3 muestra un comportamiento no lineal con la presión antes de la tercera 

transición de fase. El comportamiento no lineal puede explicarse por dos efectos que 

compiten bajo presión. Uno es el acortamiento inducido por la presión de la distancia 

de enlace Fe-O que hace que aumente el solapamiento entre los orbitales del Fe y los 

orbitales del O. Este hecho favorece el estrechamiento del bandgap. Por otro lado, el 

ligero aumento de la distancia de enlace I-O reduce la hibridación entre los átomos de 

yodo y oxígeno. Este hecho favorece la apertura de la energía del bandgap. La 

competencia entre ambos fenómenos causa el comportamiento no lineal observado. 

También hemos observado que existe un salto (discontinuidad) del bandgap a 23.5 GPa, 

que está acompañado de una transición indirecta a indirecta en la estructura de banda 

electrónica. El cambio abrupto del bandap esta relacionado con el colapso de volumen 

de la celda unidad encontrado en HPXRD. La resistividad también exhibe un 

comportamiento no lineal antes de la tercera IPT y muestra una rápida disminución 

después de la tercera transición, alrededor de 20 GPa. Los cambios son un resultado del 

aumento exponencial de la concentración de portadores libres intrínsecos. 

En el caso del Co(IO3)2, el bandgap muestra una rápida disminución desde la 

presión ambiente hasta alrededor de 8 GPa, y luego muestra una pequeña dependencia 

de la presión. El VBM en la estructura de banda electrónica está dominado por los 

estados O-2p y Co-3d, y el CBM está dominado por los estados I-5p, con una pequeña 

contribución de los estados O-2p. El comportamiento del bandgap puede explicarse por 

la competencia de dos efectos bajo presión. El aumento de la hibridación entre los 

estados del Co y el O causada por el acortamiento de la distancia de enlace Co-O. Este 

hecho favorece el estrechamiento de la energía del bandgap. Por otro lado, la 

ampliación de la distancia de enlace I-O bajo presión, que disminuye la hibridación 

entre los átomos de yodo y oxígeno, este hecho favorece la apertura de la energía del 

bandgap. En los espectros de absorción óptica, también encontramos la banda de 

absorción múltiple causada por la transición interna entre los niveles d-d en el Co2+. 

Estas tres bandas de absorción observadas se han asignado a la transición del estado 

básico 4T1g(F) al estado de espín permitido 4T1g(P), al estado de espín prohibido 2A1g(G) 

y al estado 2T1g(H). Hay un estrechamiento inducido por la presión de la banda de 

absorción, resultado de la supresión inducida por la presión de la distorsión Jahn-Teller. 
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La transición de alto espín a bajo espín se ha predicho que debe ocurrir a 110 GPa. 

Para el Zn(IO3)2 y el Mg(IO3)2, el VBM está dominado por los estados O-2p, y el 

CBM está dominado por los estados O-2p e I-5p. El bandgap muestra un 

comportamiento no lineal bajo presión. Según el diagrama molecular establecido para 

estos compuestos mediante el uso de las DOS, PDOS y COOP calculadas entre el yodo 

y el oxígeno, el bandgap para los dos compuestos está determinado por la diferencia de 

energía entre (ⅰ). El estado antienlace de la interacción p-p entre el oxígeno y el yodo 

(ⅱ). El estado de no unión del O-2p. Hay dos efectos que compiten bajo presión, el 

aumento de la distancia de enlace entre el yodo y el oxígeno de la capa interna favorece 

la reducción de la hibridación entre ellos, y estrecha la separación entre el estado de 

enlace y el de antienlace, estrechando así la energía del bandgap. El acortamiento de la 

distancia de enlace entre el yodo y el oxígeno intercalado favorece el aumento de la 

interacción entre ellos, y aumenta la separación entre los estados de enlace y antienlace, 

abriendo así la energía de bandgap. 

El estado 3d parcialmente rellenado en el metal de transición contribuye al VBM 

o al CBM, estrechando así la energía del bandgap de los yodatos metálicos. Por lo tanto, 

la primera regla propuesta para diseñar yodatos metálicos de energía de banda ancha es 

evitar el uso de metales de transición con llenado parcial en los niveles d. De acuerdo 

con los estudios de la estructura de banda electrónica de los yodatos de Mg y Zn, junto 

con los estudios de la estructura cristalina a alta presión de los mismos, podemos 

observar que existe una relación negativa entre la energía de bandgap y la distancia de 

enlace media entre los átomos de yodo y de oxígeno de la capa interna en los yodatos 

de metales de transición sin electrones tipo d o con una capa d cerrada. Además, esta 

relación inversa se ha confirmado cotejando usando la energía del bandgap y la 

distancia media de los enlaces I-O (oxígeno de la capa interna) de 71 yodatos metálicos 

diferentes en condiciones ambientales, según la bibliografía (ver Figura 5). Cuanto más 

corta es la distancia de enlace I-O, más amplia es la energía del bandgap. Por lo tanto, 

la segunda regla propuesta para diseñar yodatos metálicos de banda ancha es acortar la 

distancia de enlace I-O. 

 



xxv 
 

 

 

Figura 5. Energía del bandgap colado y distancia media de los enlaces I-O reportados 

en la literatura. Sólo se incluyen aquí los yodatos metálicos sin metales de transición o 

con configuración electrónica de capa cerrada.
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1. Introduction 

1.1 Nonlinear optical materials 

Nonlinear optical (NLO) materials can modify the output wavelengths of lasers, thus 

playing a key role in laser science and technology. The second-order nonlinear optical 

process, including second harmonic generation (SHG), different frequency generation 

(DFG) and Sum frequency generation (SFG), are the most utilized processes for laser 

frequency conversion [13], when two intense laser beams with frequencies ω1 and ω2 

are introduced into an NLO crystal, the output laser has the following four frequencies 

by different process: 2ω1 and 2ω2 by the SHG effect, ω1+ω2 by SFG effect and ω1-ω2 

by the DFG effect. Thus, the output wavelength of lasers can be dramatically expanded 

to the region where the original laser could not cover or poorly operated. Since the first 

observation of SHG in a -SiO2 crystal [14], and with the developments of more than 

half a century, now the most widely used second-order NLO materials are inorganic 

crystals including: KH2PO4 (KDP) [15], KTiOPO4 (KTP) [16], KBe2BO3F2 

(KBBF) [17], -BaB2O4 (-BBO) [18], LiB3O5 (LBO) [19] and LiNbO3 (LN) [20]. 

Most of those materials satisfy the need for NLO materials in the ultraviolet, visible 

and near infrared regions, however, the demand for the NLO materials used for the 

deep-UV (< 0.2 μm) and mid-IR (2.5 μm <  < 25μm) regions, with excellent 

performance in SHG efficiency and stability is still urgent.   

A good candidate for NLO materials should have the following character [10–12]: 

(ⅰ). Large SHG response is necessary for the high laser conversion efficiency. (ⅱ). A 

wide transparency region, which means a large bandgap in order to convert the laser 

frequency in a wide and applicable region. This is reasonable because, if the bandgap 

energy of the NLO materials is narrow, and smaller than the energy of the input or 

output laser, then the NLO materials will absorb the input laser and active the electrons 

from the valence band to the conduction band. (ⅲ). High laser damage threshold (LDT). 

This requirement is also related to the bandgap of the NLO materials, if the NLO 

materials have a wide bandgap, the energy transfer from the laser to the NLO materials 

is negligible. (ⅳ). Good chemical stability for practical application and (ⅴ). Moderate 

birefringence.  
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1.2 Metal iodates  

Numerous novel metal iodates have been synthesized and characterized as the next 

generation of nonlinear optical (NLO) materials, with the metal cation species covering: 

alkali metal [21,22], alkaline-earth metals [23,24], transition metals [25], post-

transition metals [26], and lanthanide elements [27], while the iodates include [IO3]- 

trigonal pyramids [28,29], or dimeric chains like [I2O5] [30], [I3O8]- [25] and 

[I4O11]2- [30]. It is known that only crystals with non-centrosymmetric structure (NCS) 

can be SHG-active. Because of the existence of the stereochemically active lone 

electron pair (LEP) in I5+ [29], the iodate, like IO3 and IO4 group, favors the formation 

of asymmetric polyhedra, therefore metal iodates usually crystallize with the a NCS 

and exhibit promising SHG responses. For instance, the most studied metal iodate as a 

NLO material is -LiIO3 [31]. Due to the presence of a LEP in I5+ cation, IO3 forms a 

distorted pyramid. It has been reported to show a wide transparency region, large SHG 

coefficient, high LDT and good thermal stability. Another case is the successful 

synthesis of BaNbO(IO3)5 [1], by introducing the Nb5+ cations in the metal iodates, both 

the Nb5+, Ba2+, I5+ cations are in asymmetric coordination environment attributed to the 

second-order Jahn-Teller effect, and by manipulating the polarization of the NbO6, IO3 

and BaO to the same direction, BaNbO(IO3)5 exhibits an excellent SHG response, about 

14 times large than that of KDP and around 660 times large than that of -SiO2 [1]. 

More examples of the metal iodates with a very strong SHG effect can be found in 

Bi(IO3)F2 (about 11.5 times larger than that of KDP under 1064 nm laser radiation) [8], 

Be(BO3)(IO3) which exhibit a SHG response of about 7.2 times larger than that of KDP 

under 1064 nm laser [7], for LiZn(IO3)3 and LiCd(IO3)3 is about 14 and 12 time larger 

than that of KDP [6], respectively. Furthermore, the SHG effect of LiMg(IO3)3 is about 

24 times larger than that of KDP under 1064 nm laser radiation [9].    

It is worth explaining the LEP in I5+ in more depth because it has significant effect 

on the crystal structure of metal iodates not only at ambient pressure, but also under 

high pressure as discussed later in this doctoral thesis. Here we use Na2Ti(IO3)6 as an 

example, the crystal structure of Na2Ti(IO3)6 has been shown in Figure 1a [29], every 

Ti atoms is surrounded by six oxygen atoms, and every iodine is bonded with three 

oxygen atoms, each TiO6 octahedral unit is surround by six IO3 pyramids by sharing 

one oxygen. The Na+ ions fill in the empty space of the structure. The theoretically 
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calculated electron localization functions (ELFs) are shown in Figure 1b, the purple 

area shows the LEP. We find that all the LEPs on I5+ are aligned in a parallel manner, 

generating a macroscopic dipole moment and thereby making Na2Ti(IO3)6 a strong 

polar material. We can understand the LEP in I5+ here in a simple way, the electron 

configuration of iodine is 5s25p5, and that for oxygen is 2s22p4. Each covalent bond 

between iodine and oxygen needs 2 electrons, so iodine will donate two p electrons to 

each of the two oxygen which did not bond with Ti (double bond) and one p electron 

to the oxygen which shared with Ti (single bond), thus leaving the two s electrons free 

as LEP. The LEP in iodine will not always results in polarization in materials, it also 

depends on the orientation of the LEP for each iodine, like in metal iodates A2Ti(IO3)6 

where A represent K, Rb, Cs or Tl (see the calculated ELFs of them in Figure 2) [29], 

the LEP on each IO3 polyhedral located in the converse directions from the one in the 

opposite location, results in mutual of the local dipole moment and make the materials 

nonpolar. 

 

 

Figure 1. (a) Crystal structure of Na2Ti(IO3)6 shown in ball-and-stick [29]. (b) 
Theoretically calculated ELFs of Na2Ti(IO3)6 with =0.9. Here the red and green balls 
represent oxygen and iodine atoms, respectively. The LEPs are shown by the purple 
areas. All the subfigures of this figure are reproduced from Ref. [29]. 
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Figure 2. Theoretically calculated ELFs for (a) K2Ti(IO3)6 and (b) Tl2Ti(IO3)6 with 
=0.9. The blue, green and red ball are titanium, iodine and oxygen atom, respectively. 
The LEPs are shown in purple. The figures are reproduced from Ref [29].  
 

1.3 The bandgap of metal iodates at ambient conditions 

As per the requirements of an ideal NLO materials described in the Chapter 1.1 of this 

thesis, a wide bandgap energy for NLO materials is essential since it directly affects the 

transparency and has a significant influence on the LDT [32] and SHG responses [33]. 

Therefore, in this chapter we want to investigate the bandgaps of the reported metal 

iodates in the literature, we have summarized most of the reported metal iodates in 

Table 1, with the experimental and theoretically calculated bandgap energy, as well as 

the bandgap nature (direct or indirect), dominated orbital of the VBM and CBM in the 

calculated electronic band structure. Notice, the information about the dominated 

feature in the VBM and CBM is obtained from the theoretically calculated density of 

state (DOS) and projected density of state (PDOS) of the metal iodates.  

Some common feature can be drawn here from Table 1: (ⅰ). Fe(IO3)3 is the metal 

iodate with the lowest bandgap energy, 2.1 eV, found in the literature [34], while 

Rb3(IO3)3(I2O5)(HIO3)4(H2O) have the highest bandgap, 5.1 eV, reported in the 

literature up to data [35]. Metal iodates exhibits a wide bandgap range from around 2 

eV to 5 eV. The bandgap of metal iodates reported in the literature are mainly located 
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in the energy range from 3.5 eV to 4.5 eV [36]. (ⅱ). According to the theoretically 

calculated electronic band structure, most of the metal iodates show an indirect bandgap 

nature, which may be related to the common NCS for metal iodates as we discussed in 

Chapter 1.2 in this thesis. (ⅲ) For most of the metal iodates in Table 1, the theoretically 

calculated bandgap for the metal iodates underestimate the bandgap energy compared 

with that obtained from optical absorption experiment, like Zn(IO3)2 [37], -

AgI3O8 [25] and so on. This is related to the generalized gradient approximation (GGA) 

with the Perdew-Burke-Ernzerhof (PBE) for solids prescription (PBEsol) 

approximations used in the theoretical calculation to describe the exchange and 

correlation energies [38]. On the other hand, there are also a few case that the 

theoretically calculated bandgap of metal iodates overestimate the bandgap compared 

with the data obtained from experiment, such as Fe(IO3)3 [34], RbIO3F [32] and so on. 

The reasons related to the overestimations of the bandgap are still under debate [39] 

and out of the scope of this doctoral thesis, so it will not be discussed here. (ⅳ). 

According to the theoretically calculated DOS and PDOS for metal iodates, when metal 

iodates only contain non-transition or closed-shelled transition metal, the VBM is 

dominated by the O-2p orbital, meanwhile, the CBM is dominated by the I-5p and O-

2p, like what have been found in most of the non-transition metal iodates (like 

Mg(IO3)2 [36], LiMg(IO3)3 [9] and so on) and closed-shelled transition metal iodates 

(such as Zn(IO3)2 [36]). So for these kinds of metal iodates, the bandgap is determined 

by the interaction between iodine and oxygen. (ⅳ). For the metal iodates contain open-

shelled transition metal, the partial filled d orbital will contribute to either the VBM or 

CBM, thus result in the narrowing of the bandgap, such as the 5d orbital dominate the 

CBM in MAu(IO3)4 where M=Na, Rb or Cs [40]. These feature can be used to explain 

the fact that the bandgap of the non-transition metal iodates always smaller than that of 

the metal iodates only have non-transition or closed-shelled metal when they have 

similar chemical formula. For example, the bandgap for Li2Sn(IO3)6 is 3.9 eV [41], but 

that for Li2Ti(IO3)6 is only 3.0 eV [2] because the partial filled 3d orbital of Ti contribute 

to the CBM of its electronic band structure.  
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Compounds 

Band

gap 

type 

 

Band-gap 

energy (eV) 

Valence band 

maxima 

(VBM) 

Conduction band 

minima (CBM) 
Ref. 

exp cal 
domina

ted 
other dominated other  

Fe(IO3)3 In 2.1 2.50 O(2p) I(5s,5p) 
Fe(3d), 

I(5p) 
O(2p)  [34] 

Zn(IO3)2 In 3.9 2.96 O(2p) I(5p) I(5p), O(2p) O(2s) 
 [36] 

Mg(IO3)2 In 3.0 3.40 O(2p) I(5p) I(5p), O(2p) × 

CsIO3 D 4.2 3.25 O(2p) I(5s) I(5p) O(2p)  [42] 

CsIO2F2 In 4.5 4.15 O(2p) F(2p) I(5p) O(2p)  [42] 

Ce2I6O18 × 2.5 × O(2p) × I(5p) Ce(5d)  [27] 

Sn(IO3)4 In 4.0 2.75 O(2p) I(5s,5p) I(5p) Sn(5s)  [43] 

RbIO3 × 4.0 2.79 O(2p) × I(5p), O(2p) × 
 [32] 

RbIO3F × 4.2 4.3 O(2p) F(2p) I(5p) O(2p) 

-AgI3O8 In 3.8 2.43 O(2p) Ag(4d) I(5p) O(2p)  

 [25] 

 

β-AgI3O8 In 3.6 2.46 O(2p) Ag(4d) I(5p) O(2p) 

NaI3O8 In 3.9 3.11 O(2p) I(5s,5p) I(5p) O(2p) 

-LiIO3 In 4.0 2.81 O(2p) × I(5p) O(2p) × 
 [44,

45] 

Tl(IO3)3 × 3.4 2.20 
O(2s,2

p) 
Tl(6s) 

O(2s,2p), 

I(5s,5p) 
×  [28] 

Tl4(IO3)6 × 2.9 1.80 
O(2s,2

p) 
I(5s,5p) 

O(2s,2p),Tl(

6s) 
×  [28] 

YI5O14 D 3.8 × O(2p) I(5s,5p) I(5p) O(2p)  [5] 

GdI5O14 D 4.1 × O(2p) I(5s,5p) I(5p) O(2p)  [5] 

Na3Bi(IO3)6 In 3.2 3.34 O(2p) 
I(5s,5p), 

Bi(6s) 
I(5p), O(2p) 

I(5s), 

Bi(6p) 
 [46] 

NaBi(IO3)4 In 3.5 3.0 O(2p) 
I(5s,5p), 

Bi(6s) 
I(5p) O(2p)  [47] 

K2BiI5O15 In 3.5 2.51 O(2p) × I(5p) O(2p) 
 [48] 

Rb2BiI5O15 In 3.5 2.47 O(2p) × I(5p) O(2p) 

K8Ce2I18O53 In 2.3 1.13 O(2p) I(5s,5p) I(5p) O(2p)  [49] 

-NaAu(IO3)4 In 2.6 2.14 O(2p) 
Au(5d),I

(5s,5p) 
Au(5d) 

O(2p), 

I(5p) 

 [40] RbAu(IO3)4 In 2.5 2.31 O(2p) 
Au(5d),I

(5s,5p) 
Au(5d) 

O(2p), 

I(5p) 

-CsAu(IO3)4 In 2.6 2.30 O(2p) 
Au(5d),I

(5s,5p) 
Au(5d) 

O(2p), 

I(5p) 
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Cs2Sn(IO3)6 × 4.1 × × × × × 

 [41] 

Li2Sn(IO3)6 × 3.9 × × × × × 

K2Sn(IO3)6 × 4.0 × × × × × 

Na2Sn(IO3)6 × 4.0 × × × × × 

Rb2Sn(IO3)6 × 4.1 × × × × × 

LiMg(IO3)3 In 4.3 3.35 O(2p) I(5s, 5p) I(5p) O(2p)  [9] 

Li2Ti(IO3)6 × 3.0 1.60 O(2p) I(5s, 5p) Ti(3d) O(2s,2p)  [2] 

Na2Ti(IO3)6 × 3.3 2.95 O(2p) × Ti(3d), I(5p) O(2s,2p) 

 [29] 

Rb2Ti(IO3)6 × 3.3 × × × × × 

Cs2Ti(IO3)6 × 3.2 × × × × × 

Tl2Ti(IO3)6 × 3.2 2.88 O(2p) × Ti(3d), I(5p) O(2s,2p) 

K2Ti(IO3)6 × 3.3 3.14 O(2p) × Ti(3d), I(5p) O(2s,2p) 

KLi2(IO3)3 × 4.3 × × × × ×  [22] 

Li2Ge(IO3)6 In 3.9 3.18 O(2p) I(5s, 5p) I(5p) 
O(2p), 

Ge(4s) 

 [50] Na2Ge(IO3)6 In 4.6 3.31 × × × × 

Rb2Ge(IO3)6 × 4.1 × × × × × 

Cs2Ge(IO3)6 × 4.1 × × × × × 

Ba3Ga2(IO3)12 In 3.1 3.09 O(2p) × I(5p), O(2p) ×  [51] 

Bi(IO3)F2 In 4.0 3.26 O(2p) 
Bi(6s), 

I(5s, 5p) 

I(5p),  

Bi(6p) 
O(2p)  [8] 

KBi2(IO3)2F5 In 3.8 2.89 O(2p) 
F(2p), 

I(5s, 5p) 
I(5p) O(2p) 

 [4] RbBi2(IO3)2F5 In 3.8 2.97 O(2p) 
F(2p), 

I(5s, 5p) 
I(5p) O(2p) 

CsBi2(IO3)2F5 In 3.8 2.99 O(2p) 
F(2p), 

I(5s, 5p) 
I(5p) O(2p) 

LiZn(IO3)3 D 4.2 4.4 O(2p) I(5p) I(5p), O(2p) × 
 [6] 

LiCd(IO3)3 D 4.2 4.3 O(2p) I(5p) I(5p), O(2p) × 

SrSn(IO3)6 In 4.1 3.19 O(2p) I(5p) I(5p) O(2p)  [26] 

Ag2Zr(IO3)6 In 3.8 2.64 
O(2p), 

Ag(4d) 
I(5s, 5p) I(5p), O(2p) × 

 [52] 

LaZr(IO3)5F2 In 4.1 3.29 O(2p) I(5s, 5p) 
I(5p), 

Zr(4d) 
O(2p) 

BiO(IO3) × 3.3 2.0 O(2p) I(5s, 5p) I(5p), O(2p) ×  [3] 

BaNbO(IO3)5 D 3.6 2.55 O(2p) I(5p) 
Nb(4d), 

I(5p) 
×  [1] 

Zn2(VO4)(IO3) In 3.3 2.7 O(2p) 
V(3d), 

Zn(3d) 

V(3d), 

I(5p), O(2p) 
×  [53] 

LaVO(IO3)5 In 3.6 1.7 O(2p) I(5s, 5p) 

V(3d), 

La(5d), 

I(5p) 

×  [54] 
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Table 1. A summary of the band-gap energy of part of the reported metal iodates in 
literature (all the experimental value have been rounded to one decimal place), as well 
as the bandgap nature, the atomic orbital which dominated the valance band maxima 
(VBM) and conduction band minima (CBM) based on the results from the theoretically 
calculated density of state (DOS) and projected density of state (PDOS), “exp” means 
data determined in experiments and “cal” means data predicted by theoretical 
calculations, respectively. For the bandgap type, “In” and “D” represent the indirect and 
direct bandgap, respectively. The blank where filled with “×” means no available data 
was found. 

1.4 High pressure science 

Pressure, as a fundamental thermodynamic variable, is an efficient external parameter 

for manipulating the interatomic distance within materials, in turn modifying the 

chemical bonding. For example, high pressure has been demonstrated to be able to 

convert weak π, van der Waals and hydrogen bond into a strong covalent or ionic 

bond [55,56], and also efficiently increase the coordination number by transforming the 

crystal structure to a higher symmetry one in IIB–VIA compounds [57]. By altering 

interatomic distance pressure also can drive crystal structure phase transition in 

materials. Almost all the materials will undergo several phase transitions under 

compression. In this way it is possible to generate new polymorphs and materials with 

promising properties. The classic example is the synthesis of diamond from graphite at 

high pressure and high temperature [58]. Other examples include the synthesis of 

ultrahard nanotwinned cubic boron nitride with a hardness compared with the optimal 

hardness of diamond [59], the synthesis of high-energy high-density polymeric 

nitrogen [60], and the long-sought metallic hydrogen [61].  

