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A field induced ferromagnetic-like transition below 2.8 K in Li 2CuO2:
An experimental and theoretical study
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The low temperature magnetic properties of the Li2CuO2 compound have been investigated by
means of superconducting quantum interference device magnetometry. We find in addition to an
antiferromagnetic phase below 9.5 K a ferromagnetic-like steep rise of the magnetization around 2.8
K. The observed low temperature behavior is discussed by considering second and fourth order
magnetocrystallineeffectiveanisotropy coefficients, in addition to the exchange couplings reported
in the literature. ©1998 American Institute of Physics.@S0021-8979~98!31111-1#
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The magnetic properties of ternary copper oxides
currently of considerable interest, in particular with resp
to high Tc superconducting compounds. Unlike these per
skite systems the Li2CuO2 compound investigated here e
hibits an orthorhombic structure consisting of CuO2 planes
stacked along the crystallographicc axis, and separated b
Li-rich layers. Within a CuO2 plane the Cu ions are lined u
in chains.1,2 Thus this compound was expected to exhi
magnetic properties reminiscent to a one dimensio
magnet.3 The magnetic structure of this compound as de
mined by neutron diffraction2 may be described as follows
the magnetic moments within the CuO2 planes are ferromag
netically ordered, whereas neighboring planes are cou
antiferromagnetically~AF! along thec axis. In addition to an
AF ordering transition atTN59.5 K, we observe at tempera
tures below 2.8 K the appearance of a ferromagnetic com
nent along the direction of the applied magnetic field. W
argue that the observed magnetic behavior corresponds
noncollinear arrangement of the spin layers due to compe
magnetocrystalline anisotropies and interlayer exchange
pling. Experimental evidence supporting this argument
presented.

The procedure for fabricating the polycrystallin
Li 2CuO2 compound has been described elsewhere.2 The x-
ray diffraction patterns of the sample corresponds to asingle
crystallographic phase. The magnetic properties have be
measured by means of superconducting quantum inte
ence device~SQUID! magnetometry with applied magnet
fields up to 10 kOe, and in the temperature range betwe
and 300 K. In all our experiments the temperature dep
dence of the magnetization is measured during warm
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scans. It is important to point out that independent samp
fabricated and measured at two different places yield ide
cal structural and magnetic properties.

As has already been reported in the literature,1,2 the mag-
netic properties of the Li2CuO2 compound~i! exhibits an AF
ground state with a Ne´el temperatureTN'9 K, and ~ii !
shows a Curie–Weiss behavior of the paramagnetic sus
tibility aboveTN , with a paramagnetic Curie temperature
aboutQ'240 K. In addition we have observed the appe
ance of aferromagneticcomponent of the magnetization or
ented along the applied magnetic field for temperatures
low 2.8 K, cf. Fig. 1. The samples were field cooled~FC! in
an applied field of 10 Oe, as well as zero field cooled~ZFC!
down to 2.0 K. With increasing temperatures the magnet
tion for both ZFC and FC conditions were measured by
plying a magnetic field of 10 Oe. We notice that both curv
overlap above 2.8 K, and show the characteristic kink at
Néel temperatureTN . Note also the change of scale of th
magnetization for the data taken above 4 K, cf. Fig. 1~b!. In

e

FIG. 1. Temperature dependence of the magnetization of a Li2CuO2 sample
~67.3 mg!. ZFC denotes cooling the sample down to 2.0 K in zero appl
field; FC is cooled in a magnetic field of about 10 Oe.~a! Transition from a
noncollinear arrangement of the spin layers to a purely AF phase above
K. ~b! Transition from the AF to the paramagnetic phase, with the N´el
temperatureTN'9.5 K.
2 © 1998 American Institute of Physics
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addition we have monitored the magnetic hysteresis lo
M (H) below and above 2.8 K. In the former case we o
serve a smallremanent magnetization, cf. Fig. 2~a! for T
52.2 K, and a resulting coercive field of aboutHc'12 Oe.
Within these measurements the samples were cooled in
down to 2.2 K. First the virgin magnetization curveM (H) is
monitored, then the complete hysteresis loop is measure
cycling the external field through610 kOe. We find that the
loops close and the reversible part of the magnetiza
M (H) is reached for magnetic fields aboveuHu5100 Oe.

