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Dimer liquid state in the quantum antiferromagnet compound LiCu2O2
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Results of systematic structural, magnetic, electron-spin resonance, and specific-heat investigations of the
S51/2 quantum antiferromagnet compound LiCu2O2 are presented. A spin-singlet ground state is revealed at
temperatures aboveT;23 K. In this temperature region LiCu2O2 may be regarded as a quantumS51/2 chain
with competing nearest- and next-nearest-neighbor interactions in the intermediate range of theJ2 /J1 ratio
(ac1,J2 /J1,ac2). The size of the energy gap between the spin-singlet ground state and the first excited
triplet, D, is found to be;72 K. The study confirms a magnetic phase transition in LiCu2O2, which results in
the collapse of the spin-singlet ground state at a temperature below 23 K. In addition, a second low-temperature
transition was found atT;9 K. Peculiarities of the magnetic excitation spectrum in the dimer phase of
LiCu2O2 and its magnetic structure are discussed.
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Recently, a considerable amount of attention has b
given to theoretical and experimental investigations of lo
dimensional~low-D! frustrated spin systems. This intere
has been stimulated by theoretical predictions of a rich ph
diagram and novel magnetic properties, which originate fr
the intensive interplay of geometrical frustration and qu
tum fluctuations in low dimensions. QuantumS51/2 chains
with competing nearest- and next-nearest-neighbor inte
tions have been intensively studied. The model Hamilton
for these systems may be written in the form

H5(
i

@J1~Si
xSi 11

x 1Si
ySi 11

y 1D1Si
zSi 11

z !

1J2~Si
xSi 12

x 1Si
ySi 12

y 1D2Si
zSi 12

z !#, ~1!

whereSi is the spin-S operator at sitei, D1 andD2 are the
exchange anisotropies, andJ1 and J2 are the nearest- an
next-nearest-neighbor interactions, respectively. Depen
on the ratio betweenJ1 andJ2, this class of materials ma
exhibit a gapless collinear phase (J2 /J1,ac1), a gapped
disordered dimer liquid phase (ac1,J2 /J1,ac2), or a
quasi-long-range order spiral phase (J2 /J1.ac2). The criti-
cal valueac1 runs from;0.33 in theXY case1 to ;0.2411 in
the fully isotropic Heisenberg chain model.2 The critical
valueac2 increases from;1.26 in theXY case3 to about of
1.8 in the isotropic Heisenberg chain case.4 The presence o
a sufficiently large exchange anisotropy~uDu.1! may cause
antiferromagnetic or ferromagnetic long-range spin corre
tions. Magnetic properties of the quantumS51/2 dimerized
frustrated chains can be significantly changed by introduc
alternating exchange parameters.5,6 One of the most chal-
lenging goals in these studies is to experimentally prove
rich variety of magnetic properties in the low-D quantu
chain systems predicted theoretically.

LiCu2O2 is a mixed-valent compound with copper ions
the Cu21 and Cu11 oxidation states.7,8 The crystallographic
analysis of LiCu2O2 reveals a double-chain structure, wi
chains of Cu21 ions propagating along theb axis. The low-D
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character of LiCu2O2 has been confirmed by magnetic su
ceptibility measurements, but the nature of the ground s
in the low-D phase remains unclear. AtT;23 K the suscep-
tibility shows a transition into a long-range-ordere
phase.9–11 This transition overshadows low-temperature fe
tures of the magnetic susceptibility, which would arise fro
the low-dimensional character of the system in the abse
of the long-range order in AFM correlations and which are
special importance for investigation of the ground state
low-D systems. Electron-spin resonance~ESR! is an ex-
tremely powerful tool for investigating of the elementary e
citation spectrum in solids. It provides direct informatio
about the nature of the ground state, the type of magn
structure, and allows one to determine phenomenolog
constants and magnetic parameters of magnetic mater
The main motivation of this work is to determine the natu
of the ground state of LiCu2O2 and characterize its magnetic
resonance, and thermodynamic properties in the low
phase.

