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Anisotropic exchange in LiCuVO, probed by ESR
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We investigated the paramagnetic resonance in single crystals of Licu® special attention to the
angular variation of the absorption spectrum. To explain the large resonance linewidth of the order of 1 kOe,
we analyzed the anisotropic exchange interaction in the chains of edge-shariggo€afedra, taking into
account the ring-exchange geometry of the nearest-neighbor coupling via two symmetric rectangular Cu-O
bonds. The exchange parameters, which can be estimated from theoretical considerations, agree nicely with the
parameters obtained from the angular dependence of the linewidth. The anisotropy of this magnetic ring
exchange is found to be much larger than it is usually expected from conventional estimations which neglect
the bonding geometry. Hence, the data yield the evidence that in copper oxides with edge-sharing structures the
role of the orbital degrees of freedom is strongly enhanced. These findings establish LiGsV@ne-
dimensional compound at high temperatures.
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[. INTRODUCTION strongly when going from 180° to 90°, as it follows from the
Goodenough-Kanamori-Anderson rufesiowever, it turns
In recent years experimental and theoretical studies odut that this reduction does not concern the anisotropic cor-
low-dimensional quantum magnetism of transition-metalrections toH,s,. This is, for example, justified by the obser-
(TM) oxides have received much attention. In particular, thQ/ation of a very |arge Spin-wave gap inz[]uo4,3 a |arge
discovery of a spin-Peierls transition in the onel—(jimensionagize of the ordered moment in £4,Cus0,0,* or extremely
Heisenberg antiferromagnet CuGelly Haseet al in 1993 anjsotropic magnetic order and a very broad electron-spin-
triggered an intensive search for such a groumj staté In TNlesonance(ESR linewidth in the paramagnetic state of
oxides with sp|n$= 1/2 ions such as é'u or V*7. Inthis | CaCu,0,4,.5% The subject of the present paper,
contents a lot of interesting low-dimensional C(_)mpoun_ds W_aiiCuVOm exhibits Cu chains comparable to CuGe®d to
mv_estlgated. However, up to now, no s_eco_nd inorganic SpiNg,e other Cu oxides mentioned above, but it has been dis-
Peierls system was found, whereas this singlet dimerization . ) .
. . . - : cussed controversially as a one- or two-dimensional
of spin pairs is often observed in organic chain compounds. " §.9
Even in the spin-ladder system Ng®, which exhibits a ant erromagnet. - : :
comparable magnetic susceptibility such as CuGefe L|CuVO4 cr)_/stalhzes W|th|_n an inverse spinel structure
ground state turned out to be driven by charge ofdespite ABZO4_, which is orthorhombically dls_torted due tc_) the co-
of this failure, recent research has brought into light anothePPerative Jaghn-TeIIer effect of the é“wons(electronlc con-
important aspect of magnetism of one-dimensioBal1/2  figuration &%). The nonmagnetic ¥ ions are placed on the
chains made of TM ions. A closer look at the properties ofA Positions in oxygen tetrahedra, whereas” land C§*
magnetic interactions in a number of Cu-based oxides reoccupy theB positions in oxygen octahedt&Both LiOg and
vealed a surprisingly strong deviation from isotropic Heisen-CuQ; octahedra form independent chains along ahend b
berg magnetism, which at first glance is not expected at alilirections, respectively, which themselves built up a stack of
due to the quenching of the orbital angular momentum ofndependent planes of Li and Cu rods along therection®*
CUW" by the crystal field~® Indeed, the magnetic anisotropy The detailed crystallographic data and a picture of the struc-
due to the orbital degrees of freedom plays a minor role irture of LiCuvVQ, are given by Lafontainet al? The chains
the two-dimensional cuprates, such as the parent compourabnsist of edge-sharing octahedra with two nearly rectangu-
of the highT . superconductors LEuUQ,. The important dif- lar Cu-O-Cu superexchange bonds between every two Cu
ference between two- and one-dimensional Cu oxides ariséens. Within the planes, neighboring chains are connected
from the fact that in the former the exchange interaction iswith each other by VQ tetrahedra forming Cu-O-V-O-Cu
usually mediated via a single 180° Cu-O-Cu bond, whereasuperexchange bonds. As from Goodenough-Kanamori-
in the latter the coupling often proceeds via two symmetricAnderson rules the 90° Cu-O-Cu superexchange is expected
almost rectangular Cu-O-Cu bonds. The leading isotropic suto be ferromagnetic, but becomes antiferromagnetic for
perexchange interactiom{iSOZEJ}?OS -S; is reduced very slight deviations of the bond angle from 90° as well as due to
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possible side-group effectdthe relative strength of the dif- teraction claims that its contribution to the linewidth should

