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Magnetic and resonance properties of LiCu 2O2 single crystals
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Zh. Éksp. Teor. Fiz.113, 1866–1876~May 1998!

We study the structural, magnetic, and resonance properties of LiCu2O2 single crystals grown by
the spontaneous crystallization method. The data are interpreted on the assumption that the
crystalline structure of the grown single crystals is orthorhombic. Long-range antiferromagnetic
order sets in at temperatures below 22.5 K, while above this temperature the dependence
of the magnetic susceptibility has a shape characteristic of interacting antiferromagnetic
Heisenberg chains. We hypothesize that long-range magnetic order sets in below 22.5 K
through the destruction of the ideal ladder structure of LiCu2O2 because of partial redistribution
of copper and lithium ions at the crystal lattice sites and because of the presence of other
defects in the crystalline structure. ©1998 American Institute of Physics.
@S1063-7761~98!02105-2#
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1. INTRODUCTION

The discovery of high-Tc superconductivity initiated a
new stage in studies of oxocuprates, which are not super
ductors but contain in their crystalline structure various fra
ments of Cu–O characteristic of high-Tc superconductors
The oxocuprates Bi2CuO4 and CuGeO3, which were studied
earlier,1–3 in their stoichiometric state contain only bivale
ions Cu21 in quadrant and octahedral oxygen surroundin
respectively.

The present paper is a first report on a study of magn
and resonance properties of LiCu2O2 single crystals. In con-
trast to Bi2CuO4 and CuGeO3, which contain only bivalent
copper ions, in the LiCu2O2 single crystal there are univalen
and bivalent copper ions. The magnetic Cu21 copper ions in
this crystal are in pyramidal oxygen surroundings. These
tures determined our interest in studying the physical pr
erties of LiCu2O2 single crystals.

2. SAMPLES AND THE EXPERIMENTAL METHOD

The LiCu2O2 single crystals were grown by slowly coo
ing the melt at a rate of 3–5 degrees per hour. The mixt
for the melt consisted of Li2CO3 and CuO in a 1.2-to-1 ratio
The mixture was placed in an alundum crucible, which
turn was place inside a ZrO2 crucible. The temperature re
gime was chosen with allowance for dehydration of the
agents and for the decomposition of Li2CO3 in the heating
process. The peak temperature of the melt was 1150 °C.
time during which the melt was exposed to the peak te
perature depended on the amount of mixture placed in
crucible, the size of the crucible, the size of the grains, a
the extent to which the powders of the initial reagent co
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be mixed, and amounted to about three to four hours.
crystals were shiny black plates pccupying positions para
to the surface of the fusing agent.

The crystals were drawn mechanically. The maximu
dimensions of the crystals produced in this way we
3-by-4-by-1 mm.3 Prolonged storage in the open air w
found to lead to the formation of a mat coating on the cr
tal’s surface.

Earlier x-ray studies of the samples4 showed that the
crystalline structure is orthorhombic with unit cell param
etersa55.725 Å, b52.857 Å, andc512.409 Å. These pa-
rameters coincide with the data of Ref. 5.

Magnetic susceptibility was measured by vibrating-re
and SQUID magnetometers in the temperature interval fr
300 K to 4.2 K.

In our resonance measurements we used a magn
resonance spectrometer with a pulsed magnetic field w
wavelength of 8 and 6 mm in the temperature interval fro
300 K to 4.2 K. Magnetic resonance in the paramagnetic
gion was studied using an SE/X-2544 EPR spectrom
with l53 cm.

3. EXPERIMENTAL RESULTS

Figure 1 depicts the temperature curves for the magn
susceptibility of LiCu2O2 measured in an 80-Oe magnet
field along thec axis and along two mutually perpendicula
directions in theab plane. Estimates of the diamagnetic co
tribution and the Van Vleck susceptibility show that bo
contributions are smaller than the measured values by a
tor of ten.

The susceptibility along thec axis is higher than in the
other two directions over the entire temperature range.
0 © 1998 American Institute of Physics
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FIG. 1. Temperature curves for the magnetic susce
bility of LiCu2O2: h—Hic, ands andn—H'c. The
theoretical curves are denoted as follows:1—
alternatingly spaced magnetic chain,2—two-
dimensional Heisenberg model, and3—one-
dimensional model with interchain interaction. Th
inset depicts the temperature dependence of the
temperature derivatives of susceptibility.
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high-temperature part of the reciprocal susceptibility is u
to determine the values of the paramagnetic Ne´el tempera-
tures in all three directions:

Qc5247 K, Q'15250 K, Q'25238 K.