LiCu2O2 has an orthorhombic crystal structure with
Pmnaspace group@Fig. 1~a!#. The lattice constants at room
temperature area55.72 Å, b52.86 Å, andc512.4 Å.7,8

There are two linear Cu21 chains, which propagate along th
b axis and form a zigzag ladderlike structure@Fig. 1~b!#. The
ladders are isolated from each other by both Li ions and
layers of nonmagnetic Cu1 ions. The distance between th
magnetic next-nearest-neighbor Cu21 ions ~along the ladder!
is about of 2.86 Å, and between the nearest-neighbor C21

ions ~that is, the length of the rungs! is about of 3.38 Å
and 3.08 Å. Due to the slight difference in distance betwe
the nearest-neighbor Cu21 ions, an alternating term
J11(21)id, should be considered in the Eq.~1!. The dis-
tance between the Cu21 ions from the neighboring ladders i
4.79 Å. The distance between the ladders along thea-axis
direction ~along which a possible super-exchan
Cu21-Cu21 coupling via oxygen bridges and, thus, som
additional frustrations might be expected! is 5.72 Å. This
distance is almost twice as large as the distance betw
©2002 The American Physical Society24-1
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Cu21 ions along the ladders. Thus, the nature of the cry
structure facilitates a possible occurrence of theS51/2 chain
with competing nearest- and next-nearest-neighbor inte
tions and an alternating nearest-neighbor exchange inte
tion ~asymmetric zigzag spin ladder!.

LiCu2O2 crystals were grown using a self-flux method.
nonstoichiometric mixture of Li2CO3 and CuO was fired a
1250 °C for 4 h and then slowly cooled at a rate of 4 °C/h
950 °C. Before proceeding with the ESR experiment a
tailed microstructural analysis of the samples was perform
using transmission electron microscopy~TEM!. It revealed
that the bulk material of the crystal is clearly the sing
crystalline LiCu2O2 phase with an orthorhombic crysta
structure. The crystal structure is twinned at the microsco
level in the ab plane. There is a second, LiCuO-impuri
phase in the form of platelets with the dimension of;100
373100 nm3 dispersed almost regularly inside LiCu2O2
@Fig. 2~a!#. This phase has copper ions in the Cu1 oxidation

FIG. 1. ~a! The crystal structure of LiCu2O2. The Cu21 ion
chains propagate along theb axis. ~b! The schematic view of the
double-chain structure of LiCu2O2 showing exchange pathways an
distances between the Cu21 ions.
06442
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state and thus is nonmagnetic. This estimation indicates
the LiCuO phase is less than 10% of the total volume p
centage. Figures 2~b! and 2~c! show a selected-area diffrac
tion pattern of@12̄2#LiCu2O2

/@111#LiCuO and high-resolution
TEM image of the precipitate, respectively. Our observatio
are consistent with results of earlier analysis of LiCu2O2,
which established the twin-domain structure of th
material.10 No traces of the Li2CuO2-impurity phase were
found.

Magnetic susceptibilityx(T) of LiCu2O2 along different
crystallographic directions~measured at the field 1 kOe! is
shown in Fig. 3. The temperature dependence of the m
netic susceptibility with a rounded maximum at about 35
reveals a typical behavior for low-dimensional antiferroma
nets. The paramagnetic Curie-Weiss temperatureQ and the
Curie constantC were extracted from the fit

x~T!5xdia1C/~T1Q!, ~2!

100 K,T,300 K. We findQ581 K andC50.373 emu K
for the magnetic field applied along thec direction. For the
magnetic field applied in theab plane we findQ593 K and
C50.334 emu K. The anisotropic behavior of the magne
zation may arise from the anisotropy of the exchange in

FIG. 2. ~a! Bright-field TEM image showing the second-pha
precipitates. ~b! Selected-area diffraction pattern o
@12̄2#LiCu2O2

/@111#LiCuO . ~c! High-resolution TEM image of the
precipitate.
4-2
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actions in LiCu2O2. A transition to a long-range-ordere
phase is clearly seen in thedx/dT vs T dependence, occur
ring at T;23 K. We also found a second low-temperatu
transition (T;9 K), whose origin will be discussed below