ferent exchange paths is still unknown. be in any case of the same level as that of the symmetric
Due to this uncertainty, the magnetic susceptibility ofanisotropic ternt®
LiCuVO, has been interpreted in different waya%'*With In the present paper, we take the advantage of the mea-

decreasing temperature the susceptibility deviates from itsurements in single crystals of LiCuMQwhich allows us to

high-temperature Curie-Weiss lay<(T—0®¢,) * with  study the angular dependence of the ESR spectrum very ac-

®cw=—15 K. It develops a first broad maximum close to curately. In particular, the angular variation of the linewidth

Tmax=28 K, which is followed by a second sharper peakprovides us with insight into the magnetic interactions in this

around 3 K, and finally drops down beloWy=2.3 K. compound. We reanalyze the anisotropic exchange within the

Originally the broad maximum was ascribed to two- Cu chains using the ideas, which were recently proposed to

dimensional antiferromagnetism between the Cu chain€xplain the width of the ESR signal in the Cu-O chains of the

within one plane, and the sharp peak to the onset of threeso-called telephone-number compound 4-aCa,Cu,,Oy;.°

dimensional ordet!® Later, one-dimensional antiferromag- The situation in that compound is quite similar to LiCuy,0O

netism has been proposed to explain the behavior around Z8& every two Cu ions in the chain are connected with each

K followed by two-dimensional correlations near 3(Ref. ~ other by two oxygen ions, giving rise to a strongly aniso-

9) and finally three-dimensional order at 2.3'K. tropic ring exchange, which is one order of magnitude larger
Recently, ESR has been carried out in polycrystallinethan we estimated before. We show that in the high-

LiCuVO, by Vasil'ev et al!® The spectra reveal the typical temperature limit the linewidth can be mainly described in

pattern due to a uniaxial anisotropy of the resonance fieldierms of this strong symmetric anisotropic exchange and can

which allows one to determine thgvaluesg; andg, and rule out the presence of the DM in_teraction. Our res'ults em-

the linewidthsAH; and AH, for the magnetic field applied Pphasize that an adequate description of the magnetic proper-

parallel or perpendicular to the local symmetry axis, respecties of low-dimensional Cu oxides requires a detailed study

tively. Theg values, which are found to amougt= 2.25 and of the amsotroplc couplings which depend sensitively on a

g, =2.08 at high temperatures, are typical for’Cin tet-  particular bonding geometry.

ragonally distorted octahedral environment. As the long axis

of the CuQ octahedra is oriented along the crystallographic ||, ANISOTROPIC EXCHANGE IN THE CU CHAINS

¢ direction, g can be identified witlg.. Below 100 K the o

anisotropyg;—g, slowly increases up to a factor 2 & A. ESR linewidth and g factor

compared to the value at room temperature. The linewidth is We consider a system of exchange-coupled spinsith

of the order of 1 kOe revealing an anisotropy as well withan effective spin Hamiltonian given by

AH|/AH,~1.5. lIts temperature dependence exhibits a

minimum near 16 K and increases monotonously with nega- )

tive curvature on increasing temperature. To lower tempera-  Hefi= > [JETO(SS,')JFS'JU'SJ]JFZ ugH-9-S, (1)

tures the linewidth diverges on approaching the onset of =) !

magnetic order. where the scala.ilﬁO denotes the isotropic exchange between

exrl)r;rﬁnzrnet\sl'%lf Ovyigﬁfe\évepéwdeeﬁegggﬁg spicmgetﬂ eEfiﬁg%vo spinsi andj, and the tensod;; is the anisotropic inter-
: . : T action due to symmetric exchange and dipole-dipole interac-
crystaline grains were aligned by a magnetic field alongtion. The last term describes the Zeeman splitting of the spin

their c axis. The ESR spectra consist of a single Lorent2|anSetates in an external magnetic fiehtl with gyromagnetic

line showing an orientation dependence in accordance to ﬂ}ensorg and Bohr magnetop . In the case of LICUVQ it
B .

results obtained by Vasil'eet al. in randomly distributed . . X . .
powder. The integrated intensity of the ESR line was foun s enough to take into account the interaction between neigh-
oring Cu spins within the Cu-O chains<{j +1— J;{°=J),

in good agreement with the static susceptibility. Concernin ; .
ere all Cu places are equivaléfiin the crystallographic

the resonance linewidth, we discussed the strength and t i X X
coordinate system, where the Cartesian coordinatgs 4)

possible type of anisotropy of the spin-spin coupling in .
LiCuvO,. We estimated the contributions of dipole-dipole '€ chosen parallel to theb,c) axes of the orthorhombic
unit cell, both theg tensor with componentyf, 9,, 9¢)

(DD), anisotropic exchange(AE), and Dzyaloshinsky- - o !