Pressure can modify the conventional valence state of an element predicted by the 

periodic table at ambient conditions. Under pressure, Cs can show a high oxidation 

beyond +1 by sharing their 5p electrons, CsFn (n>1) compounds found to be stable at a 

range of 5 to 200 GPa under compression [62]. Hg can transfer charge from the d 

orbitals to the orbitals of F and behave as a transition metal, forming HgF4 and HgF3 

which have been found to be thermodynamically stable at 38 and 73 GPa, respectively. 

LaV2O6(IO3) In 3.6 2.54 O(2p) I(5s, 5p) V(3d), I(5p) O(2p) 

Rb3(IO3)3(I2O5)

(HIO3)4(H2O) 
× 5.1 × × × × ×  [35] 
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More interestingly, HgF4 is found to be unstable under further compression, 

decomposing into HgF3 and F2 at a pressure higher than 200 GPa [63]. Pressure also 

can drive chemical reactions by influencing the electronic orbitals and their occupancy. 

Even the chemically inert noble gas can react with Mg and form thermodynamically 

stable compounds as MgXe and Mg2Xe at 125 GPa. The Mg-Kr and Mg-Ar systems 

are stable at a pressure around 250 GPa [64]. Pressure also can stabilize new 

stoichiometries of some elements that are not be expected at ambient conditions. Such 

as the synthesis of hydrogen-rich metal hydrides including LiHx [65], FeH2/H3 [66], 

RhH2 [67], IrH3 [68], and sodium chloride with unusual stoichiometries like Na3Cl [69], 

NaCl3 [69] etc.  

Pressure provides also a new route for the searching of the high-temperature or 

even room-temperature superconductors. Metallic hydrogen has been theoretically 

predicted to be a room-temperature superconductor since 1960 [70] due to the very high 

vibrational frequencies in the light hydrogen atom, which can provide a strong electron-

phonon interaction. The required pressure used to synthesize metallic hydrogen has 

been predicted between 400 to 500 GPa [71–73]. This has driven numerous efforts to 

synthesize metallic hydrogen under high pressure, but since reaching the extreme 

condition sufficient for the synthesis of metallic hydrogen in laboratory is challenging, 

the focus has recently move to hydrogen-dominated covalent hydrides, where the target 

pressure is lowered. In 2015, H3S was synthesized at high pressure and high 

temperature with an alleged superconducting transition temperature of 203 K at around 

150 GPa [74]. In 2019, the same group successfully synthesized LaH10 with a critical 

temperature of 250 K at 151 GPa [75]. In 2021, YH6 and YH10 have been successfully 

synthesized with a critical temperature of around 220 K at 183 GPa, and around 243 K 

at 201 GPa, respectively [76]. Furthermore, high pressures have also been found to be 

an efficient tool to increase the superconducting transition temperature of the 

superconducting materials which have been well investigated at ambient pressure. For 

example, at ambient conditions, the highest critical temperature (133 K) [77] has been 

achieved in the copper oxide system up to date. The application of around 45 GPa of 

pressure can upshift the critical temperature to 164 K [78].      

Pressure can cause the electron delocalization in the materials by increasing the 

electron density and the kinetic energy of the electrons, when the kinetic energy 

surpasses the potential energy, therefore, the electron will favor delocalization. The 
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pressure-induced electron delocalization can cause energy-band broadening, bandgap 

closure and metallization, it has been proven that sufficient pressure, in principle, turns 

many insulators into conductors [61,79–82]. Furthermore, the insulators found at 

ambient pressure can become superconductors after metallization [83]. Pressure can 

also regulate the spin state of materials. For example, in the high-pressure study of 

Co2Te3O8, the spin state of Co has been found to transform from the high-spin state to 

the low-spin state at around 7.6 GPa [84], the high-spin to low-spin state transition also 

have been found in CoCl2 at around 70 GPa [85].  

High pressure studies, in general, involve two steps: the generation of high 

pressure and the modern diagnostics to measure multiple properties of the studied 

sample. Pressure can be generated in two different ways; static pressure and dynamic 

compression. The most commonly used static pressure apparatuses are diamond anvil 

cells (DAC), and large volume presses (LVP) (like piston-cylinder devices, multi-anvil 

apparatuses, etc). DACs are capable of generating static pressures up to several 

megabars, the highest recorded pressure is over 1000 GPa. this was achieved by using 

synthesized optically transparent microballs of bulk nanocrystalline diamond as the 

second stage anvils in conventional diamond anvil cells [86]. Diamond is the hardest 

material found in nature and are transparent for infrared, visible, and ultraviolet 

radiation, which allows the use of various diagnostics. The disadvantage for DACs is 

that the sample chamber is tiny as a sacrifice of the ultrahigh pressure. It is unlikely to 

synthesis the commercial used novel materials nor be used for the diagnostics that 

require a large amount of samples, such as neutron diffraction. The highest pressure 

achieved in LVP is 109 GPa in a Kawai-type apparatus equipped with sintered diamond 

anvils [87], and the sample size in LVP usually can excess 1mm3
 (In comparison, the 

sample cavity of a DAC is typically less than 0.001 mm3). The techniques used to 

generate dynamic compression are two-stage gas gun, laser-driven compression and 

explosion. Under shock compression, the sample is subjected to transient high pressure 

and high temperature, the pressure can easily excess megabar in a short time scale in a 

time range from nano- to femto-seconds [88].    

The high pressure in situ characterization techniques include: (ⅰ). High-pressure 

optical absorption, which can measure the bandgap and d-d internal transitions of 

materials. (ⅱ). High-pressure inelastic optical scattering which are high-pressure Raman 

scattering, high-pressure Brillouin spectroscopy, high-pressure infrared spectroscopy 
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and high pressure optical fluorescence spectroscopy. They are capable of providing 

important information about the atomic vibration, acoustic velocities, and electronic 

structure of studied materials. (ⅲ). High-pressure X-ray techniques, including high-

pressure x-ray emission spectroscopy, high pressure electronic inelastic x-ray scattering, 

high-pressure resonant inelastic x-ray scattering spectroscopy, high-pressure nuclear 

resonant X-ray spectroscopy, high-pressure X-ray imaging, high-pressure x-ray 

diffraction and high-pressure radial X-ray diffraction. These tools can investigate the 

structural, vibrational, electronic, and magnetic properties of materials under pressure. 

(ⅳ). high-pressure neutron diffraction. As neutrons have their own spin and the 

scattering intensity only depended on the scattering factor but not the atomic number, 

this diagnostic has the unique advantage on measuring the crystal structures and 

magnetic ordering of crystalline and amorphous materials with light elements. (ⅴ). 

Neutron inelastic scattering technique can provide the spin resonance and phonon 

dispersion. (ⅵ). High-pressure ultrasonic probes enable us to measure the 

compressional and share elastic-wave velocity in crystal under pressure. (ⅶ). High 

pressure resistivity measurement and magnetic susceptibility measurements, which are 

useful in the investigation of superconductivity.   

1.5 Aims of the thesis 

A wide bandgap is one of the most important requirement for the metal iodates used as 

NLO, and the existence of the LEP in iodine is responsible for the NCS of metal iodates 

and shows a polarized feature, which in turn is related to another most important 

requirement for NLO: SHG efficiency. Therefore, the objectives of our research are: 

ⅰ). Investigate the crystal structure, atomic vibration, the stereochemically active 

LEP of Fe(IO3)3, Zn(IO3)2, Co(IO3)2, and Mg(IO3)2 under static high pressure 

conditions by using diamond anvil cells. 

ⅱ). Investigate the bandgap energy change of Fe(IO3)3, Zn(IO3)2, Co(IO3)2 and 

Mg(IO3)2 under pressure.  

ⅲ). Try to find the relationship between the bandgap energy and the crystal 

structure.  

ⅳ). Find a rule for designing wide bandgap metal iodates. 
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1.6 Organization of the thesis 

The thesis has been structured into 7 chapters as following: 

-Chapter 1: The present introductory chapter. 

-Chapter 2: Experimental and calculated methods. In this chapter a brief introduction 

of the experimental methods is given, including the combination of DAC techniques, 

with synchrotron based polycrystalline X-ray diffraction and Fourier-transform infrared 

spectroscopy, Raman scattering, optical absorption spectra.  

-Chapter 3: Fe(IO3)3 under pressure. In this chapter, the results of the crystal structure, 

atomic vibration, and electronic band structure study on Fe(IO3)3 from both experiment 

and theoretical calculation are reported. Here I will propose a first empirical rule for 

designing wide bandgap metal iodates. 

-Chapter 4: Co(IO3)2 under pressure. In this chapter, the investigation on the crystal 

structure, atomic vibration, and electronic band structure of Co(IO3)2 are reported. The 

results will be compared with those from Fe iodate. Specially, I will show the study on 

the multi-band absorption spectra of Co iodates, which is a unique feature among the 

studied metal iodates in this thesis. 

-Chapter 5: Zn(IO3)2 under pressure. In this chapter, the investigation on the crystal 

structure and atomic vibrations on Zn(IO3)2 from experiments and calculations are 

reported, and the results are compared with those of Co(IO3)2 and Fe(IO3)3. The 

electronic band structure of Zn iodates is reported in chapter 6 together with that of 

Mg(IO3)2.   

-Chapter 6: Mg(IO3)2 under pressure. In this chapter, firstly, the crystal structure and 

atomic vibration study on Mg(IO3)2 are reported. Secondly, the electronic band 

structure study on both Mg and Zn iodates are presented, as well as the second rule for 

designing wide bandgap energy metal iodates. 

-Chapter 7: This is the last chapter. This chapter gives a compressive summary and 

present the conclusions on this doctoral thesis.  
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2. Theoretical background and 

experimental techniques 

 In this chapter, the fundamental principle and experimental techniques of several 

diagnostics used in our studies are introduced, including diamond anvil cell (DAC), X-

ray diffraction (XRD), Raman scattering (RS), infrared spectroscopy (IR) and optical 

absorption (OA).  

2.1 Membrane-type diamond anvil cell 

 
Figure 3. Illustration of membrane-type diamond anvil cell used in the contributing 
work.  

 

Figure 3 is a cross-section illustration of the membrane-type diamond anvil cell (DAC) 

used in our studies to generate the high pressure environment. The piston was driven 

by the membrane, which will be expanded outward when inflated. The most important 

component of DAC is a pair of opposed single-crystal diamond anvils, the chosen of 

single-crystal diamond as the anvil is beneficial, as diamond has some outstanding 

properties; including (ⅰ). The extreme high hardness and fracture toughness, diamond 

is the hardness materials found in the nature, the Vickers hardness is range from 60 GPa 

to 120 GPa according to the different crystal plane [89]. (ⅱ). Diamond is transparent 

over a wide range of wavelengths so that the properties changes of the sample at high 

pressure can be probed with a series of modern probing technique, like X-rays, Raman, 

infrared and optical absorption. (ⅲ). Ultrahigh high melting temperature, which make 
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it possible to heat the sample up to a few thousands Kelvin. (ⅳ). Diamond is insulator 

and high magnetic compatibility, which make the electrical and magnetic measurement 

possible. (ⅴ). Diamond is chemical inertness, and it hard to react with sample. The 

diamond used here is around 0.5 carats, with a culet of a few hundred micrometers in 

diameter, preferably parallel to the (100) plane.  

Between the two diamond, a gasket was used to support the diamond and 

encapsulating the sample, as well as the pressure transmitting medium (PTM) and 

pressure gauge. Hardness steel, high strength tungsten and rhenium are commonly used 

gasket depending on different experiment goal. The gasket must possess a certain level 

of ductility to allow the volume reduction with increasing pressure. By squeezing the 

gasket, it forms a thick ring around the culet of diamond, which could support the 

diamond and enables pressure generation of several megabars. The gasket need to be 

pre-indented to fit the shape of the diamond culets, and a hole need to be drilled in the 

center and serve as the sample chamber before conducting the high-pressure 

experiments.  

The use of PTM in the sample chamber ensure the sample subjected to a 

hydrostatic pressure within a certain pressure range depending on the type of PTM. The 

hydrostatic limits of 11 commonly used PTM have been studied and reported by Klotz 

et al [90]. For example, the most commonly used liquid PTM, a mixture of methanol 

and ethanol in a ratio of 4:1, could provide hydrostatic environment up to around 10 

GPa at ambient temperature. The same limit also has been founded in another liquid 

PTM, a mixture of methanol, ethanol and water in ratio of 16:3:1. Silicone oil, used in 

some of our high-pressure experiment, can provide the hydrostatic environment up to 

3 GPa, above which its strength rises with pressure. Among the common used gas PTM 

like argon, nitrogen, helium and neon. At ambient temperature, helium has the best 

performance and can provide the quasi-hydrostatic condition over 100 GPa, that is 15 

GPa for neon and 10 GPa for nitrogen. In our high-pressure infrared spectroscopy 

experiment and some of the high-pressure optical absorption experiment, solid PTM 

were chosen, the hydrostatic limit of several solid PTM have been studied and reported 

by Celeste et al [91]. For example, Potassium bromide (KBr) can provide hydrostatic 

environment up to 2 GPa, and quasi-hydrostatic environment up to 11 GPa, and CsI can 

provide hydrostatic condition up to 3 GPa and quasi-hydrostatic condition up to 18 GPa.  

To measure the pressure inside the sample chamber, the equation of state (EOS) 
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of some materials, like NaCl, at isothermal conditions was used, which have been 

established from the shock-wave measurement of particle velocity (Up) and wave 

velocity (Us). By using the X-ray from synchrotron light source, the unit-cell volume 

of the pressure standard can be obtained, thus the pressure can be calculated from the 

P-V relation. Once we have the primary pressure standard, the EOS of some other 

materials can be established [92], like Au, Pt, Ta, Cu, W and Al, the EOS of them can 

be used as a second standard for the measurement of pressure in the sample chamber. 

However, not all the high-pressure experiment need the use of X-ray, so second pressure 

standard can be measured in the laboratory by spectroscopic methods are urgently 

needed. By using the Ruby fluorescence shift, accuracy of pressure measurement can 

be controlled to 2% [93] at pressure up to 55 GPa. Furthermore, the fluorescence of 

ruby can be easily measured by using a lasers beam through the ruby grains loaded in 

the sample chamber.     

2.2 X-ray diffraction 

 
Figure 4. (a) Schematic diagram of X-ray diffraction in crystal. (b). Schematic diagram 
of Bragg reflection.  

 

In Figure 4a, S0 and S are unit vectors of incident and diffracted lines, the potential 

vector of an arbitrary lattice cite P is Rl=l1a1+l2a2+l3a3, so the optical path difference of 

the incident light pass through P and O is 
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ை
ሱሮ 

ை
ሱሮ ൌ െ𝑹 ∙ 𝒏  𝑹 ∙ 𝒏 ൌ 𝑹 ∙ ሺ𝑺 െ 𝑺ሻ (2.1) 

 

the diffraction theory shows that the conditions for diffraction to be extremely large is  

 
 𝑹 ∙ ሺ𝒏 െ 𝒏ሻ ൌ 𝜇𝜆 (2.2) 

 

Where λ is the wavelength of the incident light and μ is integer. Make 

𝒌 െ 𝒌 ൌ
2𝜋
𝜆
ሺ𝒏 െ 𝒏ሻ 

So equation 2.2 could be written as  
 
 𝑹 ∙ ሺ𝒌 െ 𝒌ሻ ൌ 2πμ (2.3) 

 

Where the k and k0 are the wave vector of the incident and diffraction light as Figure 

4b shown. Make 

𝒌 െ 𝒌 ൌ 𝑮ᇱ 

So equation 2.3 can be written as  

 

 𝑹 ∙ 𝑮ᇲ ൌ 2𝜋𝜇 (2.4) 

 

The dimension of Rl and Gh’ are inverse, and Rl is the lattice vector of lattice site, Gh’ 

is the reciprocal lattice vector.  

Actually, 𝒌 െ 𝒌 and Gh is equivalent, so we can make 

 

 𝒌 െ 𝒌 ൌ 𝑛𝑮 (2.5) 

 

Where n is integer, equation 2.5 means when the diffracted wave vector and the 

incident wave vector differ by one or several reciprocal lattice vectors, the diffraction 

enhancement condition is satisfied. 

When n=1, k, k0 and Gh form a triangle (Figure 4b shown), If the Compton effect 

is ignored, then we have |𝒌| ൌ |𝒌| ൌ 2𝜋/𝜆, So the vertical bisector of Gh bisects the 

angle between k and k0 (as the dash line in Figure 4b shown). So when the diffraction 

line is exactly the direction of light reflection for a certain crystal plane family, this 

diffraction direction is the direction of diffraction enhancement.  
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|𝒌 െ 𝒌| ൌ |𝑛𝑮| ൌ 2|𝒌| sin𝜃 ൌ

4𝜋 sin𝜃
𝜆

 (2.6) 

 

According to equation 2.5, we got  
 
 |𝒌 െ 𝒌| ൌ |𝑛𝑮| ൌ

2𝜋𝑛
𝑑ଵ,ଶ,ଷ

 (2.7) 

 

From the equation 2.6 and 2.7, we got the Bragg law as 
 
 2dଵ,ଶ,ଷ sin𝜃 ൌ 𝑛𝜆 (2.8) 

 

Where dh1, h2, h3 is the spacing of crystal plane (h1 h2 h3) family, and n is the diffraction 

level.   

The intensity of the XRD diffraction peaks depend on the atoms in the crystal 

structure. Different atoms have different scattering abilities for X-ray. The scattering of 

X-rays by atoms depends on the scattering of X-rays by each electron within the atom. 

The electrons of an atom are distributed in a certain area, so there is a certain phase 

difference between the scattered waves of X-ray electron emission caused by different 

parts of the atom. The intensity of the total scattered wave of an atom is related to the 

phase difference of each scattered wave, and the scattering ability of an atom varies 

depending on the distribution of electrons outside its nucleus. 

Make the nucleus as the origin, the phase difference of the scattering of the wave 

vector k between an electron located at r and by an electron at the origin O is 

δ ൌ ሺ𝒌 െ 𝒌ሻ ∙ 𝒓 

the atomic shape factor f is 
 
 

𝑓 ൌ
∑ 𝛼𝑒𝑥𝑝ൣ𝑖ሺ𝒌 െ 𝒌ሻ ∙ 𝒓൧

𝛼
ൌ𝑒𝑥𝑝ൣ𝑖ሺ𝒌 െ 𝒌ሻ ∙ 𝒓൧



 (2.9) 

 

where α is the scattering amplitude of electrons to the incident wave.  

According to quantum theory, the distribution of electrons outside the nucleus 

should be viewed as a cloud of electrons with a certain density distribution, let the 

probability of distribution of electrons be ρ(r), so the atomic shape factor is  
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𝑓 ൌ න𝜌ሺ𝒓ሻ𝑒𝑥𝑝ൣ𝑖ሺ𝒌 െ 𝒌ሻ ∙ 𝒓൧ 𝑑𝜏 ൌන𝜌ሺ𝒓ሻ𝑒𝑥𝑝ൣ𝑖𝑮 ∙ 𝒓൧ 𝑑𝜏 (2.10) 

 

Where k-k0=Gh is the reciprocal lattice vector. 

 

 

Figure 5. Schematic diagram of angel-dispersive X-ray diffraction by using a 
synchrotron light source.  

 

The powder diffraction, also called the Debye-Scherrer method, is the most 

common used technique in high pressure research. The samples are usually 

polycrystalline, so they contain a very large number of fine single crystals with various 

orientations. Figure 5 is the schematic diagram of the angel dispersive X-ray diffraction 

by using a monochromatic X-ray beam in a synchrotron light source. When the incident 

X-rays meet the sample, for each group of crystal plane families, there are always many 

small single crystals in positions suitable for reflection and satisfy the Bragg law, so 

that the diffraction lines form a series of conical surfaces with the incident direction as 

the central axis. When these conical surfaces meet the cylindrical detector, it forms a 

series of diffraction rings (like Figure 5 shown). From the size of the circle, the angle 

between the crystal plane producing this diffraction ring and the incident X-rays can be 

obtained, and thus the spacing d of the crystal plane can be calculated. The 2-

dimentional diffraction image collected in the detector can be transformed to a plot of 

2theta vs intensity spectra. The detail information of the crystal structure, including 

lattice parameter, space group, atomic position, can be obtained from the Rietveld 

refinement of the X-ray patterns.  
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2.3 Raman scattering 

There are three cases of interaction between light and medium: 

(ⅰ). If the medium is homogeneous and thermal undulations are neglected. The light 

does not change after passing through the medium and continues to propagate in the 

original direction of propagation, without any interaction with the medium. 

(ⅱ). If the medium is not homogeneous, the light wave is scattered to other directions 

after interacted with medium, as long as this process is independent of time, the 

frequency of the scattered light will not undergo any change, only the direction of the 

wave vector is deflected, which is what we called elastic scattering. 

(ⅲ). If the inhomogeneity of the medium changes with time, the light waves exchange 

energy with the medium, causing the frequency of the scattered light to be different 

with that of incident light, which is what we call inelastic scattering. 

The first case barley found in nature, the second case including Rayleigh scattering, 

Tyndall effect and Mie scattering, the third case including Raman and Brillouin 

scattering.  

When the monochromatic light with electric vector E is incident on the substance, 

the distribution of the positive and negative charges of the molecules or atoms of the 

substance will change and form electric dipole moment, and the induced dipole moment 

M per unit volume is proportional to the incident electric vector E as 
 
 𝑴 ൌ α ∙ 𝑬 (2.11) 

 

Where α is polarizability tensor, the vibrating electric dipole will then radiate 

electromagnetic waves and become scattered light. 

In the aspect of classical electromagnetic theory, the electric field component E in 

the electromagnetic field varies following the equation: 
 
 𝑬 ൌ 𝑬𝟎 cos𝜔𝑡 (2.12) 

 

Here ωL is so much bigger than the vibration frequency of atoms, but similar to that of 

electrons, so the induced dipole moment M can be written as the series of electric vector 

E as 
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M ൌ αE 

1
2!
𝛽𝐸ଶ 

1
3!
𝛾𝐸ଷ  ⋯

1
𝑛!
𝜀𝐸 (2.13) 

 

Where α is polarizability tensor of electrons, the order of magnitude is 10-40 C∙V-1∙m2, 

β is supper polarizability, and γ, ε are high-order tensor. Below we only discuss the 

linear part. 

The polarizability tensor α dependent on the distribution α(ρ) of the electrons in 

the system, in the case of diatomic molecules, α and normal coordination have a linear 

relationship when the nuclear displacement is small enough. Expand α to normal 

coordinates by Taylor series. 
 
 

α ൌ 𝛼  ሺ
𝜕𝛼
𝜕𝑄

ሻ𝑄 
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𝜕𝑄ଶ

ሻ𝑄ଶ 
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3!
ሺ
𝜕ଷ𝛼
𝜕𝑄ଷ

ሻ𝑄ଷ  ⋯ (2.14) 

 

If the atom vibrates at frequency of ωq, thus Q=Q0cosωqt, then the variation of electron 

polarizability with time in the first-level Raman effect is  
 
 

αሺtሻ ൌ α  ሺ
𝜕𝛼
𝜕𝑄

ሻ𝑄 cos𝜔𝑡 (2.15) 

 
by combining equations 2.15 and 2.11, we have 

Mሺtሻ ൌ α𝐸 cos𝜔𝑡  ൬
𝜕𝛼
𝜕𝑄

൰

𝑄 cos𝜔𝑡 cos𝜔𝑡 

Mሺtሻ ൌ α𝐸 cos𝜔𝑡 
1
2
ሺ
𝜕𝛼
𝜕𝑄

ሻ𝑄𝐸ൣcosሺ𝜔 െ 𝜔ሻt  cosሺ𝜔  𝜔ሻ 𝑡൧ (2.16) 

 

The first part of equation 2.16 is elastic scattering, because the frequency is 

unchanged compared with that for the incident light, the second part where contain two 

new kind of frequency, ωL±ωq, is the inelastic Raman scattering, the one with the 

reduced frequency ωL-ωq is called Stoke, and the one with increased frequency, ωL+ωq, 

is called anti-Stoke. 
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Figure 6. Schematic diagram of Raman and Rayleigh scattering process. The vibrational 
energy state was shown in solid line at the bottom and the virtual energy state have been 
shown in dash line at the top.  
 