It has been shown6 that for the dimerized frustratedS
51/2 chain, it is impossible to determine all three coupli
parameters (J1 , J2, andd! from the magnetic susceptibility
alone if sufficient low-temperature data are not availab
The precise value of theg factor ~known from independen
experiments, e.g., ESR! is very important. Since theg factor
in LiCu2O2 significantly depends on temperature~addressed
below! and the low-temperature behavior of LiCu2O2 devi-
ates appreciably from that of a purely one-dimensional s
tem, it is difficult to come to a simple conclusion about e
change parameters in this system. In order to analyze
magnetic susceptibility and to get an estimation of the
change parameters, the simplest alternating-chain mod12

was chosen. The best fit is obtained for the exchange inte
J543.9 K and the dimerization parameterd50.89 ~Fig. 3!.

The ESR experiments were performed on a transmiss
type millimeter-wavelength band ESR spectrometer w
oversized waveguides in a frequency range of 90–370 G
and in fields up to 14 T. Taking into account the observ
peculiarities of the LiCu2O2 microstructure~i.e., twinning in
theab plane! we chose to apply the magnetic field along t
c axis. A sample of a typical size 13130.5 mm3 was in the
Faraday geometry (hw'B, wherehw is a magnetic compo
nent of the microwave radiation!. A distinct resonance ab
sorption with a linear frequency-field dependence was
served atT.23 K. A typical absorption spectrum measur
at 277 GHz and 56 K is shown in the inset of Fig. 4. T
integrated intensity of the resonance has been calculated
ing a Lorentzian fit and is depicted as a function of the te
perature in Fig. 5. One can see a pronounced maximum
T;45 K which is a clear signature of transitions within th

FIG. 3. The temperature dependence of the magnetic susc
bility x. The open diamonds and circles denote data when magn
field is applied in theab plane and parallel to thec axis, respec-
tively. The line is a fit using alternating chain model with the p
rametersJ1543.9 K andd50.89~see details in the text!. The solid
circles denote the temperature dependence ofdx/dT; the magnetic
field is applied parallel to thec axis.
06442
.

s-
-
he
-
l
ral

n-
h
z

d

-

us-
-
at

excited states. Due to spin dimerization, an energy gaD
opens, separating the spin-singlet ground state from the
excited triplet ~inset of Fig. 5!. In S51/2 quasi-one-
dimensional spin systems the ESR spectrum results basi
from transitions between the excited states~in the general
case transitions within the entire Brillouin zone should
considered!, which are separated from the ground state
the energy gapD. The Boltzman distribution is included to
analyze the temperature dependence of the ESR signal
determine the singlet-triplet energy gap. For the integra
absorption we can write

I ~T!;$exp@~2D1gmBB!/kBT#

2exp@~2D2gmBB!/kBT#%/Z, ~3!

whereg is theg factor, mB is the Bohr magneton,kB is the
Boltzmann constant, andZ is the partition function for the

ti-
tic

FIG. 4. The ESR linewidth vs temperature at a frequency of 2
GHz ~circles!. The line is the fit, using Eq.~4!. The temperature
dependence of theg factor ~diamonds!. The inset shows typica
resonance spectrum at the frequency of 277 GHz and the temp
ture of 56 K. The line is the Lorentzian fit.

FIG. 5. The integrated resonance intensity vs temperature
frequency of 277 GHz~a resonance field is about 8.5 T!. The solid
line is a fit using Eq.~3! with the energy gapD572 K. In the inset
we show the singlet-triplet model.
4-3
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singlet-triplet energy scheme. The best fit of the experime
data gives a mean energy gapD between the ground stat
and the first excited state of 72 K~Fig. 5!. As we mentioned
above, a gapped dimer liquid phase in theS51/2 spin chain
with alternating exchange interactions corresponds to the
termediate range of theJ2 /J1 ratio: ac1,J2 /J1,ac2.