Moriya (DM) interaction toAH following the work of Ya- ~ &nd the tensor of the anisotropic interactidi,(, Jyy, Jz2)

madaet al. in CuGeQ,Y” which exhibits a comparable line- &re diagonal. o0

width. From this estimation, only the DM interaction, which  Following Anderson and We_|§§,|r_1 the case of strong
exchange narrowing the ESR linewidffH (in Oe) is ob-

is of first order in the spin-orbit coupling and thus brings the®" : ,
largest anisotropic correction fdy,, yielded the appropriate t@ined from the second momett, of My via the relation
contribution to the line broadening, whereas the contribu-
tions from AE and DD interactions were found to be one and AH= h

H H - 2 (2)
two orders of magnitude too small, respectively. However, JMpWey
considering the symmetry of the unit cell, the DM interaction
should be zero, because every two DM vectors along the Cwhere wg,~J/h= |ny,xy|/ﬁ is the so-called exchange fre-
chains cancel each other. In addition, a recent theoreticauency due to the super-exchange coupling of the ground

study of ESR in one-dimensional magnets with the DM in-states/xy) (see the next subsectipand
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9= g2 cog6+ (g code+ g2 sirfe)sir e (3)

is the usual expression for thefactor. Polar angled (with
respect toc) and azimuthe (with respect toa) give the
orientation of the external field in the crystallographic sys-
tem. In coordinateg,y,z, where thez axis is defined by the
direction of the applied magnetic field, the second moment
M, due to anisotropic exchange is giver’b$?

S(S+1) - o~ o~ o~
M= 2———{f1(23;;= I Jyy) >+ £ 103, + 37
+ 13l Qo Iyy) 2+ 435,11 @

The factor 2 appeared due to the summation over next
neighbors. The symbols,, f,, andf; denote the so called
spectral-density functions, as introduced by Pil&fvk, cor-
responds to the secular part, wheréaandf; correspond to FIG. 1. Relevant orbitals to the strong anisotropy of the super-

nonsecular partglaﬁ are anisotropy parameters in notations exchange_interaction betvyeen_ the Cu spins in the chgin vig a two-
of Ref. 21. On transformation to the crystallographic coordi-2Xygen bridge. The coordinateis chosen along the chailb @xis),
nates &,y,z), we obtain the angular dependencee the 2iS Perpendicular to Cu-O tape @xis).
Appendix. ) ,
Usually the resonance field of the paramagnetic resonan@ound-state orbital,, and the excited statehz 2, dy.,
is obtained from the first moment of the spin Hamiltonian. In@nd dz in combination with spin-orbit coupling. Here the
our case we find foH||c: notation “xy” and “ x?—y?” is interchanged with respect to
the conventional usage, because we have chosen the coordi-
xc(T) nate system along the crystal axes, wherextardy axes are
hoc=0gcppHres 1— m(z‘]zz_ oIy O rotated by 45° with respect to the Cu-O bonds in the chains.
_ o . For C¢* with the 3d° electron configuration there is a
where x(T) is the susceptibility per one copper site alonggingle hole withS=1/2 in the ground state. In our case the
the c axis. One gets the anglogous expressiondHiga and  most effective path for hopping is from tluk, orbital of one
H[b by changing §,y,z;c) into (y,zx;a) and @,x,y;b),  Cu ion(j) via an oxygerp orbital to the excitedl, > state
respectively. For the case tha_lt one-dlmen5|_onal short_-rang%f the neighboring Cu ionif, as it is explained in Fig. 1.
order effects in th(_a chain are important we find, following to e excitedd,>_,- state is connected to the ground stae
the method described by Nagata and Taztike: of the same Cu iofi) via spin-orbit couplingt(S;-L;). Here
N(T) S an_d L; denotg the spin ar_1d orbital momentum of the Cu
- _(ZJZZ_JXX_Jyy)] (6) ion (i), respectively. There is only one matrix elemégnt
9] —y?|L,/xy)=—2i of the L, operator, which connects the
and analogous expressions fandb direction. HereN(T) dy2_y2 andd,, states. Therefore this process contributes to