These values are lower than the valueQ5275 K for poly-
crystalline LiCu2O2 given in Ref. 6. The corresponding va
ues of the effective magnetic moment are

mc52.01mB , m'151.83mB , m'251.76mB ,

which are close to the theoretical value of 1.73mB for Cu21.
Figure 2 depicts the field curves for magnetization m

sured at 4.2 K along thec axis and along two mutually per
pendicular directions in theab plane. All three curves rep
resent a linear dependence up to 15 kOe. No resid
magnetic moment or hysteresis phenomena were detect

The results of studies of the temperature dependenc
the EPR linewidth for three orientations of the magnetic fi
~along thec axis and in theab plane! are depicted in Fig. 3
As the temperature lowers, the EPR linewidth sharply
creases asT approachesT.30 K. Below this temperature
no EPR signal was detected with the magnetic field direc
along thec axis. When the field was parallel to theab plane,
below T.30 K we observed resonant absorption, whose

FIG. 2. Field curves for the magnetization of LiCu2O2 at T54.2 K: h—
Hic, ands andn—H'c.
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tensity was found to diminish as the temperature was lo
ered still further. Below 15 K this resonance signal was n
detected.

The angular curves for the EPR linewidth measured
room temperature are depicted in Fig. 4. When the magn
field rotates in theab plane, the linewidth varies in sinuso
dally with a period ofp/2. When the magnetic field rotate
in a plane perpendicular to theab plane, the functionA
1B(11cos2u) provides a good description of the angul
dependence ofDH, with the fitting parametersA andB de-
pending on the orientation of this plane in relation to t
crystallographic axes in theab plane.

The temperature curves for EPR fields with both fie
orientations are depicted in Fig. 5. Figure 6 depicts the
gular curves for theg factors measured at room temperatu
For Hic we havegc52.225, while in theab plane theg
factor slowly varies sinusoidally with a period ofp/2 and
extremal values 2.00 and 1.95.

Figure 7 depicts the frequency vs. field dependence
magnetic resonance, measured atT54.2 K in Hic. The
dashed straight line shows the linear dependencen5gH,
whereg corresponds to the valuegc measured at room tem

FIG. 3. Temperature curves for the EPR linewidth in LiCu2O2 at
n59.4 GHz: 1—field H is parallel to theab plane, 2—Hic. The solid
curves represent the results of power-law calculations.
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perature. The frequency vs. field dependence has a gap a
described by the polynomial

n5nc1aH1bH2, ~1!

where nc529.83 GHz, a50.5754 GHz kOe21, and
b50.0265 GHz kOe22. Note that the frequency vs. field de
pendence does not asymptotically approach the linear dep
dencen5gH as the field becomes stronger; it intersects th
linear dependence atH.13 kOe.

We measured the temperature behavior of the resona
fields in Hic at two frequencies, 44.61 and 46.27 GHz. U
der the assumption that the coefficientsa andb in Eq. ~1! are
temperature-independent, we calculated the temperature
pendence ofnc ~Fig. 8!. According to this dependence, th
nc (T) curve is approximately equal to zero atT.23 K.

Figure 9 depicts the results of measuring the angu
curves for the resonance field when the magnetic field
rotated in two mutually perpendicular planes containing thc
axis. Within experimental error, both curves coincide. F
the magnetic field in theab plane the resonance field sharp
increases, which made it impossible to measure the
quency vs. field dependence for this orientation.

FIG. 5. Temperature curves for the EPR field in LiCu2O2 at n59.4 GHz:
1—Hiab, and2—Hic.

FIG. 4. Angular curves for the EPR linewidth in LiCu2O2 at room tempera-
ture atn59.4 GHz.
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4. DISCUSSION

The crystalline structure of LiCu2O2 was determined by
Hibble et al.6 by the x-ray method. They interpreted th
structure LiCu2O2 as tetragonal with the space grou
P42 /nmc anda55.714 Åandc512.401 Å. Later, however
Bergeret al.5 interpreted the crystalline structure of LiCu2O2

as orthorhombic with the space groupPnma and the unit
cell parametersa55.72 Å, b52.86 Å, andc512.4 Å. They
explain why Hibbleet al.6 inferred tetrahedral symmetry in
LiCu2O2 by pointing out thata52b, so that there is crysta
twinning, and this causes the x-ray spectra to have quas
ragonal symmetry. In Ref. 6 it was assumed that depend
on the rate of melt cooling and other conditions of synthe
the crystal symmetry may be either tetragonal or orthorho
bic. Thus, the difference in determining the space group
the LiCu2O2 crystal may be due to the different origin of th
samples.