In the aspect of quantum mechanics (Figure 6), make the frequency and wave 

vector of the incident light as (ωL, kL), outgoing light as (ωs, ks). When the light hit the 

substance, it active the electrons or the vibration of lattice from the ground state to a 

virtual energy state, and then back to the ground state, and emit a light with the same 

frequency and wave vector as the incident light, this process is Rayleigh scattering. If 

the electron or lattice didn’t go back to the ground state after be active, but jump to the 

n=1 state, then the frequency of the outgoing light smaller than that for incident light, 

ωs=ωL-ωq, it is Stoke scattering. If the electron or lattice in the n=1 state have been 

active by the incident light, and then jump to the ground state, the outgoing frequency 

is higher than that for incident light, ωs=ωL+ωq, then it is anti-Stoke scattering. Both 

the Stoke and anti-Stoke provide the same information of the atomic vibration. 

According to the Maxwell-Boltzmann distribution law, the population of molecules at 

the ground state (n=0) is much larger than that at the excited state (n=1) when the 

molecule is in thermal equilibrium. Therefore, the Stoke line is much stronger in 

intensity compared with that of anti-Stoke line, so usually, we only measure the Stoke 

part of the spectrum.  
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Figure 7. Illustration of the beam path of Raman set-up used in our studies. The 
incoming lasers beam are shown in green and the Raman scattering lights are shown in 
red.  

 

Figure 7 is the schematics of Horiba Jobin Yvon LabRAM Raman setup used in 

our experiment, the laser was guided by the spectrometer through the bandpass filter 

and beam splitters into the DAC and sample, five different laser source with different 

wavelength can be chosen, UV-325 nm, Violet-442 nm, Green-532 nm, Red-632 nm 

and NIR-785nm. The sample was firstly focused by the 50× objective in the white light 

modes and then the Red laser with suitable filter was introduced into the sample, the 

Raman scattered light was guided by several beam splitters, mirror, long pass filter and 

spatial filter to the grating, where it could be dispersed by wavelength. A liquid nitrogen 

cooled charge coupled device (CCD) will recorded the intensity of the laser in 

wavelength. The resolution of the CCD is better than 2 cm-1, and the signal can down 

to 10 cm-1.     

2.4 Infrared spectroscopy 

The wavenumber ranges for near-infrared, mid-infrared and far-infrared is 12500-4000 

cm-1, 4000-400 cm-1, and 400-10 cm-1, respectively. When a continuous wavelength 

infrared light source irradiates the sample, it causes a jump between molecular 

vibrational energy states, but because the energy difference between molecular 

vibrational energy states (around 0.05-1.0 eV) is larger than that between rotational 
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energy state (0.0001-0.05 eV), it is inevitably accompanied by a jump between 

rotational energies. Therefore, the incident light source will be absorbed at certain 

wavelengths, which is the infrared absorption spectrum. Since the infrared light is 

directed to the sample through the interferometer, we first obtain an interferogram that 

needs to be converted, and the light intensity expressed not as a function of wavelength, 

but as a function of mirror position within the interferometer, and the Fourier transform 

will be used to convert the infrared intensity to a function of wavenumber. So the 

infrared spectroscopy we used in the experiment is also called Fourier Transformed 

Infrared Spectroscopy (FTIR). 

The absorption of infrared light by matter requires the following two conditions: 

(ⅰ). The radiation photon has an energy equal to the energy required for the jump 

between vibrational energy states. (ⅱ). There is a coupling between the radiation and 

the matter. Now we will explain them separately. 

According to the quantum theory, the vibrational energy Ev for simple harmonic 

oscillator can be expressed as 
 
 

𝐸௩ ൌ ൬𝑣 
1
2
൰ ℎ𝑓 ൌ ൬𝑣 

1
2
൰ 𝑎 (2.17) 

 

Where f is the frequency of the vibration, and it can be expressed as  

𝑓 ൌ
1

2𝜋
ඨ
𝑘
𝑚

 

Where k is the chemical bonding force constant, m is the reduced mass for those 

two atoms with a mass of m1 and m2. The relationship between them are  

m ൌ
𝑚ଵ ∙ 𝑚ଶ

𝑚ଵ  𝑚ଶ
 

υ in equation 2.17 is the quantum number, and υ=0, 1, 2, 3, ∙∙∙. 

In practice, diatomic molecules are not simple harmonic oscillators, and a more 

accurate expression for the vibrational energy would be 
 
 

𝐸௩ ൌ ൬𝑣 
1
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൰ 𝑎 െ ൬𝑣 
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ଶ

𝑏, 𝑎  𝑏 (2.18) 

 

Where a and b is constants, the diagram of the energy state for both a harmonic 

oscillators and diatomic molecules are illustrated in Figure 8.  
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Figure 8. Illustration of vibrational energy state for harmonic oscillators and diatomic 
molecules.  

 

According to the equation 2.18, the jump between two vibrational energy state is  
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 𝑣 ൌ ሺ𝑣ᇱ െ 𝑣ሻ𝜔 െ ሺ𝑣ᇱ െ 𝑣ሻሺ𝑣ᇱ  𝑣  1ሻ𝑥𝜔 (2.19) 
 

Here ω=a/hc=f/c, and x=b/a. If we ignore the second part of equation 2.19, then 
𝑣 ൌ ሺ𝑣ᇱ െ 𝑣ሻ𝜔 ൌ ∆𝑣 ∙ 𝜔,∆𝑣 ൌ 1, 2, 3,⋯. 

𝑣 ൌ ω, 2ω, 3ω,⋯. 

 For example, the infrared spectrum of CO molecular have absorption peak 

located at 4.67, 2.35 and 1.58 μm, the ratio of the countdown for this three wavelength 

is approximate 1:2:3. Corresponding to the jump between the ground state and the three 

lowest excited energy state. Another relationship we can obtained from equation 2.19 

is that the vibrational frequency for diatomic molecular depends on the atomic masses 

and the force constants between them.  

Another condition that needs to be fulfilled is the coupling between radiation and 

matter. In order to satisfy this condition, the molecular vibrations must be accompanied 

by a change in the dipole moment. The infrared jump is dipole moment induced, i.e., 

the energy transfer mechanism occurs through the interaction of the dipole moment 

change caused by the vibrational process and the alternating electromagnetic field. A 

molecule also shows different polarities, called dipoles, due to the difference in the 

electronegativity of the atoms that make it up. The dipole moment (μ) of a molecule is 

usually used to describe the magnitude of the polarity of the molecule. When a dipole 
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is in an electromagnetic radiation field, the field reverses periodically and the dipole 

will experience alternating forces that increase or decrease the dipole moment. Because 

the dipole has a certain original vibration frequency, obviously, only when the radiation 

frequency and dipole frequency match, the molecule and radiation interaction 

(vibration coupling) and increase its vibration energy, so that the amplitude increases, 

that is, the molecule from the original ground vibrational state jump to a higher 

vibration energy state. Therefore, not all vibrations will produce infrared absorption, 

only the vibration of the dipole moment change (△μ≠0) can cause observable infrared 

absorption spectrum, the molecule is called infrared active. On the other hand, the 

molecular where △μ=0 cannot produce infrared vibrational absorption, called infrared 

inactive. 

 

 
Figure 9. Optical beam path of the microscope used in MIRAS beamline in ALBA 
synchrotron.  
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Figure 9 is the beam path of the microscope used in MIRAS beamline in ALBA 

synchrotron, the DAC is fixed in the sample stage, between the objective and condenser, 

the sample can be focused to the right position by using the white light from the visible 

lamp both from the bottom and top of DAC. After the alignment of the DAC and sample, 

the visible lamp can be turned off, and the infrared light from the synchrotron light 

source will be input to the microscope. There are two modes for the measurement of 

infrared microspectroscopy: reflection and transmission. There are two different beam 

path for reflection and transmission, the infrared light from the bottom of the DAC, and 

transmitted from the bottom of the sample to the top and then to the detector 1. All the 

infrared microspectroscopy we measured in this doctoral thesis is in this mode. The 

infrared light will firstly pass through an empty space in the sample chamber, the spectra 

of the empty space will be recorded as reference, to eliminate the effect of instrument 

and DAC on the IR spectra of sample. When using the reflection modes, the infrared 

light passes through from the top of the DAC and reach to the top of the sample, the 

infrared light reflected by the top surface of the sample and then to the detector. The 

infrared microspectroscopy can covering a wavelength ranges from 25000 cm-1 to 100 

cm-1 and the resolution is better than 4 cm-1.       

2.5 Optical absorption 

According to the energy band theory, the energy band structure usually includes the 

energy band, the band gap and the case of electron-filled energy band. Among them, 

the energy band and the band gap depend on the atomic structure and crystal structure 

of the crystal, and the electron filling is subject to the least-energy principle and the 

Pauli exclusion principle. For a semiconductor, the electrons fill exactly some of the 

lowest energy bands, called the full band, and the topmost full band is called the valence 

band (Ev(k)). The series of energy bands above the valence band is called the empty 

band, and the lowest energy one is called the conduction band (Ec(k)). The energy 

difference between valence band and conduction band is the band gap (Eg). 

𝐸ሺ𝒌ሻ ൌ 𝐸 
ћଶ𝒌ଶ
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Where me
*, mh

* are the effective mass of electrons and electron hole.  

If the minima of conduction band and the maxima of valence band is at the same 

point of k-space, then the bandgap is direct. When the electron jump from the valence 

band to the conduction band, the wave vector k stays unchanged. The energy around 

Fermi level (Ecv) can be expressed as 

𝐸 ൌ 𝐸  ሺ
ћଶ

2𝜇
ሻ𝑘ଶ 

Where μିଵ ൌ 𝑚
ିଵ  𝑚

ିଵ is the effective mass, the joint density of state Dj is  
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And the dielectric function around bandgap can be expressed as 
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 (2.20) 

 

According to equation 2.20, when white light pass through the materials, only the 

photon with an energy higher than the bandgap energy (Eg) will be adsorbed. The 

electrons in the valence band maxima will be active to the conduction band minima. ϵi
2, 

or we could say the square of the absorbance coefficient, have a linear relationship with 

the energy of the photon. So if we plot the α2 vs energy (photon) for direct bandgap 

materials, and fit the absorption part by a linear function, then the intercept of the linear 

fitting with x-axis is the bandgap energy of the materials.  

When the valence band maxima and the conduction band minima are not at the 

same point in the k-space, when the electrons jump between them, the wave vector will 

change and the bandgap is indirect. This process is necessarily accompanied by the 

absorption or emission of phonons through interaction with the lattice. 

ћω ൌ 𝐸 േ 𝐸 

where Ep is the energy of phonon. 

Around the fermi level of indirect bandgap, the dielectric function has a 

relationship with the energy of photon as 
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The jump of the electron in the indirect bandgap is a two-stage process. The first 

step is that the electron at the top of the valence band absorbs photon energy and jump 

to a virtual state, and the second part is that the electron moves from the virtual state to 

the bottom of the conduction band by absorbing or emitting a phonon. As we explained 

in the direct bandgap, the photon only with an energy higher than the indirect bandgap 

will be absorbed by the materials when a white light passed through the materials. The 

square root of the absorbance coefficient has a linear relationship with the energy, and 

if we plot the square root of the absorbance coefficient vs energy of the light, fitting the 

absorption part with a linear equation, the intercept of the linear fitting with x-axis is 

the indirect bandgap of the studied materials.  
 

 

   
Figure 10. Illustration of the optical absorption experiments set-up. 
 

The optical absorption experiments in this doctoral thesis were conducted in a 

home-built set-up in University of Valencia. It consisting of a tungsten lamp, fused 

silica lenses, pinhole, reflecting optics objective (15×), and a visible-near IR 
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spectrometer (Ocean Optics Maya2000 Pro). The loaded DAC was fixed between the 

two optics objectives, the sample was focused by using the white light and Ocular. The 

white light was focused on a spot of around 40 μm in diameter. The laser was used to 

measure the fluorescence of ruby. The sample-in and sample-out method was used to 

measure the optical absorption spectra of sample under pressure [94]. The intensity 

transmitted through the sample is normalized to the intensity transmitted through a clear 

area of the PTM.  
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3. Crystal structure, atomic vibrations, and 

electronic band structure of Fe(IO3)3 under 

pressure 

We will start our high pressure study with iron iodates. This study is relevant to 

investigate the role of the LEP in the crystal structure of metal iodates, how the LEP 

react to the external pressure and the way it affects the crystal structure of metal iodates. 

The chemical formula of iron iodate is simple and iron could be a representation of the 

3d transition metals. In this chapter, the results of the high-pressure X-ray diffraction 

(HPXRD), High-pressure Raman scattering (HPRS), high-pressure synchrotron based 

Fourier transform infrared microspectroscopy (HPFTIR), and first-principle 

calculations on Fe(IO3)3 are reported. From those four diagnostics, we found that 

Fe(IO3)3 undergoes three isostructural phase transitions (IPTs) at the pressure range of 

1.5-2.0, 5.7-6.0, and 15-22 GPa, respectively. The equation of state (EOS) and pressure 

dependence of the lattice parameter are reported, as well as the pressure dependence of 

the Raman and infrared phonon frequencies. The reported experimental results will be 

compared with the value obtained from the theoretical calculations. Meanwhile, the 

vibration symmetry has been tentatively assigned to the experimentally observed 

Raman and infrared modes with the help of the theoretical calculations.  

In this chapter, the electronic band structure of Fe(IO3)3 was investigated by using 

the high-pressure optical absorption (HPOA) experiments, high pressure resistivity 

measurement and first-principle calculations. The bandgap energy of Fe(IO3)3 exhibits 

a nonlinear reduction, and a bandgap collapse happened at around 24 GPa. The bandgap 

behavior under pressure have been explained combining theoretical calculations and 

the resistivity change of Fe(IO3)3 under pressure. Furthermore, by comparing the 

bandgap energy and the calculated electronic band structure of Fe(IO3)3 with other 

metal iodates reported in the literature, the first rule for designing wide bandgap metal 

iodates is established. 

3.1 Introduction 

By introducing the pressure in the study of the metal iodates, we expected to clarify the 
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behavior of the crystal structure, LEP in iodine, the atomic vibration and the bandgap 

energy of Fe(IO3)3 under pressure, and most importantly, the relationship between all 

these changes. Before our study, only LiIO3 [95–97], KIO3 [98] and AgIO3 [99] have 

been studied under compression. All of them exhibits totally different behavior under 

pressure. LiIO3 was reported to undergo a phase transition at around 4 GPa at the first 

study [95], but the following research showed that LiIO3 is stable up to 73 GPa and do 

not have any phase transition. On the other hand, KIO3 undergoes two phase transitions 

at around 7 and 14 GPa, and AgIO3 exhibits a phase transition at 2.7 GPa and 240 oC.  

Fe(IO3)3 crystallizes in a hexagonal structure (space group: P63, No. 173) at 

ambient conditions. The crystal structure is shown in Figure 11. When view along the 

c-axis, each iodine is coordinated by three oxygen atoms and form a slightly distorted 

IO3 pyramid polyhedron, each iron atom is surrounded by six IO3 pyramids by sharing 

one oxygen. When view perpendicular to the c-axis, there is a layered structure formed 

by IO3 units, the top of the IO3 pyramids are aligned to the same direction, and the LEP 

of iodine are located at the opposite direction of the bottom of the pyramid. In the IO3 

layer, the bond distance between iodine and inlayer oxygen range from 1.8 to 2.0 Å 
(O1, O2 and O3 in Figure 11c), while the bond distance between the iodine and the 

interlayer oxygen in the neighboring IO3 layer are range from 2.5 to 3.0 Å (O1’, O2’ 

and O3’ in Figure 11c).  

This chapter include three published first-author papers of the author on the study 

of Fe(IO3)3 [34,100,101]. The first paper was published in March 2020 [100], Wherein 

the HPXRD and HPFTIR results on Fe(IO3)3 up to 35 GPa were reported, combined 

with the theoretical calculations on the EOS and vibration modes under pressure. An 

IPT was found accompanied by a volume collapse, we also found the evidence of the 

IPT in HPFTIR and the theoretical calculations. The bulk modulus, IR modes 

assignment, Grüneisen parameter of the IR mode both from experiment and calculation 

were reported in this paper.  

The second paper was published in September 2020 [101], we moved the study of 

Fe(IO3)3 to the HPRS, combined with the theoretical calculations on the high-pressure 

phonon dispersion and pressure dependence of elastic constants. We revealed two IPTs 

of Fe(IO3)3 at the pressure interval of 1.5-2.0 and 5.7-6.0 GPa, respectively. These 

transitions are extremely subtle and difficult to be detected by HPXRD and HPIR. In 

the manuscript, the mechanism driven those two IPTs was discussed. 
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Figure 11. Crystal structure of Fe(IO3)3 at ambient pressure, (a) along the c-axis, (b) 
perpendicular to the c axis and (c) the detail of the IO6 polyhedron. In this figure, the 
gray, blue, and cyan-blue ball represent iron, iodine, and oxygen, respectively. The solid 
yellow line is the bond formed at ambient pressure, while the dash yellow line is the 
bond which only formed under pressure. The name of the oxygen shown in (a) and (c) 
is the same as in Ref. [102] 

 

In the third paper on Fe(IO3)3, which was published in September 2021 [34], 

reported the HPOA experiment on Fe(IO3)3 up to 25 GPa, and high pressure resistivity 

measurements up to 40 GPa. The bandgap and resistivity changes of Fe(IO3)3 under 

pressure have been explained with the help of the calculated electronic band structure 

and electron-localization function (ELF).   

3.2 Experiment and Calculation details   

3.2.1 Sample preparation 

The sample used in all the studies was prepared with the same methods. Fe(IO3)3 was 

prepared by reacting Fe(NO3)3·9H2O with NaIO3. The solution containing NaIO3 was 

heated up to 60 oC, then the solution containing Fe(NO3)3·9H2O was added step by step. 
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The solution was maintained at 60 oC for two days under vigorous stirring. Finally, the 

precipitate was recovered by filtration and was dried overnight at 120 oC. The structure 

and the purity of the synthesized sample was characterized by the powder XRD at 

ambient conditions, the Rietveld method was used to refine the XRD spectra by using 

FULLPROF program [103]. 

3.2.2 HP X-ray Diffraction 

A diamond anvil cell (DAC) was used to generate the high pressure environment. 

Because Fe(IO3)3 have a zeolite structure, and the hole is around 5.0 Å. Therefore, 

silicone oil was selected as the pressure-transition medium (PTM) in order to avoid that 

the PTM penetrated into the holes of Fe(IO3)3. The ruby fluorescence method was used 

as the pressure calibration [93]. HPXRD was performed at the Shanghai Synchrotron 

Radiation Facility (SSRF, BL15U1 beamline) with a wavelength of 0.6199 Å, the two-

dimensional (2D) XRD images were collected with MAR 165 detector, and the 2D 

images were integrated by using the Dioptas software [104]. The XRD spectra was 

refined by using the FULLPROF program [103].   

3.2.3 HP Infrared spectroscopy 

HPFTIR measurements were performed at MIRAS beamline of the ALBA 

synchrotron [105], a membrane-type of DAC have been used to generate the high 

pressure environment, and CsI was used as the PTM in this experiment [91]. HPFTIR 

was performed in the transmission mode by using a masking aperture with a size of 50 

μm × 50 μm. A 3000 Hyperion microscope coupled with a Vertex 70 spectrometer 

(Bruker Optik GmbH, Germany) and a helium-cooled bolometer detector was used to 

collect the spectra in the 660-100 cm-1 Far-IR range with a resolution of 4 cm-1. The 

Peakfit software was used to analyze the FTIR spectra and the peaks was fitted by the 

Gaussian functions. 

3.2.4 HP Raman scattering 

A membrane-type DAC was used to generate the high pressure environment, and 
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silicone oil was used as the PTM to avoid the hydration of iron iodates. Ruby 

fluorescence scale was used as the pressure gauge [93]. The sample, PTM and ruby 

were loaded in the 200-μm hole drilled in the center of gasket, which was pre-indented 

to a thickness of 40 μm. HPRS measurement was performed in an inVia Renishaw 

Raman spectroscopy system with a 5× magnification objective. The wavelength of the 

laser used in the experiment is 532 nm and the grating is 2400 lines/mm. The resolution 

of the spectra is better than 2 cm-1.   

3.2.5 HP optical absorption  

A membrane-type of DAC with a culet of 500 μm was used to provide the high pressure 

environment. Polycrystalline was first pressed into a 10 μm-thick platelets with the 

near-parallel faces by using a DAC. Then the sample, together with the solid PTM (KBr) 

and ruby pressure gauge [93] were loaded in a 250 μm hole drilled on a stainless-steel 

gasket, which have been pre-indented to a thickness of 40 μm. The sample-in and 

sample-out method was used to acquire the HPOA spectra of the sample on a home-

built optical setup. It consists of consisting of a tungsten lamp, fused silica lenses, 

reflecting optics objectives (15×), and a visible-near IR spectrometer (Ocean Optics 

Maya2000 Pro). The intensity I(ω) transmitted through the sample was normalized to 

the intensity I0(ω) transmitted through a clear area of PTM.  

3.2.6 HP resistivity measurement 

HP resistivity was performed with the standard four-probe technique by using four 

platinum leads, the gasket was insulated with a mixture of epoxy and cubic boron nitride, 

no PTM was used in this experiment and the ruby fluorescence was used to determine 

the pressure [93]. The resistance was determined by the Van der Pauw method [106].  

3.2.7 Overview of calculation 

Calculation of total-energy, phonon and electronic band structure were performed 

within the framework of the density of function (DFT) [107] and the projector-

augmented wave method [108,109] as implemented in the Vienna an initio simulations 
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package (VASP) [110–113]. A plan-wave energy cutoff of 530 eV was used to ensure a 

high precision in the calculations. The exchange-correlation energy was described 

within the generalized-gradient approximation (GGA) in the GGA+U method with the 

Perdew-Burke-Ernzerhof for solids (PBEsol) [114] due to the presence of Fe atoms on 

the basis of Dudarev’s method [115], for the calculation, the Ueff=5.4 eV. All the 

structure parameters were obtained at selected optimization volumes, for the calculation 

of the Raman and Infrared phonons, lattice-dynamic calculations were performed at the 

zone center of the Brillouin zone (BZ) (Γ point) [116]. The Monkhorst-Pack 

scheme [117] was employed to discretize the BZ integrations with suitable meshes. The 

phonon frequency and phonon dispersion curves were calculated by the direct force 

method and provided by the diagonalization of the dynamical matrix. The elastic 

constant was calculated by using density functional perturbation theory, and we also 

can obtain the symmetry and eigenvectors of the modes at Γ point in this calculation. 

The atomic movement associated with the phonons were visualized by using the J-ICE 

software [118].          

3.3 Results and Discussion 

3.4.1 Crystal structure under pressure  

Selected XRD profiles of Fe(IO3)3 at different pressures are shown in Figure 12. At 

pressure below than 22.2 GPa, there are no new peaks appearing nor peak splitting. All 

the peaks shift to the high angle due to the contraction of the crystal structure under 

compression. The shift of different peaks has a very different rate, which means the 

crystal structure of Fe(IO3)3 is highly anisotropic. At the pressure of 22.2 GPa and above, 

some new peaks appear in the XRD spectra which have been indicated with black 

diamonds, and the new peaks grow in intensity under pressure. These changes in XRD 

indicate the occurrence of a phase transition. According to our Rietveld refinement 

reported in our published paper [100], we found that both the XRD before and after the 
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Figure 12. XRD spectra of Fe(IO3)3 at selected pressure. The pressure of each spectra 
was indicated in the left with the units of “GPa”. different phase was shown in different 
color and the black diamond indicated the appearance of the new peaks at high pressure.   

