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Magnetic and resonant properties of quasi-one-dimensional antiferromagnet LiCuVvQ@
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The electron-spin-resonand&SR and dc magnetization measurements of the spinel-type compound
LiCuVO, in a temperature range 2—300 K are presented. At cooling, the magnetization shows a broad maxi-
mum atTy, =28 K, characteristic of a quasi-one-dimensional magnetic system. Then, the magnetization some-
what increases at temperatures bele®@ K, shows a second maximum®Bg:~4 K, and a subsequent sharp
drop. Both magnetization and ESR data indicate that the three-dimensional antiferromagnetic ordering occurs
atTy=2.3 K. AboveTy the asymmetric ESR spectra of the LiCuy@owder sample are in correspondence
with the symmetry of the crystal field on €uions. Theg) andg, values diverge at cooling as is anticipated
for a quasi-one-dimensional Heisenberg antiferromagnet. According to the Bonner-Fisher model the interchain
exchange interaction i$;,=22 K, while the intrachain exchange interaction is estimated td,bel K.
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. INTRODUCTION ture of lithium vanadate LiYOs, and each of the ions form
zig-zag chains of vanadium pyramids YOA magnetic
The discovery of diverse cooperative quantum phenomphase transition occurs in this system only at ultralow
ena in complex metal oxides has stimulated the search faemperature&.Recently, fascinating heavy-fermion behavior
inorganic materials with a low-dimensional magnetic sub-has been observed in the Li@, system®
system. This search has uncovered a variety of quasi-one-
and quasi-two-dimensional compounds, as well as systems Il. EXPERIMENT AND RESULTS
of intermediate dimension, i.e., coupled magnetic chains or
spin ladders. Such compounds are distinguished by specific The orthorhombic metal-oxide compound LiCuy,0O
temperature dependencies of magnetic properties and avéhere all of the ions listed above are present, is genetically
characterized usually by quite low magnetic ordering tem+elated with the spinel structure, where the lithium ion&'Li
peratures. In certain cases magnetic ordering does not occand magnetic copper ions €u (S=3) are located in an
at all, and one or another interaction mechanism opens up @ctahedral environment, while the nonmagnetic vanadium
spin gap in the magnetic excitation spectrum of a low-ions V" (S=0) are located in a tetrahedral environment
dimensional magnét? In the last three decades a large num-consisting of oxygen ions ©.° As shown in Fig. 1, the
ber of quasi-one-dimensional antiferromagnets with differenthains of copper-oxygen octahedra Gu®hich are coupled
values of spinS has been discovered. The examples of thealong an edge in the basal plane, extend alondptives, and
most studied oné$ are TMMC and CsMnGl- 2H,0, both  they form almost regular triangles in thec plane. Chains of
with S=3. After first observation of the spin-Peierls transi- lithium-oxygen octahedra LiQextend along tha axis, and
tion in inorganic compounds performed by Hase, Terasakithe vanadium-oxygen tetrahedra Y@re isolated from one
and Uchinokurhon CuGeQ the attention of researchers has another. The room-temperature lattice constants are
been focused on magnetic materials that contain chains ¢£0.5652 nm,b=0.5810 nm, anct=0.8750 nnt so that
ions with S=3. The experimental realization of such mag- copper-oxygen octahedra are characterized by a strong te-
netic ions are Cti" and V**. That is why in the last years tragonal distortion, the long axis of the Cy©ctahedra be-
many experimental papers have been devoted to the invesiing oriented along the axis. In nonstoichiometric samples
gation of magnetic properties of metal-oxide compoundsf Li;_,CuVO, (0<x<0.2) a structural phase transition of
with chainlike arrangements of copper and vanadium atomthe cooperative Jahn-Teller effect type has been observed
in a crystal structuré?°~"Rather diverse variations of low- above room temperatufé.
dimensional magnetic structures are encountered in com- The LiCuVQ, samples were prepared by solid-phase syn-
pounds where these ions coexist with lithium ions’Li  thesis from a stoichiometric mixture of lithium carbonate
Thus, in the lithium cuprate LiCuQthe copper ions Cu Li,CQO;, copper oxide CuO, and vanadium pentoxideOy.
(S=3%) in linear CuQ chains are bound with one another by Synthesis had been conducted at 530 °C for one week and
a ferromagnetic interaction, while the interaction betweerthen synthesis continued after additional repeated mixings
chains is antiferromagnettdMagnetic V* (S=32) and non-  for one month. The final product—a light-yellow powder—
magneticV°" (S=0) ions are present in the layered struc- consisted of a monophase sample, as was verified by x-ray
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FIG. 3. The position of the low-temperature maximdig, at
c b -Li various magnetic fields.
a e vV Fisher model for a quasi-one-dimentional magnetic system.