The crystalline structure of LiCu2O2 with orthorhombic
symmetry is depicted in Fig. 10a. The Cu21 ions are at the
base of the pyramid consisting of oxygen ions and are c
nected into chains along theb axisof the crystal. The mag
netic structure of LiCu2O2 in this case is formed by two
exchange-coupled chains of Cu21 ions oriented along theb
axis of the crystal and belonging to two neighboring atom
planes that are perpendicular to thec axis of the crystal.
These planes form a layer in which the adjacent exchan
coupled pairs of chains consisting of copper ions are far fr

FIG. 6. Angular curves for theg factor of LiCu2O2 at room temperature and
n59.4 GHz.

FIG. 7. Frequency vs. field dependence of the AFMR signal in LiCu2O2 at
T54.2 K in Hic. The solid curve represents the theoretical curve cor
sponding to Eq.~1!.
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each other and are separated by chains consisting of lith
ions also oriented along theb axis. Each layer is separate
from a neighboring layer of the same kind by a plane c
taining nonmagnetic Cu1 ions. Thus, we have described
magnetic structure consisting of isolated pairs of exchan
coupled chains of Cu21 ions, with a fragment shown in Fig
10b.

Such magnetic structures are known in the literature
ladder systems,7 and lately there has been an upsurge of
terest in these structures. A ladder system consisting of
chains, or a two-leg ladder, is described by two excha
interactions, the intrachain interaction and the interchain
teraction. In our case, as Fig. 10b clearly shows, we m
introduce three exchange interactions to describe the m
netic structure. A similar structure was observed in
KCuCl3 crystal by Tanakaet al.,8 who found that such a
magnetic structure is a ladder system.

If there is twinning of the orthorhombic crystal, the cry
tal becomes divided into domains in such a way that
neighboring domains the crystallographicb axes are turned
through 90° in relation to each other. However, in this ca
too the magnetic structure within a single domain is a lad
one. Since in crystal twinning the domains are usually m
roscopic, the magnetic structure of the crystal as a whole
also be considered a ladder system.

When the symmetry is tetragonal, the crystalline str
ture of LiCu2O2 proposed by Hibbleet al.6 differs from the
orthorhombic in that in two neighboring atomic planes t

FIG. 8. Temperature curve for the AFMR gap in LiCu2O2: s—n
544.61 GHz, andd—n546.27 GHz.
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ion copper chains are perpendicular to each other. In
case the magnetic structure is not a ladder one; more lik
it forms a two-dimensional system that is a bulk ‘‘lattice’’ o
exchange-coupled chains consisting of neighboring ato
planes.

Thus, depending on the type of structure~orthorhombic
or tetragonal! and the strength of the exchange coupling b
tween the chains, LiCu2O2 can be in the form of the follow-
ing magnetic structures: noninteracting magnetic cha
exchange-coupled pairs of magnetic chains, or a tw
dimensional magnetic structure consisting of two neighb
ing atomic planes with the chains in these planes perpend
lar to each other.

Since x-ray studies of our samples of LiCu2O2 con-
firmed the orthorhombic symmetry of the crystal, below w
discuss the various magnetic structures that can arise in
case.

As shown in Refs. 7–10, the ground state of a lad
system withS51/2 is nonmagnetic and is characterized
an energy gap between the ground and excited magn
states. The presence of such a gap leads to a situatio
which the magnetic susceptibility drops exponentially to ze
as the temperature falls below a certain critical value.

The temperature curves for the susceptibility depicted
Fig. 1 do not exhibit the low-temperature exponential dr
characteristic of ladder systems. More than that, the peak

FIG. 9. Angular curves for the resonance field of the AFMR signal
LiCu2O2 at T54.2 K andn541.62 GHz. The data1 and2 were obtained as
a result of rotating the sample in two mutually perpendicular planes c
taining thec axis of the crystal.
FIG. 10. ~a! The crystalline structure of
LiCu2O2 with orthorhombic symmetry~accord-
ing to the data of Ref. 5!. ~b! A fragment of the
crystalline structure of LiCu2O2 illustrating ex-
change interactions.
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the first temperature derivatives for all three direction of
magnetic field atT522.5 K ~the inset in Fig. 1! suggest that
long-range magnetic order sets in below this temperat
which is assumed to be the Ne´el temperatureTN . Presum-
ably, the existence of long-range magnetic order is also s
ported by the presence of a gap in the magnetic reson
spectrum at temperatures below 22.5 K~Figs. 7 and 8!. The
presence of magnetic order in the crystal suggests that t
is no need to examine in detail the case of noninterac
magnetic chains.