 

phase transition can be refined by the same space group (P63) but with different lattice 

parameters, which means the phase transition happened at 22.2 GPa is IPT. Our 

refinement also shown that at pressures higher than 22.2 GPa, the low-pressure phase 

(LP) and high-pressure phase (HP) coexist until the highest pressure reached in our 

experiment. To sum up, Fe(IO3)3 undergoes a reversible first-order IPT at 22.2 GPa. 

The lattice parameter and unit-cell volume of Fe(IO3)3 was derived from the 

Rietveld refinement at each pressure. Results are shown in ref. [100], together with that 

obtained from theoretical calculations. The HP phase exhibits a collapse on the lattice 

parameter c, and the unit-cell volume by nearly 5 % at 22.2 GPa. On the contrary, the 

lattice parameter a is enlarged under pressure. The theoretically calculated lattice 

parameters and unit-cell volume show a similar behavior and they are in a good 

agreement with the experiments, which supports the IPT we found in the experiment. 

Furthermore, we found that both from the experiment and calculation, the crystal 

structure is more compressible in c-axis than along the a- and b-axis, and show a huge 

anisotropic behavior, owing to the layer structure along c-axis formed by the IO3 

polyhedra. On the other hand, the mixed arrangement of the FeO6 and IO3 units along 

the a- and b-axis resisted more the external compression. By adopting the 3rd Birch-
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Murnaghan [119] (BM) equation of state (EOS) for the LP phase and 2nd BMEOS for 

the HP phase, the bulk modulus of the LP phase is determined to be 55±2 GPa and 36±1 

GPa in experiment and calculation, respectively. While the bulk modulus of the HP 

phase is 73±9 GPa (48±3 GPa) in experiment (calculation). The bulk modulus of LP 

phase is large than that of -LiIO3 (34±3 GPa) [96] and the ambient-pressure phase of 

KIO3 (24.3±5 GPa) [98], similar to the bulk modulus of LiZn(IO3)3 (55 GPa) [120]. 

3.4.2 Coordination of iodine under pressure  

Based on the fact that the lattice parameters and unit-cell volume of Fe(IO3)3 have been 

described very well by theoretical calculations under pressure, here we analyze the 

coordination behavior of IO3 by using the theoretically calculated pressure dependence 

of the iodine-oxygen bond distances (Figure 13). There are two types of iodine-oxygen 

bond distances as we discussed in the Introduction. The bond between iodine and 

inlayer oxygen, this kind of bond will slightly expand under compression. Another kind 

of bond is between iodine and interlayer oxygen, which the bond distance decrease 

under compression. If we chose the 2.48 Å as the maximum distance for iodine-oxygen 

bond (25% larger than the shortest I-O bond distance [121]), then the oxygen 

coordination of iodine in Fe(IO3)3 will gradually increase from 3 to 6 under pressure. 

As the shortening of the bond distances between iodine and the interlayer oxygen, and 

the existence of the LEP at the top of the IO3 pyramid which point toward to the 

neighboring IO3 layer, iodine favors to form new bonds with the oxygen in the 

neighboring IO3 layer (O1’, O2’ or O3’ in Figure 11 and 13). As a consequence, the 

inlayer oxygen (O1, O2 and O3 in Figure 11 and 13) will be pushed away from the 

iodine, and the bond distance between them becomes larger under compression. 
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Figure 13. Theoretically calculated bond distance between iodine and oxygen as a 
function of pressure.  

3.4.3 HP Raman spectra 

According to the group theory, the structure of Fe(IO3)3 have 39 vibrational modes 

(13A+13E1+13E2), including three acoustic modes (A+E1+E2). Raman spectra of 

Fe(IO3)3 at selected pressure are shown in Figure 14. The Raman spectra at 0.5 GPa, it 

can be divided into three regions: The high-frequency region (600-900 cm-1), which is 

mainly contributed by the stretching of I-O bond, the strongest peak was located in this 

region at 792 cm-1; the mid-frequency region, located in the wavenumber between 300 

and 500 cm-1, dominated by the bending of I-O bonds; the low-frequency region, which 

is the mode at the wavenumber below than 200 cm-1. Under compression, the modes at 

the low- and mid-frequency regions shift to the higher wavenumber. However, most of 

the modes at high-frequency region soften under pressure, which is due to the 

enlargement of the I-O bond distance under compression. The pressure-induced mode 

softening in high-frequency region also results in the closing of the phonon gap between 

mid- and high-frequency region. No new Raman peaks was detected up to the highest 

pressure in the experiment and the changes in the Raman spectra under compression is 

reversible.     
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Figure 14. Raman spectra of Fe(IO3)3 at selected pressure, the vertical line at the 
bottom shows the Raman modes determined for the spectra at 0.5 GPa.  

 

The pressure dependence of the Raman modes under pressure determined both 

from experiments and calculations is plotted in Figure 15. The vibration symmetry of 

the experimentally observed modes has been assigned, based on the comparison of the 

frequency at ambient pressure and their pressure coefficient at high pressure with those 

obtained from DFT calculations. We can found the nonlinear behavior of the modes 

under pressure both in experiments and calculations. The change of the pressure 

coefficient was located at around 1.7 and 5.8 GPa, respectively. Indicating the 

possibility of two subtle IPTs. In order to further confirm the existence of those two 

IPTs in Fe(IO3)3, we have carefully checked the calculated pressure dependence of the 

atomic I-O bond distances. Moreover, we have calculated the pressure dependence of 

the elastic constants and the phonon dispersion at 0, 1.5, 5.7 and 7.5 GPa (can be found 

in our published paper ref. [101]), the discontinuity found in the calculated pressure 
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dependence of the interatomic I-O bond distance and elastics constants supports the 

occurrence of IPTs in Fe(IO3)3. Furthermore, we also found a dynamic instability in the 

calculated phonon dispersion at 1.5 and 5.7 GPa, and a nonlinear behavior of the full 

width at half-maximum (FWHM) of phonon 400 and 792 cm-1 under high pressure. All 

these facts provide further evidence of the IPTs. The IPTs we found at 1.5 to 2.0 and 

5.7 to 6.0 GPa are triggered by the increase of the oxygen coordination of iodine, which 

in turn is driven by the decrease of the stereoactivity of the LEP in iodine.  

 

 
Figure 15. Pressure dependence of the Raman-active modes determined from 
experiment (symbols) and calculation (solid lines), A, E1 and E2 mode are shown in 
green, black and red, respectively. In order to compare the modes from calculation and 
experiment, the calculated modes in high-frequency region have been up-shifted by 60 
cm-1.  
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3.4.4 HP infrared spectra 

The IR spectra of Fe(IO3)3 at selected pressures are shown in Figure 16. According to 

group theory, the Fe(IO3)3 has, 13A+13E1, in total 26 IR-active modes, including 2 

acoustic modes (A+E1). 12 IR modes have been detected at ambient pressure and 8 

modes have been followed at the pressure below than 15.3 GPa.  

 

 
Figure 16. FTIR spectra of Fe(IO3)3 at selected pressure, the pressure of each spectrum 
were indicted on the right with the units in “GPa”. The top spectra were collected at 
ambient pressure after the pressure full release. The black arrows show the evolution of 
the detected IR modes and the red arrows show the abrupt change of the modes at 15.3 
GPa.  
 

Below 15.3 GPa, all the IR modes shift to the higher frequency, which is in 

agreement with Raman modes at the same frequency region. However, there is an 

abrupt shift of the modes at 15.3 GPa and only 5 modes can be followed at the pressure 

of 15.3 GPa and above, indicating the emergence of a phase transition. Furthermore, 

the IR modes also show a different pressure coefficient before and after the phase 

transition. The phase transition pressure found in the HPFTIR is different from that in 
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HPXRD (22.2 GPa), may arise from the fact that different PTM was used in those two 

experiments, silicone oil and CsI, respectively. The non-hydrostatic stresses is different 

in different PTM, and the non-hydrostaticity in solid CsI is large than that in the liquid 

silicone oil [122,123]. So here the HPFTIR supplement the vibration modes with the 

HPRS, also provide further evidence of the IPT we found in HPXRD.   
 

3.4.5 HP electronic band structure 

According to the calculated electronic band structure of Fe(IO3)3, the bandgap of 

Fe(IO3)3 at ambient pressure is indirect (see our published paper ref. [34]). The valence 

band maxima (VBM) is located at a point (-0.1939, 0.5000, 0.1939) along the Γ-E 

direction of the description while the conduction band minima (CBM) is located at the 

Γ high-symmetry point, the calculation predicted bandgap energy of Fe(IO3)3 is 2.5 eV. 

The calculated density of state (DOS) and projected density of state (PDOS) indicating 

that the VBM is dominated by O-2p orbital, with a small contribution from I-5s, 5p 

orbital. The CBM is dominated by the Fe-3d state and I-5p state, with a small 

contribution from O-2p orbital. We also reported the OA spectra of Fe(IO3)3 at ambient 

pressure in ref [34]. The experimental bandgap energy, 2.1 eV, was obtained by 

adopting a Tauc plot which for indirect bandgap energy on the OA spectra. By 

extrapolating the linear fit of the high-energy part of the (αhυ)1/2 vs hυ plot to zero [124], 

where α is the absorption coefficient, h is the Planck constant, and υ is the photon 

frequency. Moreover, the OA spectra was well fitted by the Urbach empirical rule [125]. 

As we summarized in Table 1 in Chapter 1.3, Fe(IO3)3 have the smallest bandgap 

energy reported in the literature for metal iodates, which is due to the fact that partial 

filled 3d state contribute to the CBM and thus narrow the bandgap energy compared 

with the non-transition or closed shelled transition metal iodates.  

The OA spectra and the bandgap energy of Fe(IO3)3 at high pressure up to 25 GPa 

is shown in Figure 17. Here we can found that the calculation overestimated the 

bandgap energy by around 0.4 eV, but the calculation indeed described the same 

behavior of the bandgap under pressure when compared with that from the experiment. 

The OA spectra and the bandgap energy are divided into four regions: In region Ⅰ and 

Ⅲ, the bandgap of the Fe(IO3)3 decrease with the increasing pressure. In region Ⅱ, the 
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bandgap of Fe(IO3)3 show an independent behavior with the pressure. There is a 

bandgap collapse at around 23 GPa in experiment and 13 GPa in theoretical calculation, 

which we believe is associated with the third IPT happened at 22.2 GPa in HPXRD, 

accompanied by a 5% collapse in the unit-cell volume. By comparing the OA spectra 

of Fe(IO3)3 in ref. [34] and the bandgap collecting in the decompression process, we 

can found that the change in the bandgap energy under pressure is totally reversible, in 

consistence with the reversibility we found in other diagnostics. 

 

 

Figure 17. (a) OA spectra of Fe(IO3)3 at selected pressure. According to the shift rate of 
the absorption edge, the OA spectra can be divided into four regions (region Ⅰ, Ⅱ, Ⅲ 
and Ⅳ). (b) Experimental (symbol) and theoretically calculated (solid lines) bandgap 
energy of Fe(IO3)3 as a function of pressure, the error of the experimental data is smaller 
than the symbol, the insert optical micrograph showing the loading of the sample at 2.3 
and 25.1 GPa, respectively.   
 

Given the good agreement between calculations and the experiments regarding the 

bandgap of Fe(IO3)3, we will explain the bandgap behavior of Fe(IO3)3 under pressure 

by taking advantage of the theoretical calculation. Here we have calculated the pressure 

dependence of the bond distance and electronic band structure of Fe(IO3)3 under 

pressure and plotted the atomic character in VBM and CBM in Figure 18. As what have 

been observed from the DOS and PDOS of Fe(IO3)3 at ambient pressure and high 

pressure, the bandgap energy was strongly affected by the interaction between Fe, I and 

O (Figure 18b and 18c). So we plotted the calculated pressure dependence of the Fe-O 

and I-O bond distance in Figure 18a. Before the third IPT, the Fe-O bond distance 

decrease with the increasing pressure. On the contrary, the I-O bond distance (including 

I-O1 and I-O2) slightly increase with the increasing pressure. In region Ⅰ, the interaction 

between Fe and O dominated the bandgap energy over the interaction between I and O 
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as the atomic character of Fe is much higher than that of I in CBM (Figure 18b), the 

shorten of the Fe-O bond distance increased the hybridization between Fe-3d and O-2p 

orbital, this fact favors the narrowing of bandgap, like what observed in other oxides: 

e. g. PbWO4 [126] and PbCrO4 [127]. In region Ⅱ, according to the calculated atomic 

character in CBM (Figure 18b), the contribution from I-6p increase while the Fe-3d 

decrease, because the enlargement of the I-O bond distance. Therefore, the 

hybridization between iodine and oxygen reduced, so the enlargement of the I-O bond 

distance favors to open the bandgap, those two affects competed under compression to 

keep the bandgap energy constant in region Ⅱ. In region Ⅲ, once again the contribution 

from Fe-3d in CBM increase and from I-6p decrease, so the bandgap starts to decrease 

in region Ⅲ. The O-2p orbital remains dominant in VBM throughout the pressure 

interval investigated in our experiment (Figure 18c). 

 

 

Figure 18. (a) Theoretically calculated pressure dependence of the Fe-O and I-O bond 
distance. (b) Theoretically calculated atomic character in CBM as a function of pressure. 
(c) Theoretically calculated atomic character in VBM as a function of pressure. (d) 
Theoretically calculated pressure dependence of the energy in VBM and CBM.  
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After the third transition, the unit-cell volume collapse by around 5%, caused the 

bandgap jump. The contribution from Fe-3d increase a lot in the CBM and that from I-

6p decreased. Therefore, after the third IPT, the interaction between Fe and O once 

again dominated the band gap change, thus the bandgap of Fe(IO3)3 expected to 

decrease linearly under pressure, as what we observed both in experiment and 

calculation.  

3.4.6 HP transport properties 

The pressure dependence of the resistivity of Fe(IO3)3 is plotted in Figure 19. This 

figure exhibits the measurement results from two different experiment under 

compression and decompression, and they matched with each other very well. The 

missing of the resistivity data from both two experiments at the compression process 

below 3 GPa is probably due to the bad contact between the metal leads and the sample. 

The resistivity of Fe(IO3)3 is around 5 GΩ at low pressure, in consistent with its 

semiconductor nature [128]. Similar to the bandgap change under pressure, the 

resistivity of Fe(IO3)3 exhibits a nonlinear behavior, and the coefficient change 

happened at around 6 and 20 GPa, which could be related to the change from region Ⅰ 

to region Ⅱ, and region Ⅱ to region Ⅲ found in Figure 18. Notice, no PTM was used 

in the measurement of resistivity, and that for the OA experiment is CsI, the different 

hydrostatic environment maybe the reason of the different coefficient-change 

pressure [122]. At 23 GPa, there is an abrupt jump (five orders of magnitude) of the 

resistivity, which is a consequence of the third IPT found in HPXRD, HPFTIR, HPOA 

and the theoretical calculation. The resistivity change at the experiment which the 

highest pressure is up to 30 GPa is fully reversibly, but in the experiment up to 40 GPa, 

the resistivity change shows a hysteresis of around 10 GPa.  

It is reasonable to assume that the decrease of the resistivity results from the 

exponential increase of the carrier concentration, with activation energy EA. In the 

pressure range where the resistivity decrease, we have the following equation 
𝜌ሺ𝑝ሻ
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Then the logarithmic pressure coefficient of the resistivity is related to the pressure 
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coefficient of the activation energy of the carrier concentration. So  
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By adopting a linear fitting of the resistivity at the pressure range from 22 to 27 GPa, 

we obtained the pressure coefficient is about -2 GPa-1, then we can got 
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The pressure coefficient of the activation energy we obtained from this assumption is 

similar to that obtained from Figure 17b by adopting a linear fitting on the green line 

(-60 meV/GPa). The good agreement suggests that the observed decrease of the 

measured resistivity in the pressure range between 22 to 27 GPa can correspond to the 

intrinsic resistivity of the semiconducting high-pressure phase. Here we use a simple 

Drude model to estimate the pressure dependence of the intrinsic resistivity by  
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Figure 19. The resistivity of Fe(IO3)3 as a function of pressure acquired from two 
different experiments in the upstroke and downstroke process. The back and blue dash 
line are predicted by the model we discussed in the text.  
 

Where e is the electron change, n=p=ni is the intrinsic carrier concentration, μav is the 

average carrier mobility, Nc (Nv) is the effective density of states in the conduction 

(valence) band, m*C, V is the density of states effective mass in the conduction (valence) 

band, m0 is the electron mass, and Eg(P) is the bandgap energy. It is reasonable to 

assume a high carrier mobility since the reproducibility of the resistivity measurement 

from the two different experiments (Figure 19). The black dash line in Figure 19 have 

been calculated by assuming μav = 900 cm2V-1s-1, m*C, V = 2m0, Eg = 1.6 eV at the 

transition pressure, and the pressure coefficient is dEg/dP = -60 meV/GPa. The blue 

dash line has been calculated by using the same parameter as the black line but with a 

nonlinear pressure dependence of the bandgap calculated from the green line in Figure 

17b. The experimental and Drude model predicted behavior of the resistivity after the 

third IPT is in a good agreement (Figure 19). 
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3.4 Conclusions 

(1) Fe(IO3)3 undergoes a first-order phase transition at 22.2 GPa based on the HPXRD 

experiment, accompanied by a 5% collapse in the unit-cell volume. The transition has 

been further confirmed by the synchrotron based HPFTIR at 15.3 GPa and first-

principle calculations at around 11 GPa. (See ref. [100]) 

(2) Fe(IO3)3 undergoes two IPTs at the pressure interval of 1.5-2.0 and 5.7-6.0 GPa, 

without any discontinuity on the unit-cell volume. Those two IPTs were characterized 

by the HPRS and theoretical calculation on the elastic constants and phonon dispersion. 

The nonlinear behavior of the pressure dependence of the Raman-active mode 

frequencies, the discontinuity of the theoretically calculated interatomic I-O bond 

distance and elastic constants, the dynamic instability of the calculated phonon 

dispersion at 1.5 and 5.7 GPa provide the evidence of the claimed two IPTs in Fe(IO3)3. 

The two IPTs were triggered by the oxygen coordination increase of iodine under 

compression. (See ref. [101]) 

(3) The bulk modulus of Fe(IO3)3 for the LP phase (low-pressure phase, from ambient 

pressure up to 22.2 GPa) is 55±2 GPa (36±1 GPa) in experiment (calculation), and that 

for the HP phase (high-pressure phase, from 22.2 GPa up to 35.2 GPa) is 73±9 GPa 

(48±3 GPa) in experiment (calculation). (See ref. [100]) 

(4) The crystal structure of Fe(IO3)3 show a huge anisotropic behavior under 

compression and the c-axis is the most compressible axis. This behavior is related to 

the layer structure along c-axis formed of IO3 polyhedral, all the lattice parameters show 

a discontinuity at the pressure where the third IPT happened. The lattice parameter, 

unit-cell volume of Fe(IO3)3 determined from experiment and calculation show a good 

agreement. (See ref. [100]) 

(5) According to the theoretical calculations, the bond distance between the iodine and 

the inlayer oxygen slight increase under compression both for LP and HP phase. On the 

contrary, the bond distance between iodine and the interlayer oxygen decrease under 

compression. If we chose the 2.48 Å as the maximum bonding distance between iodine 

and oxygen, then the oxygen coordination of iodine will gradually increase from 3 to 6 

fold. (See ref. [100]) 

(6) In the Raman spectra of Fe(IO3)3 at ambient pressure, the modes with the highest 

intensity, 792 cm-1, was found in the high-frequency region. Under compression, most 
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of the Raman modes in the high-frequency region (600-900 cm-1) show a softening 

behavior, which is due to the enlargement of the bond distance between iodine and 

inlayer oxygen. (See ref. [101]) 

(7) According to the calculated electronic band structure, the bandgap of Fe(IO3)3 is 

indirect, the bandgap of Fe(IO3)3 is 2.1 eV (2.5 eV) obtained from optical absorption 

experiment (theoretical calculation). Fe(IO3)3 is the metal iodate have the smallest 

bandgap reported in the literature until now. The VBM is dominated by the O-2p orbital, 

and the CBM is dominated by the Fe-3d and I-5p state. The first instruction for 

designing a wide-bandgap metal iodate is avoiding the use of partial filled transition 

metal. (See ref. [34]) 

(8) The bandgap energy of Fe(IO3)3 show a nonlinear behavior before the third 

transition, decrease from 2.1 eV to around 1.8 eV, and show a linear reduction after the 

third transition. The nonlinear behavior can be explained by the competition between 

two effects; The pressure-induced shortening of the bond distance between Fe and O 

will increase the overlap between them and it favors to narrow the bandgap energy. The 

pressure-induced slightly enlargement of the bond distance between iodine and the 

inlayer oxygen will decrease the hybridization between them, and it favors to open the 

bandgap. The bandgap collapse happened at around 23 GPa (13 GPa) in experiment 

(calculation) which is believed to be triggered by the unit-cell collapse at the third 

transition. (See ref. [34]) 

(9) The resistivity of Fe(IO3)3 first show a nonlinear behavior, corresponding to the 

nonlinear behavior of the bandgap, and then show a linear reduction at the pressure 

range from 20 GPa to 30 GPa by five orders of magnitude. By using a simple Drude 

model to reproduce the resistivity at the HP phase, we found the pressure dependence 

of the resistivity in the HP phase is due to the exponential increase of the intrinsic carrier 

concentration. (See ref. [34]) 

(10) The changes in the HPXRD, HPRS, HPFTIR, HPOA spectra and the resistivity of 

Fe(IO3)3 up to 35 GPa is reversible. (See ref. [34,100,101]) 
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4. Crystal structure, atomic vibrations and 

electronic band structure of Co(IO3)2 under 

pressure 

Following the high-pressure study on Fe(IO3)3, we will now move the study to another 

3d transition metal iodate, Co(IO3)2. Co(IO3)2 was studied by means of the high-

pressure X-ray diffraction (HPXRD), high-pressure Raman scattering (HPRS), High-

pressure synchrotron based Fourier transform infrared microspectroscopy (HPFTIR), 

high-pressure optical absorption (HPOA), and density function theory (DFT) 

calculations. Two pressure-induced monoclinic to monoclinic isostructural phase 

transitions (IPTs) were observed at around 3.0 and 9.0 GPa, respectively. The two IPTs 

were characterized by the pressure-induced nonlinear behavior of the lattice parameter, 

the Raman- and infrared-active modes, relative Raman intensity and the discontinuity 

of the unit-cell volume under pressure. Conclusion are supported by both in 

experiments and calculations. We have also revealed that the crystal structure of 

Co(IO3)2 show a pressure-induced expansion along certain crystallographic directions 

and a pressure-induced oxygen coordination increase of iodine. The bulk modulus, 

tentative symmetry assignment of the experiment observed Raman- and infrared-active 

modes and the corresponding Grüneisen parameters are reported in this chapter. All the 

results are compared with results from Fe(IO3)3.  

The OA spectra of Co(IO3)2 show an electronic d-d transition associated with Co2+ 

and the fundamental bandgap. The pressure dependence of the d-d transition energy has 

been explained by the semiempirical Tanabe-Sugano (TS) diagram. The pressure-

induced suppression of the Jahn-teller (JT) distortion in the CoO6 polyhedral was 

observed and the high-spin ground state in Co(IO3)2 have been proven to be stable up 

to 110 GPa. The bandgap energy of Co(IO3)2 shows a linear reduction at the pressure 

below 8 GPa and become less pressure dependent above 8 GPa. The high-pressure 

behavior of the bandgap has been explained with the help of theoretically calculated 

electronic band structure under pressure.  
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4.1 Introduction 

Co(IO3)2 crystallizes in a monoclinic crystal structure (space group: P21, No. 4) [129]. 