1

fiwe=9gcugH

is given by J,, only, yielding the AE parameter
Ty L |2tux 2 e ¢ 2 1 ,
(=70« -0 3| =2 ey Je-y2xy= 35(02272) e y2xy
)
u=x+cotl’< - ;)* with the energiesE,, and E,2_,2 of the ground state and
excited state, respectively. The AE parametis and J;;
kgT are given by
X 2[s(s+ 1)

1 2 1
We note that at the specified choice of anisotropy parameters JQE:—(%) ‘]zxxyzg(gxx_ 2)2pxy, (8
zX X

(axial symmetry along the chaiur expressions convert to 2
those which are listed by Nagata and Tazuke.

3

1 2 1
—_ - i IN=5le—| Jaw=5(0y=2yzny.
B. Estimation of the anisotropic exchange parameters Wo2\Ey,—Eyy YRV 87FYY yzxy

As it was described by many autharsee, for example,
Refs. 24,25 the anisotropic exchand&E) appears due to a Here J,, (with a=x’—y? yz, zX) denotes the
virtual hopping process of an electron or hole between th@xchange-interaction parameter between one Cu ion in the
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ground state and the other Cu ion in the excitedstate. In
addition, we have to take into account the dipole-dipole
(DD) interaction

LiCu\}O 4' ' H'|| ¢

2 2 2
2 gZZ 2 gXX JDDZ _ 2 2 gyy
yy

gop_ 2922 jpp_ 2 9xx Yyy
2z — MB R3 ) xx — MB R3 ) MB R? )

(10

whereR denotes the distance between neighboring Cu ions
within the chains.

In the case under consideration, there are two bridging
oxygen ions(see Fig. L As it was shown in Refs. 26,27, in
such a geometry quantum interference between different ex-
change paths in the Cu-O plaquette strongly intensifies the
ferromagnetic super-exchange coupling paraméger 2 ,,
with respect to the parametdy, ,, for the ground state of
the copper ions. This was experimentally confirmed by ESR N
measurements of metal-organic compleXeshere an un- 0 4 8
usually large anisotropic exchange paraméfgrwas found H (kOe)
for Cu-Cu pairs connected via two bridging oxygen ligands. . .
In the context of spin chains in copper oxides, such an effect FIG. 2. ESR spectra OT L'Cuvg(.)r H.”C at d'ﬁere.m tempera-

. . . tures. A denotes the relative amplification. The solid lines are fit
was discussed in Refs. 28,29 as ring exchange.

In Ref. 27 the parametek2_,2 ., was estimated as -330 curves due to Eq(11).
cm L. If we assume that this value is relevant for the case ofjs to cover a temperature range between 4.2 and 680 K. For
LiCuVO, too, then withg,,—2=0.33 (see Ref. 16 and the temperatures down to 1.7 K, we used a cold-fintjde-bath
next section beloly we expectl;f~—2 K. The parameter cryostat. The ESR spectra record the poRg,absorbed by
Jaxxy has a ferromagnetic charactée., <0) and itis small  the sample from the transverse magnetic microwave field as
with respect toJd,2_y2 .y, thereforeJﬁXE is not important.  a function of the static magnetic field. The signal-to-noise
Using the Goodenough-Kanamori-Anderson rules, one caratio of the spectra is improved by detecting the derivative
conclude that the parametle}yzyxy|>|szyxg|. Unfortunately, dP,,¢J/dH with a lock-in technique. The LiCuVpsingle
it is not easy to estimate, but definitely,” is not too small crystals were glued on a suprasil-quartz rod, which allowed
with respect tOJ?;,D. Substituting the intrachain Cu-Cu the rotation of the sample around defined crystallographic

distance R=2.786 A into the dipole-dipole terms, one @xes. The magnetic susceptibility was measured in a com-

should finally expectd,,~J°P~0.12 K, Jyy%J/y\yEJrJDD mercial superconducting quantum interference device

> 0.24 K, andl, =3+~ 18 K. YY (SQUID) magnetometefQuantum Desigh within a tem-

Using these results we can estimate the resonance lin@€rature range 1:8T<400 K. .
width in LiCuVO, from Egs.(2) and (4). With the ground- In the paramagnetic regime, the ESR spectrum consists of
state superexchange integda J,, .,=—20oy=30 Kand 2 single exchange-narrowed resonance®fira all orienta-