As temperature decreases, the magnetic susceptibylity
passes through a wide peak Bf{ =28 K, then increases
somewhat at~9 K, and once again sharply decreases at
Tnr~4 K. The magnetizatioM as a function of the fieltH
is linear aboveTy, ; below these temperatures the depen-
diffraction. Magnetic measurements were performed on aenceM(H) shows weak nonlinearity. In contrast to the
Quantum Design superconducting quantum interference devide peak in x(T) at Ty, the position of the low-
vice magnetometer in fields up & T in thetemperature temperature peak iry at Ty'~4 K depends nonmonoto-
range 2—300 K. The electron-spin resonafE8R) spectra nously on the magnetic field. In weak fields the peak first
were taken over 1.3—-300 K using a 100-kHz field-modulatedshifts somewhat to higher temperatures and then rapidly
spectrometer operated at 24.5 GHz, so that the derivatives ghifts to lower temperatures as the field increases further.
the absorption signals were recordered. This dependence is shown in Fig. 3, where the solid line
The temperature dependence of the magnetic susceptibitonnecting the experimental points is drawn only for visual
ity of LiCuVO, taken atH = 0.1 T is presented in Fig. 2. clarity.
The solid line represents the best fit according to a Bonner- All experimental data presented are characteristic of a
gquasi-one-dimensional magnet, which, as the temperature

FIG. 1. The crystal structure of LiCuVQThe copper ions are
situated within edge-sharing oxygen octahedra.

8 N — decreases, first exhibits short-range magnetic correlations
. 65 within the chains and then undergoes three-dimensional an-
I E’ e an iR ] tiferromagnetic ordering at low temperatures. The antiferro-
Ee,o. s & magnetic ordering temperaturgy is somewhat different
s 2 § ] E from Ty, and it can be determined according to the position
3 6r 2 sl n of the peak in the temperature dependence of the derivative
= = b—/_ dx!dT (see the inset to Fig.)2In weak fieldsTy=2.3 K,
= | ; ‘ | | anditdecrease®t2 K atH=5 T.
g 5 4 6 8 10 12 At high temperatures (3150 K) the magnetic suscepti-
o 4k Temperature (K) i bility of LiCuVO, can be approximated by the Curie-Weiss
< law
=0 1 C
LiCuVO, X=1"g 1
2FH=1kOe .
with ®= —15 K and the effectivg factor is 2.26. However,
1 2 1 1 2 1 L 1 L 1 ' 1

: in a wide temperature range the best fit for the temperature
0 50 100 150 200 250 300 dependence of magnetic susceptibility is given by a polyno-

Temperature (K) mial corresponding to the Bonner-Fisher cutv@he latter

is a numerical calculation ofy(T) for an ideal one-
FIG. 2. The temperature dependence of the magnetic suscepfimensional Heisenberg chain of spiis 3.12

bility of LiCuVO . The solid line is a fit corresponding to a Bonner- ~ The ESR measurements were performed over 1.3—300 K
Fisher model. The inset represents the temperature dependenceuing a 100-kHz field-modulateid-band spectrometer oper-
susceptibility and the first derivative of susceptibility in the low- ated at 24 GHz. Examples of the spectra observed at several
temperature region. temperatures are shown in Fig. 4. When we see the spectra
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FIG. 4. The ESR spectra of LiCuVQaken in a wide tempera- FIG. 5. The temperature dependencies ofdfactors observed

ture range. AtT<Ty the spectrum observed exhibits a qualitative jn asymmetric ESR spectra of LiICu\O
transformation.