The space group is different from that of Fe(IO3)3, but as we will see later, it is the same 

as the space group of Zn and Mg iodates. The crystal structure of Co(IO3)2 is shown in 

Figure 20. When view along the b-axis, each iodine is bonded with three oxygen atoms, 

and the bond distance range from 1.8-1.9 Å. On the other hand, each Co atom is 

surrounded by six slightly distorted IO3 pyramids by sharing one oxygen. When view 

perpendicular to b-axis, there is a layer structure formed by the IO3 polyhedra. The 

crystal structure of Co(IO3)2 is similar to that of Fe(IO3)3, and both of them exhibits a 

huge anisotropic behavior under pressure owing to the layered structure. A 

representation of the IO6 “polyhedral units” is shown in Figure 20c. Here we consider 

a 3+3 coordination of iodine, there are two types of iodine and oxygen bond: The first 

one is the short one, normally range from 1.8 to 2.0 Å and existed at ambient pressure 

(O1, O2 and O3 in Figure 20c). Another type of iodine and oxygen bond with the length 

range from 2.6 to 3.2 Å, and are gradually formed under high pressure, due to pressure-

induced shortening of the bond distance and the existence of the stereochemical-active 

LEP in iodine (O3, O5 and O12 in Figure 20c), the same phenomenon as what we have 

described in Fe(IO3)3 (Chapter 3.1 in this doctoral thesis).  

The content of this chapter come from two published papers [130,131], the first 

paper, published in July 2021 [130]. It contains the HPXRD, HPRS, HPFTIR and the 

DFT calculations on the equation of state (EOS) of Co(IO3)2 up to 26 GPa. The 

pressure-induced IPTs, evidenced by all the four diagnostics used in this paper, are 

reported at 3 GPa and in the pressure range of 9.0-11.0 GPa, respectively. The pressure 

dependence of the lattice parameter obtained both from experiments and calculations 

reveals a counterintuitive expansion along the a and c axis at a pressure lower than the 

second IPT, but shortening along those two axis after the second IPT. The theoretically 

calculated pressure dependence of the Co-O and I-O bond distance was reported, 

indicating the increase in oxygen coordination of iodine under pressure. The pressure 

dependence of the Raman- and Infrared-active modes, their pressure coefficients and 

the Grüneisen parameters at zero pressure are reported in this paper too. 

The second paper was published in March 2022 [131]. This paper mainly focused 

on the study of the HPOA spectra of Co(IO3)2, combined the DFT calculations on the   
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Figure 20. Crystal structure of Co(IO3)2 at ambient condition [129] (a). Along b-axis 
and (b) perpendicular to the b-axis. (c) Detail of the IO6 polyhedral in (a) and (b). Purple, 
blue and cyan-blue balls represent Co, I and O atom. The solid yellow line are the bonds 
existed at ambient pressure and the dash yellow line are the bond that will formed at 
high pressure.  
 

electronic band structure. There are two parts of the OA spectra, one is related to the 

internal d-d transition of Co2+, the change of the d-d transition energy is related to the 

crystal structure change of CoO6 octahedral under pressure. The second part is the 

absorption of the fundamental bandgap. The pressure dependence of the bandgap is 

reported, as well as the explanation of the bandgap behavior by analyzing the 

theoretically calculated electronic band structure. 

4.2 Experiments and Calculations details 

4.2.1 Sample preparation 

Needle-like polycrystalline Co(IO3)2 were synthesized from an aqueous solution of 



86 
 

 

sodium iodate NaIO3 (2 mmol, 98% purity, Fluka) and cobalt chloride CoCl2 (1 mmol, 

97% purity, Sigma-Aldrich) by the following reaction: 2NaIO3 + CoCl2 → Co(IO3)2 + 

2NaCl. The reaction mixtures were slowly evaporated at 60 oC for 4 days. Finally, the 

synthesized sample were filtrated and washed with de-ionized water and characterized 

by the Scanning electrons microscope (SEM) and Energy-dispersive X-ray 

(EDX) [130]. The XRD of the sample was collected at ambient pressure by using an 

X’Pert Pro diffractometer from Panalytical (Cu K radiation) and it have been refined 

by a Rietveld method [132] with the reported crystal structure of Co(IO3)2 [129], no X-

ray detectable impurity have been founded. 

4.2.2 HP XRD 

High pressure angle-dispersive powder X-ray diffraction was conducted at the BL04-

MSPD beamline of ALBA synchrotron [133]. A membrane type DAC with diamond 

culets of 400 μm have been used to generate the high pressure environment. The sample, 

together with PTM and gold, was loaded in the 180-μm diameter hole drilled in the 

center of a stainless-steel gasket, which have been pre-indented to a thickness of 40 μm. 

A mixture of methanol: ethanol: water in a ratio of 16:3:1 was used as the PTM, the 

equation of state of gold was used as the pressure gauge [92]. An incident 

monochromatic X-ray beam with a wavelength of 0.4246 Å was used in the experiment 

and the spot size of the X-ray is 20 μm × 20 μm. A Rayonix SX165 CCD detector was 

used to record the diffraction data; the sample-to-doctor distance was obtained by 

refining the diffraction data from LaB6. The method for the data analysis can be found 

in 3.2.2. 

4.2.3 HPFTIR 

HPFTIR was measured at the BL01-MIRAS beamline of ALBA synchrotron [105]. 

Co(IO3)2 was loaded in a DAC designed for IR microspectroscopy equipped with IIAC- 

diamonds with culets of 300 μm. A stainless-steel, which have been pre-indented to a 

thickness of 40 μm was used as the gasket, a 150-μm hole was drilled in the center and 

used as the sample chamber. Solid PTM CsI was used as the PTM. Ruby fluorescence 

scale was used as the pressure gauge [93]. More information about the data collection 
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and analysis can be found in 3.2.3 in this thesis.  

4.2.4 HPRS 

A membrane type DAC was used to generate the high pressure environment, stainless-

steel was first pre-indented to a thickness of 45 μm, and then a 250-μm hole was drilled 

in the center and served as the sample chamber. A mixture of methanol: ethanol in a 

ratio of 4:1 was used as PTM. Ruby fluorescence scale was used as the pressure 

gauge [93]. The information of the experiment set-up and data analysis can be found in 

3.2.4 in this thesis. 

4.2.5 HPOA 

A membrane type of DAC equipped with ⅡA-type diamond with culets diameters of 

480 μm was used to generate the high pressure environment. A stainless-steel have been 

pre-indented to a thickness of 40 μm, a 200 μm hole was drilled in the center and served 

as the sample chamber. Polycrystalline Co(IO3)2 was first compressed to a 3-μm–thick 

platelet, then loaded in the sample chamber together with solid PTM (KBr) [134] and 

pressure gauge (ruby) [93]. The experimental setup can be found in 3.2.5 in this thesis. 

Due to the difference in the intensity about the spectra where related to the d-d internal 

transition and the bandgap, so the spectra was collected by using two different light 

source.   

4.2.6 Overview of calculations 

As the calculation for Fe(IO3)3, VASP was used to do the DFT calculation on Co(IO3)2. 

Pseudopotentials were generated with the projector-augmented wave method [21] with 

a 540-eV plane-wave cutoff. The Brillouin-zone k-point integration was carried out 

using a significant sampling of a 4 × 6 × 4 grid for the primitive unit cell. Instead of 

PBEsol we used in Fe(IO3)3 for exchange-correlation energy, we used PBEsol and the 

Armiento and Mattsson (AM05) prescription [135] in Co(IO3)2. The DFT+U scheme 

of Duradev et al [115] was used to treat the strongly correlated 3d state of the Co atom 

through effective parameter, Ueff=U-J, where U and J are the screened Coulomb and 
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exchange parameters, respectively. Ueff is 3.32 eV for Co atom [136]. The cell 

parameter and atomic position were fully relaxed to obtain the optimized configurations 

for a given volume. Then the pressure was obtained by fitting the equation of state to 

the volume. To perform the lattice-dynamic calculation, the phonopy package [137] 

was used to obtain the wavenumbers and the eigenvectors of the normal vibrational 

modes at Γ point and its irreducible representations. 

4.3 Results and Discussion 

XRD patterns of Co(IO3)2 at selected pressures are shown in Figure 21. There are no 

new peaks appearing up to the highest pressure in the experiment, nor do any of the 

peak split or disappear. Actually, all the XRD patterns at high pressure can be refined 

by the crystal structure at ambient pressure with different lattice parameters (space 

group: P21, No. 4), and the representative Rietveld refinement of the XRD can be found 

in the Supporting Information of ref [130]. Similar to the case of Fe(IO3)3, different 

XRD peaks indeed show a different shifting rate under compression, for example, peak 

(002) stay unchanged under pressure, while peak (-212) is much sensitive to pressure, 

indicating that the crystal structure of Co(IO3)2 will exhibit a huge anisotropic behavior. 

The pressure-induced change in the XRD patterns is reversible as the XRD collected 

from the released sample shows. 

The pressure dependence of the lattice parameters determined both from 

experiments and calculations is plotted in Figure 22. Results were extracted from 

experiment by means of a Le Bail fit [138] of the XRD patterns. These results and the 

theoretically calculated lattice parameters show a good agreement, not only in the value 

but also in the evolution under pressure. Lattice parameter a and c show a nonlinear 

expansion with increasing pressure up to 9 GPa, after that both of them show a linear 

shortening up to the highest pressure. Lattice parameter b exhibits a reduction under 

pressure but with different pressure dependence before and after 9 GPa. Compared with 

the pressure dependence of lattice parameter a and c, b-axis is the most compressible 

axis, like what we found in Fe(IO3)3. The layered structure of the materials in b axis is 

responsible for this huge anisotropic behavior. The monoclinic angle, β, increase from 

119.8 degree to 120 degrees at 3 GPa, after that it fluctuates in a very small range around 

120 degrees. The nonlinear behavior of the lattice parameter evidences two IPTs. The 
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onset of the pressure-induced IPTs are located at 3 GPa and the pressure interval 9-11 

GPa. Here we named the high pressure phases as I1 and I2 phase. 

 

Figure 21. XRD spectra of Co(IO3)2 at selected pressure. Miller index for the observed 
reflection have been marked at 0.7 GPa.   
 

A 3rd-order Birch-Murnaghan (BM) [139,140] EOS was used to fit the unit-cell 

volume at ambient+I1 and I2 phase separately (see ref [130]). We fitted the results from 

the ambient phase and I1 together due to the fact that there are no enough data in 

ambient-pressure phase to do the BM fitting and there is no discontinuity in the volume 

between those two phases. The bulk modulus for ambient+I1 phase is 29.8 GPa in 

experiments, 32.1 GPa and 30.7 GPa in the calculations with PBEsol and AM05 

prescription, respectively. The bulk modulus determined for the I2 phase is 70.8 GPa in 

experiments, 50.7 GPa and 38.3 GPa from calculation with PBEsol and AM05. In 

experiments, the bulk modulus of Co(IO3)2 in ambient+I1 phase is almost half of that 

of the LP phase of Fe(IO3)3, and the calculations with PBEsol prescription agree better 

with the results obtained from experiments, so below we will only focus on the 

calculation results from PBEsol prescription. Additionally, by fitting the theoretically 
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calculated volume of IO6 and CoO6 polyhedral with a 3rd-order BM EOS, the bulk 

modulus of them at ambient+I1 phase are 22 and 102 GPa, respectively. Therefore, the 

bulk modulus of Co(IO3)2 is dominated by the compressibility of IO6 polyhedra rather 

than that of CoO6 octahedra.  

 

Figure 22. Pressure dependence of the lattice parameter obtained from experiment 
(symbol) and theoretical calculation (solid and dash line represent the calculation 
results with PBEsol and AM05 prescription for the exchange-correlation energy, 
respectively).  

  

The theoretically calculated pressure dependence of I-O and Co-O bond distance 

can be found in ref [130], the Co-O bond shows a nonlinear reduction under pressure 

and a pressure-induced coefficient change happens at 3 and 9-11 GPa, respectively, 

providing further evidence of the two IPTs. The change of the six Co-O bond distances 

also indicates that the CoO octahedral units become less distorted under pressure. The 

three short I-O bonds show a slightly increase under pressure, while the three long I-O 

distances shorten under compression, which is a result of the gradual increase of the 
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oxygen coordination of iodine. To accommodate to the three new oxyanions, the three 

first-neighbor oxygen atoms will be pushed away from iodine. The same behavior was 

also observed in Fe(IO3)3.    

The Raman (Figure 23) and FTIR spectra of Co(IO3)2 both at ambient and high 

pressure can be found in ref [130]. In the same work, there are tables providing the 

experimental and theoretical frequency of Raman- and infrared-active modes, as well 

as the pressure coefficient and Grüneisen parameters. The Raman and infrared spectra 

of Co(IO3)2 show some common features with those of Fe(IO3)3. (ⅰ). The Raman spectra 

can be divided into three regions, the high-frequency region (600-900 cm-1), mid-

frequency region (300-500 cm-1), and low-frequency region (10-300 cm-1). (ⅱ). The 

high-frequency region is mainly contributed by the stretching of I-O bonds, and the 

strongest peaks (765 cm-1) is found in this region. (ⅲ). The modes at high-frequency 

region show a soft behavior under compression. We have demonstrated that the mode 

softening [101,141] is related to the expansion of the three short I-O bonds under 

pressure.  

The mid-frequency region is dominated by I-O bending. We also collected the 

FTIR spectra in this wavenumber region, both of them can provide the vibration 

behavior for the I-O bending. According to crystal structure, Co(IO3)2 has 54A+54B, in 

total 108 vibrational modes, and all of them are both Raman- and Infrared-active. So in 

the mid-frequency, the modes we found in Raman spectra, are expected to be found in 

the infrared experiment as well. Indeed. Raman and infrared spectra show that both 

techniques detected the same vibration. They are similar in the frequency and show a 

similar evolution under pressure. There are also some modes that are not detected in 

Raman but found in Infrared spectra, which is useful as they can complement to each 

other.  

There are no new peaks appearing in the complete pressure range in Raman and 

infrared spectra. The changes in the intensity of the modes 136 and 193 cm-1 reflects 

the two IPTs we found before. This can be seen by comparing the relative intensity of 

those two modes shown in ref. [130]. Furthermore, both the Raman (Figure 24) and 

infrared modes (Figure 25) evolved in a nonlinear way under pressure (Figure 25), and 

a pressure coefficient change happened at the phase transition pressure of those two 

IPTs. So all the diagnostics we used here supported the existence of those two IPTs. As 

we found in Fe(IO3)3, there is also a phonon gap closing in Raman spectra of Co(IO3)2, 
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this is a consequence of the hardening of the modes in mid-frequency region and 

softening of the modes in high-frequency region. 

 
Figure 23. Raman spectra of Co(IO3)2 at selected pressure. Ambient, I1 and I2 phase 
are shown in different color.  
 

 
Figure 24. Pressure dependence of the experiment (dots) and calculation (solid line）
determined Raman-active modes showing in three different frequency regions. The 
vertical dash line indicted the pressure coefficient changes, corresponding to the 
pressure where the IPT happened. For the sake of clarity, here we show the theoretical 
modes tentatively attributed to the experimentally observed modes. In the high-
frequency region, we upshift the theoretically calculated modes by 70 cm-1 to better 
compared them with the experimental modes. A- and B-symmetry modes are shown in 
green and blue, respectively. 
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Figure 25. Pressure dependence of experiment (symbol) and theoretical calculation 
(solid lines) determined Infrared-active modes. The vertical dash line indicates the 
pressure where the two IPTs takes place. A- and B-symmetry modes are shown in green 
and blue, respectively. 

 

Now we start to analyze the OA spectra of Co(IO3)2 at ambient and high pressure. 

The OA spectra can be divided into two parts: The part at the energy range from 2.0 to 

2.6 eV shows the d-d internal transition energy of Co2+. Another part is located at the 

energy range from 2.6 to 3.6 eV, this part shows the absorption associate with the 

fundamental bandgap. In order to exhibit those two parts more clear, two light sources 

were used to collect the absorption spectra and the spectra was plotted in two separated 

figures (Figure 26a and b). Firstly, we will analyze the OA spectra related to the d-d 

internal transition (Figure 26a). At the pressure below, we can fit the spectra with two 

absorption band located at around 2.15 and 2.46 eV. One of them stay unchanged and 

another one shows a slight blue shift under compression. At the pressure of 7.3 GPa and 

above, the second energy band starts to shift to higher energy with a totally different 

pressure coefficient, and a minor absorption band occurred between the two absorption 

bands. The OA spectra among all the pressure have been fitted by a Gaussian profile 

and the energy have been plotted in Figure 27c. Notably, the pressure coefficient of the 

absorption band changes in close proximity to the pressure of the second IPT we found 
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in other diagnostics.   

 

 

Figure 26. (a) OA spectra of Co(IO3)2 at the low-energy region, 1.5 to 3.1 eV, show the 
absorption band associated to the d-d internal transition of Co2+. (b) OA spectra at the 
high-energy region, 2.2 to 3.6 eV, where show the absorption band related to the 
fundamental bandgap.  

 

In the crystal structure of Co(IO3)2, Co atoms occupy two nonequivalent 

crystallographic positions, we named it as Co1 and Co2. As we can observe in Figure 

27d, the theoretically calculated distortion of Co1O6 and Co2O6 are almost identical, 

so here we can treat them as the same for the following analysis (a representative CoO6 

have been shown in Figure 27a). At ambient pressure, the average Co-O bond distance 

is 2.067 Å with a distortion index of =0.06 Å. The distortion of CoO6 decrease very 

rapidly to 0.02 Å at 7.3 GPa, after that, the distortion index is independent of the 

pressure change. As we observed in the pressure dependence of Co-O bond distance, 

the CoO6 octahedra become more symmetrical under pressure.  

The electronic configuration of Co2+ in Co(IO3)2 is 3d7, the seven electrons occupy 

the dxy, dxz, dyz, 𝑑௫మି௬మand 𝑑௭మ orbitals, the first three orbitals is in triply degenerate 

t2g level and the last two are in doubly degenerate eg level (Figure 27b). By subject to 

a weak Jahn-Teller effect, the Co2+ is in a slightly distortion coordination, causing a 

slight splitting of the t2g and eg level. According to the relationship between the local 

structure and the splitting t and e established in ref. [85,142,143] for halides and 
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oxides. The t and e in the d level of Co2+ were estimated to be 0.2-0.3 eV and 0.05 

eV at ambient pressure, both of them decrease by a factor of 6 at 17.5 GPa (Figure 27b). 

Furthermore, the reduction of the crystal-field splitting with increase pressure caused 

the narrowing of the d-d absorption band at 2.15 eV (Figure 26a).         

 

Figure 27. (a) Representative of the CoO6 polyhedral in Co(IO3)2. (b) Diagram of Co2+ 
d levels in Co(IO3)2 below and above 7.3 GPa. (c) Pressure dependence of the d-d 
transition energy. Solid lines are linear fit. (d) Theoretically calculated distortion index 
of Co1O6, Co2O6 in Co(IO3)2 and ZnO6 in Zn(IO3)2 as a function of pressure. 

 

The absorption band we observed in the low energy region can be explained by 

using the Tanabe-Sugano (TS) diagram established for 3d7 state as shown in Figure 

28 [144], more description on the TS diagram can be found in ref [131]. In the high spin 

state of Co2+, the ground state is 4T1g(F) and the spin allowed transition are: 4T1g(F) → 

4T2g(F), 4T1g(F) → 4A2g(F), 4T1g(F) → 4T1g(P). Among them, the 4T1g(F) → 4T1g(P) 

is the major feature for the OA spectra, since the 4T1g(F) → 4T2g(F) transition is around 

0.7 eV, below the explored energy region, for the transition 4T1g(F) → 4A2g(F), 

involving two electrons jumping from t2g to eg, is proportional to 2, caused a 

broadening of the peaks thus is difficult to be detected at ambient pressure. Therefore, 
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the band at 2.13 eV at 1.2 GPa is assigned to the spin-allowed 4T1g(F) → 4T1g(P) 

transition. Another absorption band observed at the pressure lower than 7.3 GPa have 

been assigned to the transition 4T1g(F) → 2A1g(G) as shown in Figure 28, based on the 

similar pressure coefficient between them. Although this transition is spin forbidden,  

 

Figure 28. TS diagram for 3d7 ions calculated with C/B = 4.62. The state energy E is a 

function of the crystal-field energy  in terms of the Racah parameter B. The spin 
allowed transition were shown in blue. The vertical dash line indicated where the high 
spin (HS, S=3/2) to low spin (LS, S=1/2) happened.  
 

the spin-orbit interaction and proximity of change-transfer sate makes it allowed. At 

pressure higher than 7.3 GPa, because of the narrowing of the d-d transition band, there 

is a new weak peak emerging (Figure 26a) and the pressure dependence of the energy 

have been plotted in Figure 27c. The energy of this band is between those two 

absorption bands we found below 7.3 GPa and the pressure coefficient is similar to the 

transition 4T1g(F) → 2T1g(H). So it is reasonable that we assigned this new peak to the 

spin-fliplike 4T1g(F) → 2T1g(H) transition in the TS diagram.  

As we have assigned all the observed absorption band in the low-energy region to 

the state in TS diagram, now by comparing the energy ratio between the experiment 

observed absorption band and the related state in TS diagram, we are able to solve the 

Racah parameter B for Co2+ in Co(IO3)2, as well as the crystal field energy  in different 

pressure. For example, the energy ratio between the experiment observed d-d transition 

band at 1.2 GPa is 2.47 eV/2.13 eV=1.16, the same ratio between state 2A1g(G) and 
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4T1g(P) in the TS diagram is /B = 9.08 in x axis and E/B = 21.7 in y axis when E is 

2.13 eV. So here we got the Racah parameters B=0.098 eV, C=0.453 eV and =0.89 eV. 

the value of the Racah parameter B in Co(IO3)2 is similar to the value in KCoF3 

(B=0.105 eV) [145], CoCl2 (B=0.097 eV) [85] and CoO (B=0.105 eV) [146]. By the 

same method, we solved the crystal field energy  in Co(IO3)2 is 0.94 at 7.5 GPa and 1 

eV at 17.5 GPa as we shown in Figure 28. The crystal field energy increases with the 

increasing pressure, according to the TS diagram in Figure 28, the high-spin to low-

spin transition happened at /B=22 and the corresponding volume reduction needs to 

reach =2.2 eV would be 60%. Therefore. the spin transition pressure is predicted to 

be 110 GPa in Co(IO3)2, higher than the transition crossover found in CoCl2 (70 

GPa) [85].  

 

 
Figure 29. Pressure dependence of bandgap energy for Co(IO3)2 determined from 
experiment (dots) and theoretical calculation (solid line). 
 

Figure 29 provides the pressure dependence of the bandgap energy of Co(IO3)2. 

The experimental bandgap was obtained by adopting the Tauc plot for indirect bandgap 

materials in the OA spectra we shown in Figure 26b. Similar to the behavior of the 

distortion index of CoO6 under pressure, the bandgap energy first shows a negative 

relationship with pressure and then at pressure higher than 8 GPa, it is less pressure 

sensitive. As the DOS and PDOS of Co(IO3)2 shown in ref. [131], the VBM is 

dominated by Co-3d and O-2p state, while the CBM is dominated by the I-5p state, 
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similar to that of Fe(IO3)3, the partial filled 3d state contribute to the energy near to 

Fermi level, which is a common feature for the partial filled transition metal iodates 

(see Table 1 in Chapter 1.3 of this thesis). So the bandgap of Co(IO3)2 will be 

dominated by the change of Co-O and I-O bond distance. Notice, the pressure 

dependence of the Co-O and I-O bond distance have been reported in ref. [130]. The 

Co-O bond distance shows a nonlinear reduction under compression, while the I-O 

bond distance (the three short bonds) will slightly increase under compression, in 

accommodate to the three additional oxygen in the next IO3 layer. So there are two 

effects compete under pressure, the decrease of the Co-O bond distance increases the 

overlap between the Co and O orbital and favors narrow the bandgap energy. On the 

other hand, the enlargement of the I-O bonds reduces the hybridization between I and 

O atom, favoring open the bandgap energy. At the pressure lower than 7.3 GPa, Co 

contributes the most to the VBM, so the first effect dominated the bandgap energy at 

lower pressure, when pressure higher than 7.3 GPa, the contribution of Co decrease to 

the same level as O, those two effects neutralize each other and result in the less 

dependence on pressure. The atomic character at VBM and CBM can be found in 

ref. [131]. 