Strictly speaking, the absence of an exponential drop
susceptibility makes it impossible to reject with certainty t
ladder nature of the magnetic structure of LiCu2O2. Fuku-
yamaet al.11 studied the ladder system SrCu2O3 and found
that zinc ion impurities and, probably, other structural d
fects can give rise to a magnetic phase and, at sufficie
high concentrations of such defects, to the formation o
Néel state. According to Watanabeet al.,10 strong anisotropy
of the exchange interaction in a chain can also lead to su
state.

The presence of a broad maximum in the tempera
curve for the susceptibility and the inequalityTN /Txmax

50.59,1 indicate that the magnetic structure of LiCu2O2 is
low-dimensional, with the antiferromagnetic interaction in
chain realized through a 90° bond. This situation is enco
tered in oxocuprates and, in particular, in CuGeO3. It was
given a theoretical basis by Geertsma and Khomskii.12

Figure 1 depicts the theoretical temperature curves
the susceptibility calculated in the two- and one-dimensio
Bonner–Fisher models for planes and interacting antife
magnetic Heisenberg chains.13,14 Figure 1 also depicts the
theoretical temperature curve for the magnetic susceptib
of an alternatingly spaced magnetic chain, whose behavio
similar to that of a ladder system.15 The best agreement wit
experiment is achieved for a system of interacting antifer
magnetic chains withJ15231.5 K and uJ2u50.06 K with
the external magnetic fieldH parallel to thec axis ~hereJ1

andJ2 are the intra- and interchain exchange integrals!. The
value of the intrachain exchange interactionJ1, estimated
from the relationTxmax51.32uJ1uS(S11) ~see Ref. 16!, is
uJ1u539.6 K.

A comparison of the theoretical and experimental cur
suggests that the magnetic structure in LiCu2O2 is quasi-one-
dimensional. The absence of an exponential decay in sus
tibility to zero ~a decay characteristic of ladder systems! in
this case is probably due to the presence of defects in
sample, which destroy the purely ladder state.

The crystalline structure of LiCu2O2 shows that the Li1

and Cu21 ions have the same pyramidal oxygen surrou
ings. This probably facilitates the situation in which in som
of the lithium and bivalent copper ions change places. T
possibility of such redistribution is corroborated, for i
stance, by the fact that doping CuMg2O3 with lithium ions
leads to a uniform distribution of the impurity ions amon
the Cu and Mg positions,17 while in LiCu3O3 the Li and Cu
ions are distributed among equivalent positions statistica6

On the one hand, such redistribution of ions violates
homogeneity of the ladder structure but, on the other,
exchange coupling develops between isolated ladder pai
e
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chains via the Cu21 ions that have occupied the positions
lithium ions. When the number of such copper ions is su
ciently large, long-range magnetic order of the Ne´el type
may set in at a finite temperature in the crystal,11 and the
temperature curve for magnetic susceptibility is described
the theoretical curve for interacting chains. Here by e
change interaction between chains we mean an average v
of the exchange interactions between chains within a two
ladder and the interaction between ladder pairs via the c
per ions introduced into the lithium chains.

Another fact that speaks in favor of partial redistributio
of copper and lithium ions in LiCu2O2 is that after hardening
the samples from high temperatures, the resonance and
netic properties undergo a considerable change~as shown by
preliminary measurement!. Here we have not excluded th
possibility that the redistribution of cations may lead to fo
mation of a tetragonal phase. The problem of how heat tr
ment affects the structural and magnetic properties
LiCu2O2 requires a special study.

We cannot exclude the possibility that conduction ele
trons also participate in the formation of long-range ma
netic order in LiCu2O2. Most likely, the presence of coppe
ions with different valencies leads to a situation in which t
electrical resistivity of LiCu2O2 at room temperature is
roughly 102–103Vcm, which is smaller by several orders o
magnitude than in CuGeO3 or Bi2CuO4.