XY,y

the AE parameter,, estimated above, one obtainsH tions .of the m:_;tgnetic .field with respect to the crystallo-
~1.5 kOe. As we will see in the next section, this value is ingraph|c axes. Figure 2 illustrates typical ESR spectra for the

very good agreement with the linewidth experimentally Ob_magnetlc field applied parallel to treaxis at dlfferen_t_tem-
served in single crystals of LICuVQ peratures. The paramet&rdenotes the relative amplification

factor. The resonance is well fitted by a Lorentzian line shape
with a small contributiofa|<1 of dispersion

ESR signal dP_, /dH (arb. units)

T=4.2 K (A=2)

v=9.34 GHz

lll. EXPERIMENTAL RESULTS AND DISCUSSION
dPays d [AH+a(H-He) AH+a(H+Hy9

o —— .
dH dH| (H-H)?+AH?  (H+H?+AH?
(11

The starting materials for synthesis of LiCuyQvere
Li,CO;5 (99.9%, V,0s (99.5%, and CuO(99.5%. Single
crystals of LiCuvQ were grown by slow cooling of a 40
mol. % solution of LICuVQ in a LiVO3; melt. The cooling As the linewidthAH is of the same order of magnitude as
from 675 to 580 °C was carried out with the rate of 0.8 °C/h.the resonance fielt,o in the present compounds, Ed.1)

The details were described earfiiX-ray diffraction analy-  takes into account both circular components of the exciting
sis shows the absence of inclusions of other phases. The céithearly polarized microwave field and therefore includes the
parameters derived from Rietveld refinement age resonance at reversed magnetic fielt .

=5.645 A, b=5.800 A, andc=8.747 A. Admixture of dispersion to the absorption signal is usu-

The ESR measurements were performed with a Brukeally observed in metals, where the skin effect drives electric
ELEXSYS E500 CW-spectrometer &tband frequency ¥  and magnetic microwave components out of phase in the
~9.35 GHz), equipped with continuous gas-flow cryostatssample®! Here, we are dealing with an insulator, where the
for He (Oxford Instrumentsand N, (Bruker, which allow  asymmetry arises from the influence of nondiagonal ele-
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FIG. 3. Temperature dependence of the inverse ESR intensity
Ul esr (left ordinate and inverse static susceptibility XL{right or- FIG. 4. Temperature dependence of resonance fiafther
dinatg obtained by SQUID measurements. In both cases the Magrame and linewidth(lower frame for the magnetic field applied

netic fieldH has been applied parallel to the crystallograghéxis.  parallel to the three crystallographic axes.
The dotted line indicates a Curie-Weiss law with a Curie-Weiss

temperatur@® .= —15 K. Inset: ESR Intensityleft ordinate and ) ) ) .
static susceptibilityright ordinate below 80 K with T,~28 K  AH(%) at high temperatures. Assuming the linear behavior
andTy~2.3 K. above 200 K due to additional relaxation processes via the

lattice, we can treat the data at 200 K approximately as the
) o i i asymptotic high-temperature value.

ments o_f the dynamlc. sugcept|b|!|ty: This effect is often ob- Figure 5 shows the full angular dependence of the reso-
served in systems with interactions of low symmetry andyance linewidth for the three crystallographic plaaés ac,
sufficiently broad resonance linebl e~ AH). , andbc at 200 K. The solid lines were obtained by the fit with

The intensityl esp of the ESR line was determined from g (2) using the second moment of anisotropic exchange
lesr=Asig AH?(1+ )5 whereAgq denotes the amplitude o Eq. (4).23 The fitting parametersl,,=0.16 K, J
of the ESR SignatiP,,/dH. The ESR intensity measures —_ 0o K, andJ,,=—1.75 K agree nicely with the éyre-
the spin susceptibility and follows nicely the static susceptijiminary theoretical estimation in Sec. ¥.It turns out that
bility x obtained by SQUID measurements, as it is Shown inpe AE parameted,, is indeed the dominant contribution,
Fig. 3. The susceptibility is in well agreement with previous,, nareasl.. can be understood in terms of DD interaction,
experiments$,”**which have been quoted in the Introduc- alone. Coxr;(cerning the parametgy,, which was difficult to

tion. Now, even the slight discrepancy in the Curie-WeisSygtimate the experiment indicates that both DD and AE
temperature® .\, which was found in powder samples be-

tween ESR and SQUID measuremelftsan be ruled out as
an artifact. The high-temperature Curie-Weiss law of both
data extrapolates t® = —15 K.