4.4 Conclusions 

(1) Co(IO3)2 undergoes two IPTs at 3.0 GPa and in the pressure interval of 9.0-11.0 GPa, 

the phase transitions have been characterized by HPXRD, HPRS, HPFTIR, and DFT 

calculations, only the second phase transition have been found in HPOA. The lattice 

parameters a and c expand before the second IPT and shorten after the second IPT. The 

Raman- and infrared-active modes exhibits a nonlinear behavior under pressure. In 

HPOA, the bandgap energy also shows different pressure coefficients before and after 

7.5 GPa, a pressure corresponding to the second IPTs. The driven mechanism of those 

two IPTs is the increase of the oxygen coordination of iodine under pressure, which is 

a consequence of the decrease of the stereoactivity of the LEP in iodine under pressure.      

(2) The bulk modulus for the ambient+I1 phase and I2 phase were determined to be 

29.8 and 70.8 GPa in experiment (32.1 and 50.7 GPa in theoretical calculation). The 

bulk modulus of Co(IO3)2 have been demonstrated to be dominated by IO6 polyhedral, 

rather than CoO6 octahedral.  
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(3) The crystal structure of Co(IO3)2 show a huge anisotropic behavior, and b–axis is 

the most compressible axis, the reason is the layered structure along this axis formed 

by IO3 pyramid.   

(4) The theoretically calculated pressure dependence of Co-O bond distance shows a 

nonlinear reduction under pressure, and the bond distance between iodine and inlayer 

oxygen slightly increases under compression, while the bond distance between iodine 

and inter-layer oxygen decreases under compression. 

(5) The Raman spectra of Co(IO3)2 can be divided into three regions according to the 

mode of atomic vibration. The strongest mode (765 cm-1) is located in the high-

frequency region. Furthermore, most of the modes in the high-frequency region soften 

under pressure, which is a result of the slightly enlargement of the bond distance 

between iodine and inlayer oxygen. The modes in mid- and low-frequency region 

harden under pressure and show a nonlinear behavior, supports the two IPTs found in 

other diagnostics. 

(6) The infrared spectrum shows the information at the mid-frequency region and part 

of the low-frequency region. The pressure dependence of the infrared-active modes 

shows a nonlinear behavior, support the two IPTs we found in other diagnostics. 

(7) The OA spectra of Co(IO3)2 can be divided into two regions, the low-energy region 

(2.0 eV to 2.8 eV) and high-energy region (2.6 eV to 3.6 eV). The low-energy region is 

related to the d-d internal transition of Co2+, and the high-energy region related to the 

fundamental bandgap. At the pressure below than 7.3 GPa, the d-d transition spectra 

are broad, due to the slightly distorted CoO6 octahedral. The distortion of CoO6 

decrease from 0.06 at ambient pressure to 0.01 at the pressure higher than 7.3 GPa, 

causes narrowing of the spectra.  

(8) The d-d transition band have been well explained by the T-S diagram for 3d7. The 

Racah parameter for Co2+ in Co(IO3)2 is 0.098 eV and the crystal field splitting energy 

is 0.453 eV at 1.2 GPa, the crystal field splitting energy increased to 1.00 eV at 17.5 

GPa. The predicted high-spin to low-spin transition is 110 GPa. 

(9) According to the theoretically calculated band structure of Co(IO3)2, it is an indirect 

bandgap material. The VBM is dominated by Co-3d and O-2p orbital, while the CBM 

is dominated by the I-5p state. Therefore, the bandgap of Co(IO3)2 was dominated by 

the change of the Co-O and I-O bond distance.   

(10) The bandgap of Co(IO3)2 decrease sharply with pressure up to 7.3 GPa, and then 
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show an independent behavior of pressure. The shortening of the Co-O bond distance 

favors the narrowing of the bandgap energy, while the slightly enlargement of the I-O 

bond distance favors the opening of the bandgap energy. The competition of those two 

effects under pressure results in the non-linear bandgap change under pressure.  

(11) The changes we observed in HPXRD, HPRS, HPFTIR and HPOA are reversible.  

4.5 Author Contribution 

The author of this doctoral thesis is the first author of all the two published papers, 

which are the main content of this chapter. HPRS and HPOA were conducted by the 

author. HPFTIR were conducted by the author, Robin Turnbull, and Enrico Bandiello. 

HPXRD was conducted by Catalin Popescu. The theoretical calculations were 

performed by Placida Rodriguez-Hernandez and Alfonso Muñoz. Francisco Javier 

Manjón provides help in the HPRS experiment and the discussion on the results. The 

sample used in thoese studies was synthesized by Zoulikha Hebboul. Ibraheem Yousef 

helped the HPFTIR experiment and Fernando Rodríguez helped in the anlysis of the 

HPOA spectra. Daniel Errandonea supervised the studied project. All the data were 

analyzed by author. The author and Daniel Errandonea wrote the first draft of those two 

papers, those two papers were revised by all authors.  
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5. Crystal structure and atomic vibration of 

Zn(IO3)2 under pressure 

As the partial filled 3d orbital of transition metal will contribute to the band structure 

near to the Fermi level and narrow the bandgap of metal iodates, which is contrary to 

our goal of synthesizing wide-bandgap metal iodates, now we move our study to the 

closed-shell transition metal iodate, Zn(IO3)2. In this chapter we only present the study 

on the crystal structure and atomic vibrations under pressure. The electronic band 

structure of this sample will be presented in the next chapter together with that of 

another non-transition metal iodate, Mg(IO3)2. In this chapter, the high-pressure 

behavior of Zn(IO3)2 was characterized by the combination of high-pressure X-ray 

diffraction (HPXRD), high pressure Raman scattering (HPRS), High-pressure 

synchrotron based Fourier transform infrared microspectroscopy (HPFTIR), and first-

principles calculations. Under pressure, Zn(IO3)2 undergoes two subtle isostructural 

phase transitions (IPTs) at 2.5-3.4 GPa and 8-9 GPa pressure intervals. The two IPTs 

were driven by the oxygen coordination increase from 3-fold to 6-fold in iodine. The 

coordination increase in turn is a consequence of the existence of the lone electrons 

pairs (LEP) in iodine and the pressure-induced shortening of the bond distance between 

the iodine and the oxygen in the neighboring IO3 layer. In order to accommodate to the 

additional oxygen, the bond distance between the iodine and the three inlayer oxygen 

atoms slightly expanded under compression, and caused most of the Raman-active 

modes in the high-frequency region to soften under pressure. Both the Raman- and 

Infrared- active modes show a nonlinear pressure dependence under pressure, which 

supports the two IPTs we found in HPXRD. Finally, the equation of state obtained from 

experiments and calculations, frequency of Raman and infrared modes at ambient and 

high pressure, and their symmetry assignment were reported.   

5.1 Introduction 

At ambient conditions, Zn(IO3)2 crystallizes in a monoclinic structure (space group: 

P21, No. 4) which is shown in Figure 30 [147]. The crystal structure of Zn(IO3)2 is 

similar to that of Co(IO3)2 but half in length in the b-axis. When view along the c-axis, 
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the Zn atom is surrounded by six IO3 pyramid by sharing one oxygen, and each iodine 

atom is bonded with three oxygen. In the IO3 pyramid, the pentavalent iodine will form 

three covalent bond with oxygen by sharing its p electrons, leaving the two s electrons 

free as LEPs and orient toward the opposite direction of the bottom of pyramid. When 

view perpendicular to the c-axis, it is a layered structure formed by IO3 units. The same 

layered structure also has been observed in the structure of Fe and Co iodates.  

 

 

Figure 30. Crystal structure of Zn(IO3)2 at ambient pressure [147]. (a) Crystal structure 
projected onto ab plane and (b) Perpendicular to c axis. Blue, green and cyan-blue ball 
represent Co, I and O atoms, respectively.   
 

This chapter includes two published papers [141,148], the first one published in 

February 2021 [141]. In this paper we reported the HPXRD, HPRS, and first-principle 

study on the crystal structural and atomic vibrations of Zn(IO3)2. Two symmetry 

preserving phase transitions have been evidenced by the nonlinear behavior of the 

lattice parameters and the Raman-active modes under pressure. The driven mechanism 

of the pressure-induced two IPTs have been explained by the coordination changes in 

iodine.  

The second paper for this chapter was published in December 2020 [148]. This 

paper reported the HPFTIR study of Zn(IO3)2. The nonlinear behavior of the infrared-

active modes under pressures provides further evidence of those two IPTs we found in 

other diagnostics.   
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5.2 Experiment and calculation details 

5.2.1 Sample preparation 

Needle-like Zn(IO3)2 crystal were synthesized by mixing the Potassium iodate KIO3 (2 

mmol, 99.5% purity, Fluka) and zinc chloride ZnCl2 (1 mmol, 98% purity, Riedel-

deHeän) in deionized water. The mixture follows the following reaction: 

2KIO3+ZnCl2Zn(IO3)2+2KCL. The mixtures were slowly evaporated and maintained 

at 60 oC for 4 days, after that the white precipitations was obtained. Finally, the crystal 

was filtrated and washed with deionized water.     

XRD at ambient pressure was performed by using an XPERT Pro diffractometer 

from Panalytical employing monochromatic Cu K1 radiation, to confirm the crystal 

structure and the purity of the sample we synthesized. The Rietveld refinement was 

used to refine the XRD pattern with the monoclinic crystal structure reported in the 

literature [147]. The quality factors of Rietveld refinement are Rp = 7.22% and Rwp = 

9.91%, The lattice parameters and atomic positions obtained from the Rietveld 

refinement, together with the calculated lattice parameters and the value reported in the 

literature, are shown in the ref. [141]. The lattice parameter from the three different 

sources show an excellent agreement. No XRD detectable impurity was found.  

5.2.2 HPXRD 

High-pressure angle-dispersive polycrystalline X-ray diffraction was conducted at 

BL04-MSPD beamline station of ALBA synchrotron [133]. A membrane type DAC 

with a diamond culet of 400 m was used to generated the high pressure environment. 

A stainless-steel was firstly pre-indented to a thickness of 40 m, and a 180-m-hole 

was drilled in the center which was used as the sample chamber. A mixture of methanol: 

ethanol: water (MEW) at a ratio of 16:4:1 was used as the PTM. The equation of state 

of gold was used as the pressure gauge [92]. More information about the set-up in the 

beamline can be found in Chapter 4.2.2 in this thesis. 
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5.2.3 HPRS 

A membrane type DAC with the diamond culet of 300 m was used to generated the 

high pressure environment. The sample was loaded together with Ruby gauge [93] and 

MEW in a 150 m hole, drilled in the center of the pre-indented stainless-steel. More 

information about the Raman set-up can be found in Chapter 3.2.4 in this thesis. 

5.3.3 HPFTIR  

HPFTIR was conducted at MIRAS beamline of the ALBA synchrotron [105]. A 

membrane type DAC designed for IR spectroscopy (IIAC-diamonds) with the diamond 

culet of 300 µm was used to generate the high pressure environment. Stainless-steel 

gasket was pre-indented to a thickness of 40 m and drilled with a 150 m hole in the 

center. CsI was used as the PTM, pressure was determined by using the ruby scale [93]. 

More detail of the set-up in MIRAS beamline can be found in Chapter 3.2.3 in this 

thesis.  

5.3.4 Overview of the Calculations 

VASP within the density functional theory (DFT) framework and projector-augmented 

wave pseudopotential method was used to do the theoretical calculation [107–109,111–

113]. The cutoff of the plane-wave energy is 540 eV, the exchange-correlation energy 

was described by generalized gradient approximation (GGA) with the Perdew–Burke-

Ernzerhof (PBE) for solids prescription (PBEsol) [114]. The Monkhorst-Pack 

scheme [117] was employed to discretize the Brillouin-zone (BZ) integrations with a 4 

× 8 ×4 mesh to ensure accuracy. All the structure was fully relaxed and the lattice 

parameters were obtained at selected volumes, the lattice parameter obtained from the 

calculation show a good agreement with that from the HPXRD not only at ambient 

pressure, but also at high pressure [141], indicting a proper description of the material  

by calculations. The calculation on the phonons was performed at the zone center (Γ 

point) of the BZ by using the direct method [149], as well as the symmetry and 

eigenvectors of the phonons at the Γ point.   
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5.3 Results and Discussion 

The collected XRD patterns of Zn(IO3)2 at selected pressures are shown in Figure 31, 

and the miler index of the observed diffraction peak are indexed in the XRD profile 

collected at 0.2 GPa. Similar to the XRD of Fe(IO3)3 and Co(IO3)2, the peaks shift in a 

different rate under pressure. The peak (100) moves slowly or even almost invariably 

under pressure, whereas the peak (101) is very sensitive to pressure. It shifts from 7 

degrees at 0.2 GPa to around 9 degrees at 27.8 GPa. This behavior indicates that the 

crystal structure is anisotropic. 

 

Figure 31. XRD spectra of Zn(IO3)2 at selected pressure, miler index was shown in the 
spectra of 0.2 GPa, the topmost spectra were collected after release the pressure and “d” 
means “decompression”.  
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Figure 32. Experiment (dots) and calculation (solid lines) determined lattice parameter 
of Zn(IO3)2 as a function of pressure. The vertical dash line indicate the pressure 
coefficient change of the lattice parameter.   

 

No new peaks appear, disappear or split throughout the pressure range, indicating that 

no first-order phase transition has taken place within the studied pressure. As the 

Rietveld refinement of the XRD at lowest and highest pressure shown (see ref. [141]), 

all the observed peaks can be assigned to the monoclinic structure we described in the 

Introduction. The changes in the XRD spectra is reversible as the topmost spectra in 

Figure 31 shown. 

The lattice parameters determined from experiments and calculations are shown 

in Figure 32. There is an excellent agreement between them. (ⅰ) Both of them show a 

discontinuity at around 3.4 and 8.9 GPa in the pressure coefficient. Lattice parameter a 

and c show a similar behavior. They exhibit a pressure independent behavior at pressure 

lower than 3.4 GPa, then slight expand with the increasing pressure at the pressure 

interval of 3.4 -8.9 GPa, after that there is little change with increasing pressure. (ⅱ) 

Lattice parameter c decreases with increasing pressure, but also show a discontinuity at 

8.9 GPa, c-axis is the most compressible axis. The anisotropic behavior of the crystal 

structure is related to the layered structure along the c-axis, a common feature of the 

studied metal iodates studied in this thesis. (ⅲ) The monoclinic angle, γ, shows a 

nonlinear reduction under pressure, and fluctuates back and forth at around 120 degrees 

at the pressure higher than 8.9 GPa. The nonlinear pressure dependence of the lattice 

parameter, as well as the unit-cell volume [141], has been attributed to two IPTs 
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happening at 3.4 and 8.9 GPa.    

A third-order BM EOS was adopted to fit the unit-cell volume obtained from 

experiments and calculations. The bulk modulus is 21.6 GPa and 18.4 GPa, respectively. 

The bulk modulus of Zn(IO3)2 is close to that of Co(IO3)2 (29.8 GPa for ambient+I1 

phase in experiment). Here we use only one EOS to fit the unit-cell volume instead of 

two as in the study of Co(IO3)2. As ref. [141] showed, the fitting is not good, especially 

in the calculated unit-cell volume, which is a sign of the existence of those two IPTs. 

By adopting a third-order BM EOS to fit the theoretically determined volume of ZnO6, 

I1O6 and I2O6 polyhedra, the bulk modulus of them are 66±2 GPa, 21±2 GPa, and 20±2 

GPa, respectively. It is clear that the bulk modulus of Zn(IO3)2 is mainly determined by 

the compressible of IO6 units, rather than ZnO6 octahedra. The same relationship as 

observed in Fe(IO3)3 and Co(IO3)2.   

Based on the fact that the calculations properly described the changes in the crystal 

structure under pressure, it is reasonable to analyze the pressure dependence of the Zn-

O and I-O bond distances from calculation results. The same as what we observed in 

Co(IO3)2, all the six Zn-O bond distances show a nonlinear reduction under pressure, 

the slope changed at 3.8 and 8.9 GPa. These facts support the IPT we found in the 

changes of lattice parameter. The bond distance between iodine and inlayer oxygen 

become slightly longer with pressure. In contrast, the bond distance between iodine and 

interlayer oxygen become shorter with pressure. If we chose 2.48 Å as the maximum 

distance for bonding between iodine and oxygen (25% larger than the shortest I-O 

bond [121]) then there is a gradually increase of the oxygen coordination in iodine. The 

same behavior was found also in Fe(IO3)3 and Co(IO3)2. 

The Raman spectra of Zn(IO3)2 at selected pressures are shown in Figure 33. The 

spectra are similar to those of Fe(IO3)3 and Co(IO3)2. The spectra can be divided into 

three regions: high-frequency region with a wavenumber range from 600 to 900 cm-1, 

contribute by the stretching of I-O bond. Mid-frequency region located in the 

wavenumber range from 300 to 500 cm-1, and linked to the I-O bending. The low-

frequency region below 200 cm-1. The strongest peak is located in the high-frequency 

region at 782 cm-1. The equivalent modes in Fe(IO3)3 is at 790 cm-1 and in Co(IO3)2 is 

at 765 cm-1. It is reasonable that the strongest modes of the above studied metal iodates 

located at the similar frequency, since the I-O bond distance is very similar in them.  

According to group theory, Zn(IO3)2 should have 27A+27B in total 54 vibration 
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modes, three of them are acoustic modes, and all the rest are both Raman- and infrared-

active. At ambient pressure, 22 Raman-active modes have been detected, the results and 

the modes reported previously work have been summarized in ref. [141]. The symmetry 

of the Raman modes observed in experiments has been assigned (see Table Ⅱ in 

ref. [141]) based on the comparison of the frequency at ambient pressure and the 

pressure coefficient at high pressure with that obtained from calculation. There is a 

phonon gap closing in the Raman spectra. This is as a consequence of the hardening of 

the modes in mid- and low-frequency regions and softening of the modes in the high-

frequency region. Most of the modes at the high-frequency region soften under 

compression, which is a results of the enlargement of the I-O (inlayer oxygen) bond 

distances under compression.  

Under a harmonic approximation, the force constant, k, of the I-O bond is a 

function of the negative cubic of the average I-O bond distance, (dI-O)-3. Meanwhile, 

the frequency of the stretching mode, ω, can be written as ω=(k/μ)1/2, where μ is the 

reduced mass. So if this approximation is correct and the modes at high-frequency 

region soften is related to the enlargement of the I-O (inlayer oxygen) bond distance. 

Then there is a linear relationship between I-O average bond distance and ω-2/3. Just as 

expected, there is a linear relationship between them as shown in Figure 34. Notice, 

the bond distance and the modes frequency are obtained from calculations.  
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Figure 33. Raman spectra of Zn(IO3)2 at selected pressure, the topmost spectra was 
collected after release the pressure, “d” means “decompression”.   

 

Figure 34. Relationship between the calculated average I-O bond distance and the ω-2/3, 
where ω is the calculated frequency of some modes in the high-frequency region and 
show a soft behavior under compression. The pressure of the bond distance was 
indicated in the upper axis.   
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The far-infrared spectra of Zn(IO3)2 at selected pressures are shown in Figure 35. 

This part of the infrared spectra corresponds to the mid-frequency and part of the low-

frequency region in the Raman spectrum. As we discussed before, all the modes are 

both Raman and infrared-active, so in principle, the infrared and Raman modes will 

show similar behavior under pressure. A comparison of the frequency determined from 

Raman and infrared spectra was summarized in the Table 1 in ref. [148], as expected, 

some modes detected in Raman spectra were also observed in infrared spectra at the 

lowest pressure. Those modes found in infrared spectra but not in Raman spectra can 

complete the investigation on the vibration modes of Zn(IO3)2. In the HPFTIR spectra 

in Figure 35, all the modes shift to the higher frequency, in consistence with the modes 

in Raman spectra in the same frequency region. Some peaks changed in intensity at 3.6 

and 8.8 GPa. They are marked by asterisks. Furthermore, the infrared-active modes 

show a nonlinear behavior under pressure and the slop changed at 3.6 and 8.8 GPa, such 

as modes 425 cm-1 and 440 cm-1 in mid-frequency region (Figure 36b), 158 cm-1 and 

208 cm-1 in the low-frequency region (Figure 36a). All those changes observed in the 

infrared spectra are qualitatively similar to those changes found in Fe(IO3)3 and 

Co(IO3)2, providing further evidence of the two IPTs found in other diagnostics. It is 

worth noting that there is a sign change in the pressure dependence of infrared modes 

at around 12 GPa. These changes have not been found in any other diagnostics. They 

could be related to the occurrence of non-hydrostatic stresses at 12 GPa and higher 

pressures because the peaks become significant broad at the pressure higher than 12.1 

GPa. In the hydrostaticity study on the PTM broadly used for infrared spectroscopy, the 

hydrostaticity of CsI is perfect at the pressure lower than 2 GPa but become worse at a 

pressure higher than about 16 GPa [91].  
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Figure 35. Infrared spectra of Zn(IO3)2 at selected pressure, the pressure of each 
spectrum are indicated in the right in the units of “GPa”. The asterisks are indication of 
the peaks intensity change.  
 

 

Figure 36. Pressure dependence of the Infrared modes at (a) low-frequency region, 
which related to the lattice modes and (b) mid-frequency region where contribute by 
the I-O internal bending modes. The vertical dash lines indicate the sign change of the 
modes under pressure.  
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5.4 Conclusions 

(1). Zn(IO3)2 undergoes two IPTs at the pressure range of 2.5-3.4 GPa and 8-9 GPa. 

The two IPTs were evidenced by the nonlinear behavior determined from experiments 

and calculations for the lattice parameters, unit-cell volume, and Raman and infrared-

active modes under pressure.  

(2). The crystal structural behavior of Zn(IO3)2 is anisotropic, c-axis is the most 

compressible axis, which is caused by the layer structure formed by IO3 units in this 

direction. 

(3). The bulk modulus of Zn(IO3)2 is 21.6 GPa and 18.4 GPa determined from 

experiments and calculations, a third-order BM EOS was adopted to fit the unit-cell 

volume in the whole pressure range. The bulk modulus of Zn(IO3)2 is mainly 

determined from the compressibility of IO6 units.   

(4). According to the calculations, the Zn-O bond distances show a nonlinear shortening 

under pressure, and the slop changes at the same pressure of IPTs. The bond distances 

of iodine and inlayer oxygen atoms slightly increase under pressure, while the bond 

distances between iodine and interlayer decrease under pressure.  

(5). The oxygen coordination of iodine gradually increases from 3 to 6-fold, if we chose 

the 2.48 Å as the maximum bond distance between iodine and oxygen.  

(6). The Raman spectra of Zn(IO3)2 can be divided into three regions, the high-

frequency region (600-900 cm-1) is related to the stretching of I-O bond, the strongest 

mode is located at 782 cm-1 at ambient pressure. The mid-frequency (300-500 cm-1) is 

related to the bending of I-O bonds, and the low-frequency region is the modes lower 

than 200 cm-1. 

(7). Most of the modes in the high-frequency region show a soft behavior under pressure, 

while all the modes in the mid and low-frequency region harden under pressure, causing 

a phonon gap closing under pressure. 

(8). Under a harmonic approximation, the mode softening under pressure is a reason of 

the enlargement of the bond distance between iodine and inlayer oxygen. 

(9). The infrared-active modes also show a nonlinear behavior under pressure, the sign 

changes were located at 3.6 and 8.8 GPa, provide further evidence of the two IPTs found 

in other diagnostics.  