The frequency vs. field dependence of magnetic re
nance at low temperatures and, in particular, the presenc
a gap in the magnetic excitation spectrum~Fig. 7! and the
temperature dependence of this gap~Fig. 8! also suggest tha
antiferromagnetic order sets in at temperatures lower t
22.5 K. However, the gap in the AFMR spectrum is e
tremely narrow for orthorhombic antiferromagnets. As
well known,18 the size of the gap in the AFMR spectrum fo
an orthorhombic antiferromagnet is given by the followin
expression:

nc5gA2HEHa8,

whereHE is the exchange field, and, depending on the o
entation of the external magnetic field with respect to
crystallographic axis,Ha8 is one of the two effective fields
Ha1 and Ha2 describing the anisotropy of a biaxial antife
romagnet or the difference of these fields. A possible sit
tion ~at least in principle! is whenHa1 andHa2 are close in
value and their difference determines a small value of
energy gap. But in this case, too, the absence of signific
anomalies in the field curves for magnetization in a fie
Hc5A2HEHa8'11.8 kOe due to a spin-flop transition re
mains unexplained.

On the other hand, the frequency vs. field depende
does not approach the linear dependencen5gH asymptoti-
cally as the magnetic field strength grows, as was to be
pected in orthorhombic antiferromagnets, but intersects it
frequency vs. field dependence of this kind can be obser
for instance, in antiferromagnets with a triangular~noncol-
linear! magnetic structure.19

When the external magnetic field was at right angles
the c axis of the crystal, we were unable to measure
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frequency vs. field dependence at frequencies above 37
because of a sharp increase in the resonance field. How
on the basis of the angular dependence of the resonance
of AFMR ~Fig. 9! it can be assumed that the external ma
netic field deviates from thec axis of the crystal, the gap in
the AFMR spectrum diminishes and the slope of the f
quency vs. field curve decreases.

It is quite possible that all the unusual properties
AFMR are due to the formation of a noncollinear magne
structure forT,TN . Such a structure may develop becau
of frustration of the exchange interaction in the triangu
bond configuration~see Fig. 10b!.

The increase in the EPR linewidth with the temperat
decreasing below'80 K ~Fig. 3! is described by the theo
retical formulaDH}@(T2TN)/TN#2n. The best agreemen
with the experimental results is achieved atn51.28 and
n51.35 forHic andH'c, respectively. These values of th
critical indices are close to the valuesn51.1–1.2 determined
from experiments with the quasi-one-dimensional magn
materials CuCl2•2NC5H5, CsNiCl3, and RbNiCl3 ~see Refs.
20 and 21!.

An analysis of linewidths and the values ofg factors
measured at room temperature~Figs. 4 and 6! suggests the
following. The large value ofDH cannot be explained by
dipole–dipole and effective exchange (Jeff}3QN/2zS(S
11) interactions and is determined by the anisotropic
change interaction. When the magnetic field changes its
entation from thec axis to theab plane,DH and theg-factor
exhibit a typical angular dependence,}A(11cos2u). How-
ever, in theab plane both are characterized by 90° perio
icity, while in orthorhombic crystals this angular dependen
has a 180° period and tetragonal crystals exhibit no s
angular dependence, provided that we ignore contributi
of higher-order exchange interactions. We believe that s
discrepancy is due to crystal twinning, in which the cryst
lographic axes in neighboring domains are rotated about
c axis through an angle of 90°.

5. CONCLUSION

Our study of the structural, magnetostatic, and resona
properties of LiCu2O2 single crystals leads to the followin
conclusions.

The LiCu2O2 compound is a quasi-low-dimension
magnetic material. AtT522.5 K, long-range antiferromag
netic order sets in in a LiCu2O2 single crystal. It is hypoth-
esized that the magnetic structure in the magnetically
dered phase is noncollinear.

Our experimental results have been interpreted on
basis of the assumption that the crystalline structure of
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samples is orthorhombic~the space groupPnma). In an
ideal crystalline structure of LiCu2O2 the positions of the
atoms predetermine a magnetic structure of a two-leg lad
However, defects in the crystalline structure, among wh
the most probable are the partial redistribution of copper
lithium ions Cu21 and Li1 in chains and the oxygen nons
toichiometry, destroy the singlet state~a state characteristic
of ladder systems with spinS51/2) and introduce long-
range magnetic order in the system.
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