No remanence was observed for temperatures above
K, as shown in Fig. 2~b! for temperatures of about 5, 9, an
14 K. However, for all temperatures investigated the mag
tization curvesM (H) stay in the linear regime and do no
saturate at even the strongest available applied fields, re
ing in a high field susceptibilityxhf'2.631025 emu/gOe at
T52.2 K. We note that a complete saturation of the Cu21

ions would render a specific magnetization of aboutss

551 emu/g, assumingJ51/2 spins.
In addition we have measured the susceptibility in

paramagnetic phase. A Curie–Weiss behavior was obser
yielding a Curie constantCM'0.41 emu K/mol Oe and the
paramagnetic Curie temperatureQ'215 K, which differs
from the one reported previously.2 From our data we con
clude a magnetic momentm'1.05mB per Cu ion, which is
consistent with a recent neutron diffraction study yielding
magnetic moment ofm'0.96(4) mB .2

The above results can be explained in terms of a unia
magnetocrystalline anisotropy determining the direction
the magnetization with respect to thec axis. Commonly, the
uniaxial anisotropy is given as a series in powers of cosu, u
being the angle between the magnetization and thec axis.
The anisotropic part of the free energy per spin pair may
written as

F~T,u1 ,u2!52Jc~T!cos~u12u2!2K2~T!~cos2 u1

1cos2 u2!2K4~T!~cos4 u11cos4 u2!.

K2(T) andK4(T) are the second and fourth ordereffective,
i.e., temperature dependent, lattice anisotropy coefficie
Expressions of these coefficients as calculated by, e.g
thermodynamic perturbational expansion of the free ene

FIG. 2. Magnetic loops of a Li2CuO2 sample~67.3 mg! as a function of
applied magnetic field. The samples are cooled in zero applied field~ZFC!
down to 2.2 K.~a! T52.2 K; first the virgin curve is measured, then th
sample is cycled betweenH5610 kOe. ~b! Linear magnetic loops mea
sured atT55 K ~d!, T59 K ~n!, and T514 K ~.!. The hysteresis loop
obtained forT52.2 K ~s! is also shown for comparison.
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are given in Ref. 4. Note that forK2,4.0 a magnetization
parallel to thec axis is favored (u50), and a perpendicula
orientation (u5p/2) for K2,4,0. Jc(T),0 is theeffective
interlayer exchange coupling connectingq nearest neighbors
in adjacent CuO2 layers, and favoring an AF alignmen
Minimization of F(T,u1 ,u2) with respect tou1 and u2 re-
veals the equilibrium canting angles. The most stable sta
always the purely AF spin arrangement withu25u11p and
a vanishing total magnetization. The case of compet
anisotropiesK2.0 and K4,0 may result in a canted
magnetization,4 i.e., 0,u,p/2, cf. Fig. 3~a!.

Most importantly, two additional metastable states m
occur corresponding to a noncollinear spin arrangement
Fig. 3~b!, which may be in parts thermally populated. Th
respective canting anglesu1 andu252u1 are determined by
Jc(T), K2(T), andK4(T) ~and also by an applied magnet
field if present!, and should be close top/2. Quite interest-
ingly, due to theeffectivetemperature variation of the in
volved interactions, the metastable state mayvanishabove
some temperatureTx , probably around 2.8 K in the presen
case. However, belowTx and in the absence of an applie
field the two metastable states refer to oppositely orien
magnetizations. Since these two states have the same
energy, they are equally populated, but less populated
the purely AF state. The occupation ratio may be given
}exp(2DF/kBT), whereDF is the free energy difference be
tween the stable and the two metastable states. An app
magnetic field may cause a different thermal population
these two metastable states, yielding a small but finite re
anent magnetization, cf. the hysteresis loop shown in F
2~a!. Also shown in this figure is the virgin curve, i.e., th
sample was cooled down to 2.2 K in vanishing magne
field, resulting in equally populated metastable minima a
thus in a vanishing remanence. Furthermore, the ZFC m
netization should vanish at temperatures close toT50, since
then the equilibrium thermal population of the metasta
states would be vanishingly small. A complete description
the model and the theoretical results will be presented e
where.

We do not think thatTx refers to a blocking temperatur
as present in superparamagnetic systems, since our sys
exhibit infinitely extended and strongly coupled ferroma
netic layers. Of course each layer may break up into m
netic domains which will determine essentially the behav
of the hysteresis loops, cf. Fig. 2~a!.

In conclusion, the low temperature magnetic propert

FIG. 3. Sketch of the spin arrangements of two neighboring CuO2 layers for
~a! the purely AF phase, and~b! the noncollinear phase. Note that the latt
is metastable since it refers to a local minimum of the free energy. It exh
a finite remanent magnetization, and may vanish above some temper
Tx . u is the canting angle between the magnetization and the crysta
graphicc axis.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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of the Li2CuO2 compound have been investigated by expe
mental and theoretical means. At temperatures below 2.
the pure AF arrangement of the spin layers is disturbed
the appearance of metastable minima of the free energy
ferring to a noncollinear spin arrangement. The origin
such spin configuration is the competition between the
interlayer exchange coupling, and the magnetocrystalline
isotropy causing a canted magnetization. The thermal po
lation of such minima is observed by the appearance o
finite remanence and coercivity below 2.8 K. Above th
temperature the metastable states vanish due to the effe
temperature dependence of the involved interactions. At
evated temperatures the compound is an antiferroma
with Néel temperatureTN'9.5 K. The high temperature
paramagnetic susceptibility, which closely obeys the Cur
Weiss law, reveals a magnetic moment of about 1mB per Cu
ion.
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