(10). The changes found in HPXRD, HPRS and HPFTIR are reversible.   
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6. Crystal structure and atomic vibrations of 

Mg(IO3)2, electronic band structure of 

Mg(IO3)2 and Zn(IO3)2 under pressure 

There are two parts in this chapter, the first part reports the structural and vibrational 

behavior of Mg(IO3)2 under pressure, which were studied by means of HPXRD, HPRS, 

HPFTIR, and first-principle calculations. We revealed that Mg(IO3)2 undergoes a phase 

transition at the pressure interval of 7.5-9.7 GPa from a monoclinic (LP phase, space 

group: P21) to a trigonal (HP phase, space group: P3) structure. The phase transition 

was evidenced by the Rietveld refinement of XRD, as well as the new peaks appearing 

in Raman and infrared spectra at 7.7 GPa and 9.6 GPa, respectively. The phase 

transition did not involve a collapse in the unit-cell volume. However, the unit-cell 

volume shows a different pressure coefficient before and after the phase transition. The 

oxygen coordination of iodine increased from 3 to 6 fold, as a consequence of (ⅰ). The 

shortening of the bond distance between iodine and the oxygen in the neighboring IO3 

layer, and (ⅱ). The existence of the stereochemically active LEP in iodine. The softening 

behavior of several Raman modes, which is related to the stretching of the I-O bonds, 

have been observed under pressure. Furthermore, systematic studies of the crystal 

structure, EOS, and the symmetry assignment of the Raman- and infrared-modes of 

both phases were reported. 

The second part of this chapter includes the electronic band structure studies on 

Mg(IO3)2 and Zn(IO3)2, as representatives of the non-transition and closed-shelled 

metal iodates. The pressure-induced changes in the bandgap have been investigated and 

correlated to the changes in the I-O bond distance. The bandgap of the two metal iodates 

shows a nonlinear narrowing under pressure caused by the competition of two effects. 

The enlargement of the bond distance between iodine and inlayer oxygen favors the 

narrowing the bandgap energy, while the reductions of the bond distance between 

iodine and interlayer oxygen favors the opening of the bandgap energy. The negative 

relationship between the bandgap energy and bond distance between iodine and inlayer 

oxygen have been confirmed by correlating the bandgap energy and corresponding 

average I-O bond distance of 71 different metal iodates reported in the literature. For 
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this purpose, only non-transition and closed-shelled metal iodates are included. Finally, 

the second instruction for designing wide-bandgap metal iodates is given in this chapter.   

6.1 Introduction 

At ambient pressure, Mg(IO3)2 crystallizes in a monoclinic structure (space group: P21, 

No. 4), the crystal structure of the low-pressure (LP) phase and high-pressure (HP) 

phase are shown in Figure 37. It is worth mentioning that there are two crystal 

structures for the LP phase reported in the literature [129,150], the hexagonal structure 

reported by Liang et al [150] have been ruled out as it failed to describe all the 

diffraction peak of the XRD at ambient pressure. Instead, the monoclinic structure 

reported by Phanon et al [151] can describe all the diffraction peaks in the XRD 

collected at ambient pressure (see Supplementary Information of ref. [151]). In the LP 

phase, when view along to b-axis, each iodine atom is bonded with three oxygen atoms, 

forming a IO3 pyramid. Each Mg atom is surrounded by six IO3 pyramid by sharing 

one oxygen atom. Mg occupies in two different Wyckoff positions and iodine occupies 

in four different Wyckoff positions (the atomic position of the LP phase have been 

summarized in Table Ⅰ of ref. [151]). When view perpendicular to b-axis, there is a 

layered structure formed by IO3 polyhedra, and the IO3 layer is connected by MgO6 

octahedra.    
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Figure 37. Crystal structure of Mg(IO3)2. (a) LP phase, along b axis. (b) LP phase, 
perpendicular to b axis. (c) HP phase, along to c axis. (d) HP phase, perpendicular to c 
axis. In the figure, Mg, I and O atoms are shown in purple, green and cyan-blue ball, 
respectively. Bonds are shown in solid yellow lines and the represented polyhedral are 
shown in (a) and (c).  

 

This chapter contains two published papers [36,151]. The first paper was 

published in February 2022 [151], where the results of HPXRD, HPRS, HPFTIR, and 

first-principle calculations for Mg(IO3)2 were reported. The monoclinic to trigonal 

phase transition was characterized by all the diagnostics. The crystal structure and 

atomic vibration of the LP and HP phase were investigated.  

The second paper was published in April 2022. The bandgap change of Mg and 

Zn iodates was reported. By utilizing the theoretically calculated DOS, PDOS and 

crystal orbital overlap population (COOP) for those two materials, the molecular orbital 

(MO) diagrams for them was established, and used to explain the pressure-induced 

bandgap change using the I-O bond distance change. Furthermore, the relationship 

between bandgap energy for Mg and Zn iodates and I-O bond distance was confirmed 

by collating the related data of 71 different metal iodates reported in the literature. The 

second rule for designing wide-bandgap energy metal iodates were given in this paper.   
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6.2 Experiment and calculation details  

6.2.1 Sample preparation 

Needle-like polycrystalline Mg(IO3)2 was synthesized from an aqueous solution with a 

mixture of 2 mmol of KIO3 (99.5% purity, Sigma Aldrich) and 1 mmol of anhydrous 

MgCl2 (≥98% purity, Sigma Aldrich). The mixture was thoroughly stirred and then the 

solvents were left to slowly evaporate for a few days at 60 °C. The polycrystalline 

sample was used to measure the HPXRD, HPRS, HPFTIR, and HPOA of Mg(IO3)2. 

Single crystal Zn(IO3)2 was synthesized by single-diffusion gel technique at room 

temperature and hydrosilica gel was used as the medium. The gel was prepared by 

dissolving sodium meta silicate (Na2SiO3∙9H2O, CDH) in bi-distilled water, and then 

the amount of potassium iodate (99%, Merck) corresponding to 0.5 M was dissolved in 

the SMS gel. The mixture of the gel was acidified with glacial acetic acid in a PH range 

of 4-7. The resulting solution was transferred into the sides of the test tubes (2.5 cm in 

diameter and 20 cm in length) to avoid air bubbles in the gel medium and to keep the 

medium undisturbed for gelation. An aqueous solution of zinc chloride was poured 

slowly over the set gel to prevent gel breakage. The zinc ions slowly diffuse through 

the narrow pores of the hydrosilica gel and react with the iodate ions present in the gel, 

leading to the formation of high-quality, white Zn(IO3)2 single crystals over a time 

period of 3 weeks. The single-crystal sample was used to measure the HPOA of 

Zn(IO3)2.  

6.2.2 HPXRD 

High-pressure angle-dispersion X-ray diffraction was conducted at BL04-MSPD 

beamline at ALBA synchrotron [133]. A membrane type of DAC with the diamond 

culet of 400 μm was used to generate the high pressure environment. A 180-μm hole 

was drilled in the center of the stainless-steel gasket, which have been pre-indented to 

a thickness of 40 μm, to serve as the sample chamber. The sample, together with copper 

and PTM was loaded in the sample chamber, the EOS of copper [92] was used to 

determine the pressure and a mixture of methanol: ethanol; water at a ratio of 16:3:1 
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(MEW) was used as the PTM. More information about the set-up in MSPD beamline 

can be found in 4.2.2, with the slight difference that the wavelength of X-ray has been 

changed to 0.4642 Å. 

6.2.3 HPRS 

A membrane-type DAC with the diamond culet of 500 μm was used to generate the 

high pressure environment, a stainless-steel gasket was first pre-indented to a thickness 

of 40 μm, and then a 250-μm hole was drilled in the center of the gasket as the sample 

chamber. The sample, together with Ruby and PTM, were loaded in the sample chamber. 

The pressure was measured by using the ruby fluorescence method [93] and the PTM 

is MEW. More information about the experiment set-up can be found in Chapter 3.2.3 

of this thesis. 

6.2.4 HPFTIR 

HPFTIR was conducted in MIRAS beamline at ALBA synchrotron [105]. A membrane-

type DAC equipped with ⅡAC diamond with a culet of 300 μm was used to generate 

the high pressure environment. A stainless-steel was first pre-indented to a thickness of 

40 μm and a hole with a diameter of 150 μm was drilled in the center and served as the 

sample chamber. The polycrystalline sample was first pressed into a 10-μm-thick 

platelets and then loaded into the sample chamber with the ruby and PTM, the ruby 

fluorescence method was used to measure the pressure [93] and CsI was used as the 

PTM. More detail about the experiment set-up for the HPFTIR can be found in Chapter 

3.2.3 of this thesis.  

6.2.5 HPOA 

For the experiments of Mg(IO3)2, a membrane-type of DAC was used to generate the 

high pressure environment, a stainless-steel gasket was first pre-indented to a thickness 

of 45 μm and then a 200-μm hole was drilled in the center as the sample chamber. The 

polycrystalline sample was first pressed into a compact 20-μm-thick platelets, and then 

loaded in the sample chamber, together with ruby and PTM, the ruby fluorescence 
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method was used to determine the pressure and KBr was used as the PTM.  

For the experiments of Zn(IO3)2, the same DAC and gasket was used to generate 

the high pressure environment, a piece of single-crystal sample with a thickness of 20 

μm was selected. The PTM used in this experiment is MEW and the ruby fluorescence 

method was used to determine the pressure [93]. The completeness of the loading for 

those two samples can be found later. More information about the experiment set-up 

can be found in Chapter 3.2.5 of this thesis. 

6.2.6 Overview of calculations 

For the calculation on the crystal structure and phonon of Mg(IO3)2. The first-principle 

simulations were performed in VASP within the framework of DFT with the projector 

augmented-wave pseudopotentials [107–109,113]. The plane-wave kinetic energy 

cutoff was chosen as 540 eV to ensure an accurate result. The generalized gradient 

approximation with Armiento and Mattsson AM05 prescription was used to describe 

the exchange-correlation energy [152,153]. The Monkhorst-Pack scheme was 

employed for the Brillouin zone (BZ) integrations with a 6 × 4 × 6 and 6 × 6 × 4 grid 

of k-space points for the LP and HP phase [117]. The lattice parameters and the atomic 

positions at selected volumes were obtained from the fully relaxed structure, this 

simulation provides a series of volume, energy, and pressure, a BM EOS was used to 

fit the results and obtain the theoretical equilibrium volume, the bulk modulus and the 

related pressure derivatives.  

The calculation on the phonon modes were carried out at the zone center (Γ point) 

of the BZ with the direct force-constant approach. The frequency of the normal modes, 

as well as the symmetry and polarization vectors, can be obtained from this calculation. 

The crystal structure and phonon calculation of Zn(IO3)2 can be found in 5.3.4 of this 

thesis. 

The electronic band structure calculation for Mg and Zn iodates was performed 

with the SEEK-PATH tool [154], and the band-structure analysis was carried out with 

SUMO package [155], The calculation on COOP was performed by using the 

LOBSTER software [156]. 
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6.3 Results and Discussion 

The XRD patterns of Mg(IO3)2 at selected pressures are shown in Figure 38a, XRD 

can be well indexed by the crystal structure reported by Phanon et al [129]. The 

representative Rietveld refinement on the XRD collected at 0.1 GPa is shown in Figure 

38b. There are no peaks appearance or split throughout the experiment. However, the 

structure, P21, failed to describe all the peaks simultaneously of the XRD pattern 

collected at 10.5 GPa (as Figure 38b shown), the peak (-111) changed in pressure 

coefficient after 8.5 GPa. In additional, the peak (111) and (-311) disappear above this 

pressure. All the changes in XRD indicating a phase transition happened at 8.5 GPa, 

the crystal structure of Mg(IO3)2 may increase in symmetry.  

We found that the trigonal structure with a space group P3 can refine the XRD at 

pressures higher than 8.5 GPa, the reprehensive Rietveld refinement of the XRD pattern 

collected at 10.5 GPa was shown in Figure 38b. The quality of the refinement is Rp = 

10.6% and Rwp = 10.1%, the detailed crystal structure information of the HP phase (at 

10.5 GPa) have been summarized in Table Ⅰ of ref. [151]. The crystal structure of the 

HP phase is shown in Figure 37b and c. When view along c-axis (which is equivalent 

to the b-axis of the LP phase), each iodine atoms bonded with six oxygen atoms, and 

each Mg atom was surround by six IO6 units by sharing two oxygen atoms. When view 

perpendicular to c axis, it transferred from the layered structure of the LP phase to the 

3-dimentional structure, iodine bonded with additional three oxygen atoms in the 

neighboring IO3 layer. The change in the XRD is reversible as the topmost XRD pattern 

in Figure 38a shows. 
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Figure 38. (a) XRD pattern of Mg(IO3)2 at selected pressure, the XRD pattern of the LP 
phase are shown in blue and that for HP phase are shown in cyan-blue. The pressure of 
each pattern are shown in the right in the units of “GPa”. The black diamond is a guide 
for the evolution of peak (-311) and the miller index of the XRD peaks are marked at 
the pressure of 0.7 GPa. (b) The representative Rietveld refinement at 0.1 and 10.5 GPa 
with the crystal structure of LP phase (P21), the Rietveld refinement at 10.5 GPa with 
the crystal structure of HP phase was shown in the top. Black dots show experimental 
data, orange lines are the refined patterns, ticks show the positions of diffraction peaks, 
and blue lines show the residuals. (c)-(d). Experiment (symbols) and calculation (solid 
lines) determined lattice parameter and unit-cell volume as a function of pressure. In (d) 
the dash line is the BM fitting.     
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The lattice parameters and unit-cell volume for both the LP and HP phase was 

obtained from the Rietveld refinement on the XRD patterns. They are shown in Figure 

38 c-d. In the LP phase, the crystal structure favors the expansion of the a and c axis 

under compression, and show a large sharp decrease in the b-axis. The changes of lattice 

parameters in the LP phase are similar to that in Zn(IO3)2. The crystal structure in the 

LP phase shows a huge anisotropic response. The b –axis is the most compressible axis. 

This behavior is related to the layered structure of Mg(IO3)2 in the LP phase. In the HP 

phase, the lattice parameter a shows a slightly decrease under compression, and the 

lattice parameter c (equivalent to the b axis of the LP phase) shows a reduction under 

compression, but it is less sensitive to pressure than the b-axis in LP phase, as well as 

the unit-cell volume. The monoclinic angle in the LP phase increases from 119.1 

degrees to 120 degrees at around 6 GPa. By adopting a 3rd-order BM EOS for the unit-

cell volume in the LP and HP phase, the bulk modulus of the LP phase is 22.2 GPa (26.4 

GPa) in experiments (calculations), the bulk modulus of LP phase obtained from 

experiments is close to that of Zn(IO3)2 (21.6 GPa), slightly smaller than that of the 

ambient+I1 phase of Co(IO3)2 (29.8 GPa), and much smaller than that of the LP phase 

of Fe(IO3)3 (55 GPa). The bulk modulus of the HP phase is 63.6 GPa in experiments 

and 44.4 GPa in calculations. The increase of the bulk modulus is related to the increase 

of the oxygen coordination of iodine after the phase transition. The coordination 

increase will be discussed later, the new bonds formed between the iodine and oxygen 

in the neighboring IO3 layer resist the external compression.  

 Based on the fact that there is a good agreement between the experiment and 

calculations (Figure 38 c-d), it is reasonable to analyze the I-O and Mg-O bond distance 

change using calculation, as shown in Figure 39. In the LP phase, Mg is bonded with 

six oxygen atoms in six different Wyckoff positions, so there are six different Mg-O 

bond distances in the LP phase, and all of them shorten under compression. In the HP 

phase each Mg is bonded with six oxygen atoms located in two different Wyckoff 

positions. So there are only two different Mg-O bond distances after the phase transition, 

and both of them shorten under compression. The changes in the Mg-O bond distance 

indicate that the MgO octahedra become more symmetric as the Figure 39c shows. The 

two types of I-O bond distances in Mg(IO3)2 show a totally different behavior under 

compression. Both in the LP and HP phase, the bond between iodine and inlayer oxygen 

(distance between 1.8 and 1.9 Å at ambient pressure) become slightly longer under 



168 
 

 

pressure, and the bond distance between iodine and interlayer oxygen (bond distance 

range from 2.6 to 3.0 Å at ambient pressure) continuously shorten under pressure. As a 

consequence, the distortion index of IO6 polyhedra decrease under compression as 

Figure 39c shows. If we chose 2.48 Å as the maximum bonding distance between iodine 

and oxygen, then there is a gradually increase of the oxygen coordination in iodine, and 

it becomes 6-fold in the HP phase. The driven force is the same as we discussed in the 

coordination increase of Fe, Co and Zn iodates in this thesis.  

 

 

Figure 39. Calculation determined pressure dependence of the (a) Mg-O bond distance 
and (b) I-O bond distance. polyhedral coordination is shown in the figure. (c) 
calculation determined distortion index of MgO6 and IO6 polyhedral as a function of 
pressure. 
 

According to group theory, the LP phase (space group: P21) is predicted to have 

54A+54B in total 108 modes, including three acoustic vibrations (A+2B). The HP phase 

should have 27A+27E in total 54 modes, including two acoustic vibrations (A+E). The 

Raman spectra of Mg(IO3)2 are shown in Figure 40 at the mid-frequency region 

(wavenumber range from 200 to 550 cm-1) and high-frequency region (wavenumber 

range from 600 to 900 cm-1), since those two regions provide the most vibrational 

information of IO3 units. In the LP phase (pressure below 7.7 GPa in Raman), as the 

phonon and atomic movement calculation show (Supplementary Information of 

ref. [151]), the high-frequency region are contributed by the stretching of I-O bonds, 

while the mid-frequency region is mainly contributed by the bending of the I-O bonds. 

The mode symmetry assignment has been done by comparing the frequencies obtained 

from experiments and calculations at ambient pressure, as well as the pressure 
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coefficients. The vibration symmetry of the experimentally determined modes has been 

assigned and summarized in Table Ⅲ of ref. [151], as well as the pressure coefficient 

and Grüneisen parameters obtained from experiment and calculation. The 

corresponding atomic movement of the experiment detected Raman peaks are shown 

in Figure 40 for the spectra at 0.2 GPa. At 0.2 GPa, the strongest modes are located at 

777 cm-1 in the high-frequency region, the atomic movement behind this mode is the 

symmetry stretching of I-O bonds (Figure 40).  

 

 

Figure 40. Selected Raman spectra of Mg(IO3)2 in (a). Mid-frequency region and (b). 
High-frequency region. Experimental results are shown in gray dots and the fitting of 
the Raman peaks with a Voigt profile are shown in solid lines. The intensity of the 
spectra in (a) have been multiplied by a factor of 10 compared to that in (b) to show the 
Raman spectra in this region clear.   

 

There are some new Raman peaks that appeared at 7.7 GPa both in the mid- and 

high-frequency region (marked by the upward arrow in Figure 40). They are a sign of 

the onset of the phase transition found in HPXRD. By using the same method of the 

vibrational symmetry assignment as we made in the LP phase, the symmetry of the 

experiment determined modes at 7.7 GPa have been assigned and summarized in Table 

Ⅳ of ref. [151]. Both in the LP and HP phase, most of the modes in high-frequency 

region show a softening behavior under compression, like we have observed in the other 
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three metal iodates studied in this thesis. The reason is the enlargement of the bond 

distance between iodine and inlayer oxygen atoms in accommodate to the three 

additional interlayer oxygen atoms in the neighboring IO3 layer. On the other hand, all 

the modes in the mid-frequency region hardening under pressure, resulting in the 

narrowing of the phonon gap between the two regions. The changes in the Raman 

spectra are reversible as the spectra collected from the released pressure shown 

(Supplementary Information of ref. [151]). 

 

 

Figure 41. (a) Background-subtracted infrared spectra at the lowest pressure, the gray 
dots are experimental data, the spectra were fitted by a Voigt profile (yellow lines) and 
the peaks determined from the fitting are shown in light blue. (b). Infrared of Mg(IO3)2 
at selected pressure, the LP and HP phase are shown in different color. (c). The contour 
plot of the same data in (b). Horizontal dash line indicates the onset of the phase 
transition found in Infrared spectra.   
 

The infrared spectra at selected pressure are shown in Figure 41. The modes 

determined from the fitting of the spectra with Voigt profiles at 0.7 GPa and 9.6 GPa 

have been summarized in Table Ⅴ in ref. [151]. In addition, Table Ⅴ also includes the 

vibrational symmetry assignment of the observed modes, which has been done by the 

same method used in the Raman experiment. Pressure coefficients and Grüneisen 

parameters are reported as well. The infrared spectra we show corresponds to the mid-

frequency region in the Raman spectra. As the modes are both Raman and infrared-

active, some modes observed in Raman spectra also observed here. Some modes 

observed in infrared but not observed in Raman can complete the studies on the 

vibration behavior. At the pressure of 9.6 GPa and above, two new peaks appeared and 

are marked by the upward arrows in Figure 41b, supporting the phase transition found 
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in other diagnostics. Both in Figure 41b and c, there are some peaks that show up at 

the right edge of the figures and exhibits a soften behavior under compression. Those 

peaks are corresponding to the Raman peaks in the high-frequency region, the whole 

picture of the peaks in this region have not be investigated in infrared spectra, due to 

the cutoff of the experiment is around 700 cm-1. As the infrared spectra collected from 

the released pressure shown, the changes in the infrared spectra is reversible.  

Now we start looking at the bandgap behavior of Zn and Mg iodates. The optical 

absorption spectra of them are shown in ref. [36], as well as the representative Tauc plot 

for the absorption spectra. According to the calculated electronic band structure for Mg 

and Zn iodates (Supplementary Information of ref. [36]), the bandgap for them are 

indirect, the same as that for Fe and Co iodates. So the Tauc plot for indirect bandgap 

semiconductor have been adopted to analyze the optical absorption spectra of them, the 

experiment determined bandgap energy for those two metal iodates are shown in Figure 

42, together with the bandgap energy determined by calculations. 

 

 
Figure 42. Experiment (symbols) and calculation (solid line and symbols) determined 
bandgap energy for (a) Mg(IO3)2 and (b) Zn(IO3)2 as a function of pressure. The 
calculated bandgap for Mg(IO3)2 and Zn(IO3)2 have been shifted by -0.5 eV and +1.0 
eV to better compare them with the experimental data. The insert optical images show 
the loading of the sample and the pressure–induced color change of them.   
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Figure 43. (a). Molecular orbital diagram for Mg(IO3)2 and Zn(IO3)2 at ambient 
pressure, Eg is bandgap. (b). Theoretically calculated DOS and PDOS for Mg(IO3)2. (c) 
and (d) theoretical calculation of COOP for Mg(IO3)2 at 0 and 14.5 GPa, respectively.  
 

The bandgap energy for both Mg and Zn iodates exhibits a nonlinear narrowing 

under compression. For Mg(IO3)2, the slope changes at 3 and 8 GPa in experiments, 

there are no discontinuity around the phase transition pressure (Figure 42a). It is 

understandable as the phase transition we found in HPXRD is subtle and there is no 

collapse in the unit-cell volume. The nonlinear behavior of the bandgap for Zn(IO3)2 is 

more pronounced and the sign changed at 5.6 and 7.7 GPa in experiments. In the whole 

pressure range, the bandgap of Mg(IO3)2 shows a reduction of 29.3% and that for 
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Zn(IO3)2 is 9.5%. The color of Mg(IO3)2 changed from transparent with a slightly 

orange tone to completely orange, Zn(IO3)2 exhibits no detectable changes in color.  

Since the bandgap of Mg and Zn iodates exhibits the similar behavior under 

pressure, here we choose Mg(IO3)2 as an example to explain the bandgap behavior for 

them. The MO diagram is useful to qualitatively explain the bandgap behavior of 

semiconductor [157]. Therefore, we have calculated the DOS, PDOS, and COOP in 

order to figure out the MO diagram for Mg(IO3)2. According to the calculated DOS and 

PDOS for Mg(IO3)2 at 0 GPa (Figure 43b), the VBM is dominated by the O-2p orbital, 

the CBM is dominated by the I-5p and O-2p states, this is a common feature of the non-

transition or closed-shelled transition metal iodates as summarized in Table 1 in 

Chapter 1.3 of this thesis. The COOP calculated for Mg(IO3)2 at 0 and 14.5 GPa are 

the interaction between the iodine and two types of oxygen atoms: The inlayer oxygen 

which bonded with iodine at ambient pressure in a bond distance range from 1.8 to 1.9 

Å (O7, O8 and O9 at 0 GPa, O4, O6, O2 at 14.5 GPa). The interlayer oxygen which 

bonded with iodine only at high pressure (O5, P8’ and O10 at 0 GPa, O3 O5 and O1 at 

14.5 GPa). From Figure 43c, there are no interaction between iodine and interlayer 

oxygen in the energy below -10 eV, that is minor in the upper part of the valence band 

and the whole conduction band, the COOP at 14.5 GPa show the same feature as that 

in 0 GPa, with a slightly change in the intensity.  