obtained at 100 K, 20 K, and 3.3 K, it seems as if they H.(0)= ho _ how (5)

consist of two derivative lines, but that is not correct. Since ' g(0) ug MB\/gfsinzeJr gﬁcosqa'

the sample was a powder, the observed ESR spectra should

be a superposition of those of many single crystals, angvhere w is a fixed microwave frequency. Equati@B) is

therefore the spectra should be a asymmetric, as can be seestablished in one-dimensional Heisenberg magnets, which

in Fig. 4. The spectrum obtained at 1.9 K is different from have no effect on spin diffusion and therefore have a Lorent-

those obtained at higher temperatures, which indicates thaian line shape in their ESR spectra.

the magnetic state at 1.9 K is not paramagnetic. Over the temperature region where the magnetic short-
The electron-paramagnetic-resonaiE®R line of one-  range order develops, spin correlations act as an effective

dimensional Heisenberg magnets is not necessarilihternal field and therefore cause a shift of the resonance

Lorentzian™® At present, however, we assume a Lorentzianfield H, from that at high temperatures where no magnetic

line shape to elucidate approximate characteristics of thehort-range order exists.The shift 5H,(6) has the angular

EPR in the present compound. dependence as
Assuming a derivative Lorentzian line for a single crystal,
we analyze the observed spectra. The observed line profile SH,(0)=(3 cogo—1). (6)

I"(H) corresponds to the expression given by
Taking these assumption and conditions, we tried to obtain
) 02[T'(6)]>-[H—H,(6)]sing the best fit of Eq(2) on each observed spectrum.
1'(H)e— L ([T(6)2+[H—H,(6)]32 ' 2 As a result, we obtain the temperature dependends, of
' andAH g, for & = 0 andw/2, which are shown in Figs. 5 and
whereH is the external field]'(#) andH,(6) are the half- 6. Instead ofH,(T), we plotg(T), which we obtain using
width at the maximum and the resonance field, respectivelyequation
while 6 is an angle betweehRl and the crystal axis along
which g; is determined. The derivative peak-to-peak line- 25—
width AH,, is 2I'/{/3. In LiCuvO,, g, andg, are theg LiCuVO,
components parallel and perpendicular to ¢hexis.
TreatingI'(#) and H,(#) as adjustable parameters, we
tried to get the best fit of Eq2) on each experimentally
observed spectrum. In the simulation over the high-
temperature region where no magnetic short-range order ex-
ists, we used a relatidh

I'(6)=To(1+cog0), ©)

wherel’ is the minimum.
Theg(6) in S=% compounds with a uniaxial symmetric

ligand is given by 0 50 100 150 200 250 300

T (K)

(6)=\g°sirf6+gicoso. (4)
g \/gl 9 FIG. 6. The temperature dependencies of the peak-to-peak
Then the# dependence dfl, is given by widths of ESR signal& H .
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w value of (ggf)"*=2.13£0.01 is constant in accordance
g(T)= agH () (7)  with the axial model for the Heisenberg chiim which the
B dipole-dipole andor) the anisotropic exchange interactions
are the main perturbation terms. The rapid decrease of the
ESR signal linewidths in the range of well-developed short-
The temperature dependence of the magnetic susceptibfl@nge correlations is not clear. Usually, the linewidths of
ity observed in LiCuvQ is somewhat different from that ESR signals that accompany the deviationgofactors di-
expected of a quasi-one-dimensional antiferromagnet thatérge when approaching the &lgoint. At lowest tempera-
experiences a three-dimensional magnetic ordering at lofHre the ESR spectrum observed undergoes qualitative
temperatures. As is well known, an ideal Heisenberg chaifhange and transforms into an antiferromagnetic resonance
does not undergo long-range ordering at any temperaturéPectrum. _ _ _
However, the short-range ordering, which does not imply Comparing the Bonner-Fisher curve with experiment
phase transition, results in the smooth increase of the corrglives the appreciably large value 2.39 for théactor aver-
lation length. Three-dimensional ordering is possible at lon2ged over the crystallographic directions, and from the posi-
temperatures when the interchain interaction becomes conion of the wide peak along the temperature scale,
parable with the thermal enerdf. For example, this behav-
ior has recently been observed in another quasi-one- Tw=1.282,, (8)