As shown in Fig. 5 the resonance intensity suddenly dr
below T;23 K. We associate this drop with a collapse
the spin-singlet ground state, which is accompanied by
collapse of the singlet-triplet energy scheme at the low
temperature. This temperature corresponds to the trans
to the long-range-ordered magnetic state, observed in
susceptibility and specific-heat experiments.9–11 Excitations
associated with an antiferromagnetic resonance in LiCu2O2
have been observed in the low-temperature magnetic p
in the frequency range of 20–50 GHz by Vorotinovet al.9

The frequency-field dependence of this absorption devi
from that for an orthorhombic antiferromagnet, suggestin
noncollinear magnetic structure of LiCu2O2 at low tempera-
tures. This structure might indicate an appearance of ‘‘c
ral’’ degrees of freedom, due to the frustration of the e
change interaction in the triangular-bond configuration.

A significant broadening~about 6 times! of the resonance
line has been observed in LiCu2O2 with a decrease in the
temperature from 180 K to 23 K~Fig. 4!. This broadening
can be associated with an enhancement of short-ra
ordered AFM correlations, followed by a transition into th
long-range-ordered state. An increase in the ESR linew
DB with a decreasing temperature can be well described
applying the commonly used formula

DB;@~T2Tc!/Tc#
2n, ~4!

where Tc is the critical temperature andn is the empiric
coefficient. In contrast with results of theX-band~9.4 GHz,
B;0.3 T) ESR studies~wheren51.28),9 the best fit of the
high-frequency ESR~277 GHz,B;9.5 T) data is achieved
for n50.58. The quantitative dissimilarity in the temperatu
behavior of the linewidth can be naively understood by t
ing into account the influence of the high magnetic field.
an exchange-coupled low-D spin system, the magnetic fi
tends to induce a magnetic order, suppressing quantum
tuations and thus significantly changing the spin dynam
and relaxation behavior. The larger the field, the larger th
changes are. The influence of the external magnetic field
the relaxation processes in low-D spin systems might be
special interest for further theoretical and experimental
vestigations.

ESR also reveals a pronounced change of theg factor
with temperature~Fig. 4!. We associate this behavior wit
two possible factors. First, an enhancement of short-ran
ordered correlations can noticeably change a local field
the Cu21-ion sites, which eventually could cause a change
the g factor. Second, the change of theg factor could be
attributed to the significant (;2 times! change in the ortho-
rhombic strain (a22b)/(a12b), observed in LiCu2O2 us-
ing high-resolution x-ray diffraction measurements rang
from 10 K to 300 K.11 We suggest that the intensive interpla
06442
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between the lattice and spin degrees of freedom may pla
important role in the spin dynamics and magnetic proper
of LiCu2O2.

It is known that because of the interchain interaction
transition into the long-range-ordered state can occur
low-D materials at low enough temperatures. In dop
low-D materials, such as CuGe12xSixO3,13 cutting the chains
creates additional interchain bonds, enhancing 3D corr
tions and finally inducing long-range 3D order at low tem
perature. The transition temperature significantly depends
the doping concentration. Chemical disorder along the s
chains~observed by anisotropic line broadening of the x-r
diffraction peaks11! was suggested to play an important ro
in the magnetic ordering of LiCu2O2 at T;23 K. In accor-
dance with this scenario the Ne´el temperature should depen
significantly on the concentration of chain defects that cre
disorder. Several crystals were tested, all of which dem
strated similar temperature behavior accompanied by
phase transition atT;23 K ~which is consistent withTN
obtained by other authors9,11!. From this observation we con
clude that chemical disorder along the spin chains may p
an important role in the magnetic properties of LiCu2O2, but
it is quite unlikely to be the main driving force of theT
;23 K transition.