The peaks at the energy range from -20 eV to -15 eV in Figure 43b is contributed 

by I-5s and O-2s orbital, it is positive in COOP (Figure 43c), so those peaks are the 

bonding state of the iodine 5s state and inlayer oxygen O-2s state. The corresponding 

anti-bonding state between them are the peak located at -10 eV in Figure 43b, since the 

peak also contributed by I-5s and O-2s, and it is negative in the COOP in Figure 43c 

(as shown in the bottom left part of Figure 43a). The peak located at around -5 eV in 

Figure 43b is dominated by O-2p and I-5p state, and it is positive in the COOP in 

Figure 43c, so this peak is the bonding state of p-p interaction between the iodine and 

inlayer or interlayer oxygen. The corresponding anti-bonding state is located in the 

conduction bond, based on the fact that the peak in the conduction band in Figure 43b 

is also contributed by O-2p and I-5p and it is negative in the COOP in Figure 43c (as 

shown in the top of Figure 43a). The peak located in the upper part of the valence band 

in Figure 43b is only contributed by the O-2p state and it is negative in the COOP, so 

it is the non-bonding state. We suggest the MO diagram between the iodine and inlayer 
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oxygen as the left part of Figure 43a. The interaction between iodine and interlayer 

oxygen is weak and only have some intensity in the p-p interaction state, but indeed it 

show the same characterization as that between iodine and inlayer oxygen, so we 

suggest the same MO diagram for the p-p interaction between iodine and interlayer 

oxygen in the top right part of Figure 43a. The bandgap energy is the energy difference 

between the O-2p non-bonding state and the antibonding state of the p-p interaction 

between iodine and oxygen. This MO diagram also applied to Zn(IO3)2, the calculated 

DOS, PDOS, COOP between iodine and oxygen can be found in the Supplementary 

Information of ref. [36]. 

It is clear that there are two effects affecting the bandgap energy of Mg(IO3)2 based 

on the MO diagram. The enlargement of the bond distance between the iodine and 

inlayer oxygen atoms favors the decrease of the overlap between the p state, thereby 

decreasing the energy difference between the bonding and anti-bonding state [158]. In 

that way, the pressure favors to reduce the bandgap energy (effect 1). Another effect is 

the shortening of the bond distance between iodine and interlayer oxygen, which 

enhances the overlap between the p state of them and increase the separation between 

the bonding and anti-bonding state. In that way, pressure favors the increase of the 

bandgap energy (effect 2).  

The pressure dependence of the I-O bond distance both for inlayer and interlayer 

oxygen can be found in Figure 39b. In the case of Mg(IO3)2, the interaction between 

iodine and interlayer oxygen is weak at the pressure lower than 4 GPa due to the large 

distance between them, so the interaction between iodine and inlayer oxygen (effect 1) 

dominates the bandgap energy. At the pressure range from 4 to 8 GPa, as the pressure-

induced shorten of the bond distance between iodine and interlayer oxygen, effect 2 

starts to become stronger and counteracting the impact from the effect 1, but the effect 

is stronger as the bond distance between iodine and interlayer oxygen is more sensitive 

of pressure. After 8 GPa, the shortening of the iodine and interlayer oxygen start to slow 

down and the distance between iodine and inlayer oxygen continuously increases under 

pressure, so once again the effect 1 dominate the bandgap of Mg(IO3)2. The high-

pressure bandgap behavior of Zn(IO3)2 also can be explained by following the same 

rationale and the MO diagram we suggested in Figure 43a.  

From the high-pressure bandgap studies on Mg(IO3)2 and Zn(IO3)2, we observed 

that the bandgap energy for the two materials have a negative relationship with the bond 
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distance between iodine and inlayer oxygen atoms at ambient or low pressure, where 

the distance between iodine and interlayer oxygen is far and the overlap between them 

are weak. It is worth to examine the relation between the bandgap and I-O bond distance 

in other metal iodates reported in the literature, only at ambient pressure. The bandgap 

energy and the average I-O bond distance (only the bond distance shorter than 2.0 Å are 

chosen) of 71 non-transition or closed-shelled transition metal iodates are plotted in 

Figure 44. The cutoff value we chosen here is based on the fact that the interaction 

between iodine and oxygen is weak beyond than 2.0 Å (Figure 43c). Each point in 

Figure 44 is one metal iodates and the detailed information for each point, including 

the corresponding chemical formula, average I-O bond distance, bandgap energy and 

reference can be found in the Supplementary Information of ref. [36]. Just as the 

expected, the bandgap energy of non-transition and closed-shelled transition metal 

iodates show a negative relationship with the average I-O bond distance. The shorter 

the I-O bond distance, the wider the bandgap energy of metal iodates (non-transition 

and closed-shelled transition metal), regardless of the crystal structure, metal species or 

chemical formula.     

 

 

Figure 44. Collated bandgap energy and average I-O bond distance reported in the 
literature. Only the non-transition or closed shelled metal iodates are included here.  
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6.4 Conclusions 

(1). Mg(IO3)2 undergoes a monoclinic (space group: P21) to trigonal (space group: P3) 

phase transition at the pressure range of 7.5-9.7 GPa. The pressure-induced phase 

transition has been observed in the HPXRD, HPRS, HPFTIR, and first-principle 

calculations. 

(2). The phase transition was evidenced by the Rietveld refinement of XRD at high 

pressure, the appearance of new peaks in the Raman and Infrared spectra at high 

pressure. The phase transition is subtle and there is no collapse in the unit-cell volume. 

(3). The oxygen coordination of iodine increased from 3 to 6 under pressure, which is 

a consequence of (ⅰ). The pressure-induced shortening of the distance between iodine 

and the oxygen in the neighboring IO3 layer, (ⅱ). The existence of the LEP in iodine.   

(4). The bulk modulus of the low-pressure phase (LP) is 22.2 GPa in experiments and 

26.4 GPa in calculations. That for the high-pressure phase (HP) is 63.6 GPa (44.4 GPa) 

in experiment (calculation).  

(5). Calculations revealed that the bond distance between iodine and inlayer oxygen 

atoms increase with increasing pressure, on the contract, the distance between iodine 

and the oxygen in the neighboring IO3 layer shorten under compression.  

(6). The Raman spectra at LP phase can be divided into three regions. The modes in the 

mid-frequency region (300-550 cm-1) are related to the bending of I-O bond, and the 

modes in the high-frequency region (600-900 cm-1) are related to the stretching of I-O 

bond. The strongest mode is located in 770 cm-1.  

(7). Both in the LP and HP phase, most of the modes in the high-frequency region soften 

under pressure. This is caused by the enlargement of the I-O bond distance under 

pressure, in order to accommodate to the additional three oxygen atoms in the 

neighboring IO3 layer. All the modes in mid-frequency region hardening under 

compression, resulting in the closing of the phonon gap. 

(8). The bandgap of Mg and Zn iodates is indirect, the VBM is dominated by the O-2p 

state, and the CBM is dominated by the I-5p and O-2p state.  

(9). The bandgap of Mg and Zn iodates show a nonlinear narrowing under pressure, it 

shows an overall reduction of 29.3% for Mg(IO3)2, and 9.5% for Zn(IO3)2. 

(10). According to molecular orbital diagram established for Mg and Zn iodates in this 

chapter, the bandgap of them are determined by the non-bonding state of O-2p and the 
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antibonding state of the p-p interaction between iodine and oxygen. 

(11). There are two effects affected the bandgap of Mg and Zn iodates. The pressure-

induced enlargement of the bond distance between iodine and inlayer oxygen favors 

the narrowing of the bandgap, the pressure-induced shortening of the distance between 

iodine and interlayer oxygen favors the opening of the bandgap. The high pressure 

studies on the bandgap behavior of Mg and Zn iodates revealed that there is a negative 

relationship between the bandgap energy and the I-O bond distance. 

(12). By collating the bandgap energy and average I-O bond distance of 71 different 

non-transition or closed shelled metal iodates reported in the literature, we found that 

there is a negative relationship between the bandgap energy and average I-O bond 

distance, where the I-O bond is shorter than 2.0 Å. For the iodates only include non-

transition or closed-shell transition metal, the shorter the bond distance, the wider the 

bandgap energy. 

(13). All the changes in the HPXRD. HPRS, HPFTIR, and HPOA are reversible.  

6.5 Author contribution 

The author of this doctoral thesis is the first author of all the two published papers, 

which are the main content of this chapter. HPXRD, HPRS were conducted by the 

author. HPFTIR were conducted by the author, Robin Turnbull, and Enrico Bandiello. 

Catalin Popescu helped the HPXRD experiment. The theoretical calculations were 

conducted by Placida Rodriguez-Hernandez, Alfonso Muñoz, and Lan-ting Shi. 

Francisco Javier Manjón provides help in the HPRS experiments and the discussion on 

the results. The polycrystalline sample used in thoese studies was synthezed by 

Zoulikha Hebboul. The single crystal of Zn(IO3)2 was synthesized by M. Jasmin. 

Ibraheem Yousef helped the HPFTIR experiment. Daniel Errandonea supervised the 

project. All the data were analyzed by the author, the author wrote the first draft of 

those two papers, the two papers were revised by all authors.  
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7. Conclusions 

7.1 Crystal structure at ambient pressure 

The ambient-pressure crystal structures of the four studied metal iodates are shown in 

Figure 45. The crystal data and structure refinement details of them are summarized in 

Table 2. Except for Fe(IO3)3, which crystallizes in a hexagonal structure described by 

space group P63 (No. 173), the rest of the metal iodates crystallize in a monoclinic 

structure, described by space group P21 (No. 4). The crystal structure of them consists 

of IO3 and AO6 (A=metal) polyhedral units and share some common features. When 

view along the c-axis of Fe and Zn iodates (equivalent to the b-axis of Co and Mg 

iodates), each iodine atom is bonded with three oxygen atoms and the bond distance 

range from 1.8 Å to 2.0 Å. Each metal cation is surrounded by six IO3 pyramids by 

sharing one oxygen atom. When view perpendicular to the c-axis of Fe and Zn iodates 

(which is b-axis of Co and Mg iodates), the crystal structure of the four metal iodates 

shows a layered structure, formed by IO3 layers which are connected by the AO6 

octahedra. According to the lattice parameters for Co, Zn and Mg iodates summarized 

in Table 2, the lattice parameter a and c of them are very close in value and the 

monoclinic angle is close to 120 degrees, so the crystal structure of these three metal 

iodates are pseudo-hexagonal. The unit-cell volume per formula unit of Co, Zn, and Mg 

iodates are similar (Table 2), around 1/3 of that for Fe(IO3)3. The lattice parameter a in 

Zn(IO3)2 is almost half of that in the structure of Co and Mg iodates.  
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Formula Fe(IO3)3 Co(IO3)2 Zn(IO3)2 Mg(IO3)2 

Crystal system hexagonal monoclinic monoclinic monoclinic 

Space group P63 P21 P21 P21 

a (Å) 9.2476(4) 10.943(6) 5.465(4) 11.2563 

b (Å) 9.2476(4) 5.078(1) 10.952(8) 5.0497 

c (Å) 5.2326(2) 10.925(4) 5.129(4) 11.2128 

β (o) 120 119.814(3) 120.37(8) 119.8256 

Z 2 4 2 4 

V(Å3)/Z 193.00 131.67 132.4 138.23 

Refinement method Rietveld Rietveld Rietveld Rietveld 

Rp 3.83% 9.60% 7.22% 9.23% 

Rwp 13.42% 13.30% 9.91% 8.85% 

 

Table 2. Crystal structure data and structure refinement detail of the four metal iodates 

studied in this thesis. The lattice parameters are obtained from the Rietveld refinement 

of the XRD collected at ambient pressure. Rp and Rwp reflected the quality of the 

Rietveld refinement. 
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Figure 45. Crystal structure of Fe(IO3)3, Co(IO3)2, Zn(IO3)2 and Mg(IO3)2 at ambient 
pressure. the iron, cobalt, zinc, magnesium, iodine and oxygen atoms are shown in gray, 
green, brown, pale yellow, blue and cyan-blue, respectively. “SG” means space group. 
 

7.2 Crystal structure and compressibility at high pressure 

Fe(IO3)3 undergoes three isostructural phase transition (IPT) at 1.5-2.0 GPa, 5.7-6.0 

GPa and 22.2 GPa (Figure 46). The first two IPTs were evidenced by the nonlinear 

pressure dependence of the Raman-active modes, the discontinuity of the calculated 

elastic constants, and the instability in the calculated phonon dispersion under high 

pressure. The third IPTs was evidenced by the appearance of new peaks in the XRD 

pattern at 22.2 GPa, and the crystal structure of the high pressure phase (HP) was solved 
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by the Rietveld method. The third IPT was accompanied by a 5% collapse on the unit-

cell volume. 

Co(IO3)2 undergoes two IPTs at 3 GPa and the pressure range of 9-11 GPa (Figure 

46). The phase transitions were evidenced by the nonlinear behavior of the lattice 

parameter, calculated Co-O bond distance, relative intensity of two Raman modes, 

Raman- and infrared-active modes under pressure. No discontinuity was found in the 

unit-cell volume around the phase transition pressure.   

Zn(IO3)2 undergoes two IPTs at the pressure range of 2.5-3.4 GPa and 8-9 GPa 

(Figure 46). The phase transition was evidenced by the nonlinear behavior of the 

pressure dependence of lattice parameter, calculated Zn-O bond distance and pressure 

dependence of the Raman- and infrared-active modes. No discontinuity was found in 

the unit-cell volume around the phase transition pressure.  

Mg(IO3)2 undergoes one phase transition from monoclinic (space group: P21) to 

trigonal structure (space group: P3) at the pressure range of 7.7-9.6 GPa (Figure 46). 

The phase transition was evidenced by the Rietveld refinement of XRD, and the 

appearance of new peaks in the Raman and infrared spectra under high pressure. No 

discontinuity was found in the unit-cell volume around the phase transition pressure. 

The IPTs found in other three metal iodates was not observed here. 

The bulk modulus of the four metal iodates in different phases were summarized 

in Table 3. For the low pressure phase (ambient-pressure phase, I1 phase or I2 phase), 

the bulk modulus of Fe(IO3)3 is the highest one, and Zn(IO3)2 have the lowest bulk 

modulus. The bulk modulus will drastically increase at high pressure phase (I2 or HP 

phase). The reason is the gradually increase of the oxygen coordination of iodine, the 

new bonds formed between the iodine and the oxygen in the neighboring IO3 layer 

strengthened the resistance to the external pressure. All of the four metal iodates show 

a huge anisotropic behavior, c-axis in Fe(IO3)3 and Zn(IO3)2 and b-axis in Co(IO3)2 and 

Mg(IO3)2 are the most compressible axis, due to the layered structure in those directions. 

 



207 
 

 

 

Figure 46. Summary of the crystal structure and space group adopted to the four metal 
iodates studied in this thesis as a function of pressure. The area filled with grid pattern 
indicated the pressure interval where the phase transition occurs. 
 
 

Compounds Phase BM-EOS V0 (Å3) B0 (GPa) B0’ 

Fe(IO3)3 
Ambient+I1+I2 3rd-order 385 55(2) 4.3(0.3) 

HP 2nd-order 353(9) 73(9) 4.0 

Co(IO3)2 
Ambient+I1 3rd-order 529 29.8(1) 3.5(0.3) 

I2 3rd-order 462.9(5.6) 70.8(3.6) 5.2(0.6) 
Zn(IO3)2 Ambient+I1+I2 3rd-order 264.8(4) 21.6(0.7) 7.0(0.3) 

Mg(IO3)2 
LP 3rd-order 552.8 22.2(0.8) 4.2(0.4) 
HP 3rd-order 369.6(0.3) 63.6(0.4) 3.3(0.1) 

 
Table 3. Experimental determined volume, bulk modulus and the related pressure 
derivate for the four metal iodates in different phases. The hulk modulus was obtained 
from the fitting of the unit-cell volume by adopting the Birch-Murnaghan equation of 
state (BM-EOS)  
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7.3 Oxygen coordination increase of iodine 

For all the studied metal iodates in this thesis, there are two types of I-O bonds, and 

they are different from each other on distance. The first type of I-O bonds (between 

iodine and inlayer oxygen atoms like O7, O8 and O9 in Figure 47) range from 1.8 to 

2.0 Å, they exist at ambient pressure, the bond distance will slightly increase under 

pressure. Another type of I-O bonds with a distance range from 2.5 to 3.2 Å such as 

O10, O5 and O8’ in Figure 47), are between iodine and the oxygen atoms in the 

neighboring IO3 layer, this kind of bond only formed under high pressure, as a 

consequence of two effects; (ⅰ). The pressure-induced shortening of the bond distance 

and (ⅱ). The existence of the LEP in iodine. The second type of I-O bonds shorten under 

pressure. The approach of the interlayer oxygen atoms to iodine pushed away the 

inlayer oxygen atoms and caused the enlargement of the first type of I-O bond distance.  

 

 

Figure 47. Illustration of the two types of I-O bond.  

7.4 Raman spectra at ambient pressure 

Figure 48 shows the Raman spectra of those four metal iodates at ambient condition. 

The Raman spectra can be divided into three regions: (ⅰ). The high-frequency region 

located in the wavenumber interval of 600-900 cm-1, which is contributed by the 

stretching vibration of I-O bonds, the strongest modes are in this region and have been 

marked in Figure 48. (ⅱ). The mid-frequency region is in the wavenumber interval of 
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300-500 cm-1, this region contributed by the bending of I-O bonds. (ⅲ). The low-

frequency region is the modes lower than 300 cm-1, which could be associated with the 

translational and rotational motions of the iodates as a rigid unit.   

 

 
Figure 48. Raman spectra of those four metal iodates at ambient condition. The 
wavenumber of the strongest modes in each Raman spectra have been marked beside 
it. The short vertical bars below of each Raman spectra are an indication of the 
determined peak position.  
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7.5 Raman spectra at high pressure 

Most of the Raman modes in the high-frequency region show a soft behavior under 

compression, which is a result of the pressure-induced enlargement of the I-O bond 

distance, all the modes in the mid- and low-frequency region harden under compression, 

the combination of both phenomena caused a reduction of the phonon gap between the 

mid- and high-frequency region. Furthermore, some Raman modes in Fe, Co, and Zn 

iodates show a nonlinear behavior under pressure, the slope change at the pressure 

where the IPTs occurred. There are some new peaks appeared at around 7.7 GPa in the 

Raman spectra of Mg(IO3)2, support the monoclinic-to-trigonal phase transition. 

7.6 Infrared spectra 

The infrared spectra were collected at the wavenumbers below 700 cm-1. For Fe(IO3)3, 

12 Infrared-active modes were detected at ambient pressure, 8 of them were followed 

under high pressure before the third IPT, there is a suddenly shift of the modes at 15.3 

GPa, the changes in the infrared spectra have been assigned to the third IPT. Only five 

infrared-active modes have been followed under pressure in the HP phase.  

A total of 9 infrared-active modes in Co(IO3)2 have been detected at the lowest 

pressure (0.2 GPa) and followed under high pressure, most of the modes show a 

nonlinear behavior under pressure and the sign changed at the pressure where the IPTs 

happened. No new peaks were observed under pressure.  

A total of 25 infrared-active modes were detected in Zn(IO3)2 at the lowest 

pressure (0.9 GPa), and 18 of them have been followed under pressure. Most of the 

infrared-active modes show a nonlinear behavior under pressure, the sign changed at 

the pressure where the IPT happened, an unexpected change happened in the pressure 

coefficient at 13 GPa, maybe caused by a third phase transition but not observed at 

other diagnostics. 

A total of 14 infrared-active modes have been detected in the LP phase and 9 were 

detected in the HP phase of Mg(IO3)2, two new peaks were observed at 9.6 GPa, a 

results of the pressure-induced monoclinic-to-trigonal phase transition. 
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7.7 Electronic band structure 

According to the calculated electronic band structure, all the four metal iodates have an 

indirect gap. For Fe(IO3)3, the VBM in the electronic structure is dominated by the O-

2p state, while the CBM is dominated by the Fe-3d and I-5p. The bandgap of Fe(IO3)3 

shows a nonlinear behavior at the pressure before the third IPT, the nonlinear behavior 

can be explained by two effects competing under pressure, the pressure-induced 

shortening of the Fe-O bond distance increases the overlap between Fe and O orbital, 

this fact favors the narrowing of the bandgap. On the other hand, the slightly 

enlargement of the I-O bond distance reduces the hybridization between iodine and 

oxygen atoms, this fact favors the opening of the bandgap energy. There is a bandgap 

jump at 23.5 GPa, accompanied by an indirect-to-indirect transition in the electronic 

band structure, owning to the unit-cell volume collapse found in HPXRD. The 

resistivity exhibits a nonlinear behavior before the third IPT and the show a rapidly 

decrease after around 20 GPa, the changes is a results of the exponential increase of the 

intrinsic carrier concentration. 

For Co(IO3)2, the bandgap shows a rapid decrease from the ambient pressure up 

to around 8 GPa, and then show a small pressure dependence. The VBM in the 

electronic band structure is dominated by O-2p and Co-3d state, and the CBM is 

dominated by the I-5p state, with small contribution from O-2p state. The behavior of 

the bandgap can be explained by the competition of two effects under pressure. The 

enhancement interaction between Co and O caused by the shortening of the Co-O bond 

distance, this fact favors the narrowing of the bandgap energy. On the other hand, the 

enlargement of the I-O bond distance under pressure decreases the hybridization 

between iodine and oxygen atoms, this fact favors the opening of the bandgap energy. 

In the optical absorption spectra, we also found the multi-absorption band caused by 

the d-d internal transition in Co2+. Those three observed absorption bands have been 

assigned to the transition from the ground state 4T1g(F) to spin allowed 4T1g(P), spin 

forbidden 2A1g(G) and 2T1g(H) state. There is a pressure-induced narrowing of the 

absorption band, a results of the pressure-induced suppression of the Jahn-teller 

distortion. The high-spin to low-spin transition have been predicted at 110 GPa.  

For Zn(IO3)2 and Mg(IO3)2, the VBM is dominated by the O-2p state, and the 

CBM is dominated by O-2p and I-5p state. The bandgap shows a nonlinear behavior 
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under pressure. According to the molecular diagram established for them by using the 

calculated DOS, PDOS, and COOP between iodine and oxygen, the bandgap for them 

are determined by the energy difference between (ⅰ). The anti-bonding state of the p-p 

interaction between oxygen and iodine (ⅱ). The nonbonding state of O-2p. There are 

two effects competing under pressure, the increasing of the bond distance between 

iodine and inlayer oxygen favors the reduction of the hybridization between them, and 

narrows the separation between bonding and anti-bonding state, thus narrowing the 

bandgap energy. The shortening of the bond distance between iodine and interlayer 

oxygen favors the increase of the interaction between them, and increases the separation 

between the bonding and anti-bonding states, thus opening the bandgap energy.  

The partial filled 3d state in transition metal contribute to either the VBM or CBM, 

thus narrowing the bandgap energy of metal iodates. Therefore, the first instruction for 

designing wide bandgap energy metal iodates is avoiding the use of partial filled 

transition metals. There is a negative relationship between the bandgap energy and the 

average bond distance between iodine and inlayer oxygen atoms in non-transition or 

closed-shelled transition metal iodates, the shorter the I-O bond distance, the wider the 

bandgap energy. Therefore, the second instruction for designing wide bandgap metal 

iodates is shortening the I-O bond distance.     
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