dimensional inorganic  compound Cy®." In this it follows!! that the exchange integral in the chainsJis
compound the broad maximum at ty€T) dependence has =22 K. The interchain exchange interactidy can be

been accompanied by the decrease of magnetic susceptibiligstimated” from the three-dimensional antiferromagnetic or-
at the Nel point. No upturn ofy when approaching the Neel dering temperatur@, as

point has been detected in Cp0.

Ill. DISCUSSION

In principle, the upturn of below 9 K could be attributed TN
to paramagnetic impurity. However, the subsequent abrupt Jo= . 9
P 9 purty d b > 1.28/In 5.8, /Ty ©

drop of y at Ty, contradicts this assumption, besides the
ESR data in this temperature range do not reveal any addjn order of magnitude,~1 K.
tional paramagnetic signal.

The increase of magnetic susceptibility in LiCuy®e-
low 9 K can be attributed to the strengthening of the role of
interchain interaction, which is frustrated due to the almost The electron-spin-resonan¢ESR and dc magnetization
regular triangular arrangement of the ZCuions in thea-c measurements have revealed a complicated interplay of dif-
plane. This frustration competes with the tendency to formferent exchange interactions in the spinel-type compound
short-range ordering within the chains. In fact, within theLiCuVO,. At cooling, short-range correlations are estab-
Cuw?™ triangle the distance between €uions along thea  lished in the chains of edge-sharing Gu@rtahedra and the
axis is 5.652 A, while two other distances are 5.209 A. Ac-magnetization shows a broad maximunTgt=28 K. Then,
cordingly, the exchange integrals within the “Cutriangle  the magnetization somewhat increases bete® K, shows
somewhat differ. At a further lowering of temperature thisa second maximum afy,~4 K, and a subsequent sharp
difference becomes significant and the frustration is lifteddrop. Above Ty the asymmetric ESR spectra of the
off. As a result, a three-dimensional magnetic ordering iS_iCuvO, powder sample are in correspondence with the
finally established. symmetry of the crystal field on €l ions. Theg; andg,

To establish the nature of the decreaseyoat Ty the  values diverge at cooling as is anticipated of a quasi-one-
temperature dependencies of magnetization in various magtimensional Heisenberg antiferromagnet. Both magnetiza-
netic fields were measured. As can be seen from Fig. 3 thgon and ESR data indicate that the three-dimensional anti-
position of the low-temperature maximum is a nonmonotoferromagnetic ordering occurs @f=2.3 K.
nous function of a magnetic field. This behavior is charac- Further information about quasi-one-dimensional antifer-
teristic of the low-dimensional antiferromagné’fsThe ini- romagnetic ordering in LiCuV@can be apparently obtained
tial increase in the antiferromagnetic ordering temperature ishrough neutron-diffraction investigations. Specifically, the
due to the fact that the external field efficiently decreases thgalue estimated for the interchain exchange integral may be
numbern of degrees of freedom in the magnetic subsystemioo low because of frustrations of the exchange interaction in
transferring a Heisenberg magnet<(3) into an XY-type  a triangular arrangement of chains, if the interaction between
magnet (=2). The subsequent decrease of g is due to  the copper ions in tha-c plane is antiferromagnetic.
the Zeeman splitting of the levels in a magnetic field.

The ESR data appear to be in accordance with the mag-
netization measurements. The deviationgofactors from
constant values is related to the short-range antiferromag- This work was supported by the RFBR 99-02-17828, the
netic correlations within the chains. Above theéNpointthe  INTAS 99-0155, and the NWO 047-008-012 grants.
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