As mentioned above, the transition atT;23 K can be
associated with a transition into a long-range-ordered ph
with noncollinear magnetic structure. A second transiti
was observed at 9 K as illustrated by a sharp drop in th
magnetic susceptibility whenBic ~see Fig. 3! and a large
asymmetric peak in the specific heat. Figure 6 shows
feature along with a smaller and broader doubly pea
anomaly where the peaks appear at 22.5 K and 24.2 K
excellent agreement with the previous report.11 The origin of
the double-peak structure is not clear at the moment. A
bye function withQD5400 K was used to estimate and the
subtract the phonon contribution, and the remaining heat
pacity was integrated~asC/T) to determine the entropyDS
removed at each of the transitions. While at present the

FIG. 6. The temperature dependence of the specific heat~close
circles!; the dashed line indicates the phonon contribution forQD

5400 K. The solid line indicates the entropy removed after s
tracting the phonon contribution. The inset shows the lo
temperature peak forB50 ~solid circles! and 12 T~open circles!,
where 12 T shifts the peak from 9 K to 7.8 K.
4-4



te
f
w

ri
K

un
ul
ly
e
K
.
a
ar
ti
ea
hy
he

rio
t

se

e
e
in
g

th

er
r
o
th

l

s a
ty
in
will
tion

op-

of
rop-
d
r a
t-
the
t
a
d
d-

ob-
e
ry

the
s

a-
ve
as
c-
n-
tto,

DIMER LIQUID STATE IN THE QUANTUM . . . PHYSICAL REVIEW B 66, 064424 ~2002!
thors are not aware of an isostructural, nonmagnetic sys
for comparison, aQD;400 K is compatible with many o
the other cuprates and has minimal impact on the lo
temperature results. The entropy removed under the 9 K peak
was 1.860.1 J/mol K, where changes ofQD by 630 K shift
the entropy by about 1% and the uncertainty arises prima
from varying the treatment of the overlapping tails of the 9
and 23 K peaks. The large quantity of entropy removed
der this peak indicates that this is a property of the b
material and, thus, an intrinsic effect. This peak is on
weakly dependent on magnetic fields, where an applied fi
of 12 T shifts the peak down in temperature only 1.2
without apparent broadening, as shown in the inset of Fig
The entropy removed under the peak remains constant
and 12 T within the accuracy of the measurement. The sh
ness of the peak, relative insensitivity to large magne
fields, and conservation of entropy underneath the p
strongly suggest this may be a first-order transition. We
pothesize that the transition might be attributed to furt
evolution of the magnetic structure in LiCu2O2, namely, the
development of a collinear AFM structure. This scena
seems quite reasonable, if one takes into the account
temperature change of the crystallographic parameters,
in the change of the orthorhombic strain,11 and thus the
change in the exchange constants. It would be extrem
interesting to identify in detail the role of the lattice degre
of freedom in the evolution of the magnetic structure
LiCu2O2. The shift to lower temperatures in an applied ma
netic field is consistent with antiferromagnetism, and
temperature shift of the 9 K peak by;1.2 K in 12 T is
reasonable in a system with exchange parameters of ord
several tens K. The entropy removed under the peaks nea
K is more difficult to treat, in part due to the broad nature
the peaks and in part due to the greater sensitivity of
06442
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result of changes inQD as well as the tendency of rea
materials to deviate from a Debye curve@i.e., DD(T)
,DD(T50 K)#. However, in the simple picture with
DD(T)5400 K, the broad peaks near 23 K encompas
DS52.860.4 J/mol K by 40 K, where the larger uncertain
reflects the difficulty of treating the phonon contribution
this temperature region. A suitable nonmagnetic analog
be necessary to enable separation of the phonon contribu
and thus permit a detailed study of the thermodynamic pr
erties corresponding to the 23 K transition.

In conclusion, we have reported on the investigation
the structure, resonance, magnetic, and thermodynamic p
erties of the quasi-low-D quantum AFM compoun
LiCu2O2, which may be regarded as a good candidate fo
quantumS51/2 chain with competing nearest- and nex
nearest-neighbor interactions in the intermediate range of
J2 /J1 ratio (ac1,J2 /J1,ac2). The ESR results show tha
at T.23 K LiCu2O2 has a spin-singlet ground state with
finite energy gap ofD;72 K that separates the first excite
triplet from the singlet ground state. The spin-singlet groun
state collapse has been revealed at a temperature below;23
K. In addition, a second low-temperature transition was
served atT;9 K, indicative of further development of th
magnetic structure. A neutron scattering study will be ve
helpful in determining the exact magnetic structure and
coupling parameters in LiCu2O2 across the different region
of its phase diagram.
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