Figure 4 depicts the temperature dependence of resonance
field and linewidth for the magnetic field applied parallel to 12+
all three crystallographic axes. We confined our measure-
ments to temperatures below 400 K, because we found an
irreversible increase of the resonance linewidth on heating to
higher temperatures. Probably the heating inatmosphere
reduces the oxygen content in the sample. The data are in
good agreement with those obtained in polycrystalline
samples® In addition the single-crystal measurements reveal 0.6 — L . L .

. . . . . 0 40 80 120 160 200
also an anisotropy in theb plane. The ratio of the linewidth
at high temperature amounts toAH :AH,:AH, angle (deg.)
=2:(5/4):1.Below 200 K the temperature dependence of F|G. 5. Angular dependence of the resonance linewidth for three
the linewidth is strongly nonlinear, whereas above 200 K itcrystallographic planes. The y, andz direction have been chosen
increases linear with temperature. The linewidth due to purgarallel toa, b, andc axis, respectively. The solid lines have been
spin-spin relaxation always reaches an asymptotic valuebtained from the fit as described in the text.

1.5

AH (kOe)

134445-5



H.-A. KRUG von NIDDA et al. PHYSICAL REVIEW B 65 134445

25

. - exchange interaction within the Cu chains was shown to ac-
count for the large linewidth and was successfully applied to
1 describe its angular dependence. The anisotropic exchange
. parameters obtained from the experimental data well agree
BT with theoretical estimations both in sign and magnitude.
£,=2.07 J=175K Hence from an ESR point of view, LiCuVurns out to be
g=2095  J,~0.16K - ©=15K | one dimensional at high temperatures. Notably the large
ge2313 =00 magnetic anisotropy in the spin chains of this compound can
21} - be entirely described in terms of the anisotropic symmetric

W/Eqwmmmm exchange only, without invoking the Dzyaloshinsky-Moriya
20l s s s interaction. Its relatively high value is due to a significantly

0 100 200 300 400 enhanced role of the orbital degrees of freedom in the Cu-O

TX) chains with 90° bonding geometry. In this respect the present

FIG. 6. Temperature dependence of ghealue for the magnetic results may be important for the controversial discussion
field applied parallel to the three crystallographic axes. The soli@Pout the eé'igezggs’ of the Dzyaloshinsky-Moriya interaction
lines are fit curves as indicated in the text. Bhg, andz direction 1N CuGeQ,”"“=*'as well as for the better understanding

have been chosen parallel apb, andc axis, respectively. of the magnetic properties of other low-dimensional
_ transition-metal oxide¥
nearly cancel each other. Remarkably, the largest anisotropic

contribution to the superexchange amounts to about 6% of
the leading isotropic coupling~30 K. Hence, it is three
times larger than a conventional estimate of the anisotropy We are grateful to D. Vieweg, M. Mier, and A. Pi-
AJ~(Ag/g)?J, whereAg denotes the shift of thg factor — menova for susceptibility measurements. We thank B. I.
from the spin-only valué® In terms of the linewidth the Kochelaev(Kazan-State Universilyfor useful discussions.
latter estimate yields a value, which is an order of magnituderpis work was supported by the BundesministeriumBil-
smaller compared to the experimentally observed8idat dung und Forschun8MBF) under Contract No. 13N6917
comparison of the theoretical predictions with the experi- EKM) and partly by the Deutsche Forschungsgemeinschaft
_mental data underlines the importa_nce of_ the particular bon DFG) via the SonderforschungsbereiFB) 484 and DFG

ing geometry for the magnetic anisotropy of low- p ot No. 436-RUS 113/628/0. The work of M. V. Eremin

dimensional TM oxides: as partially supported by University of Russia Grant No.

With the above estimates of the anisotropic exchange p W
rameters the appropriate components of theensor g, aN991327. The work of V. Kataev was supported by the DFG

=2.070, g,=2.095, andg,=2.313 were obtained from the via Grant No._ SFB 608,.and that of A. Validov by the Rus-
simultaneous fit of Eq(5) to the temperature dependence of Sian Foundation for Basic Research RFBErant No. NO1-
the g values, which is shown in Fig. 6. Using the Curie- 02-17533.

Weiss susceptibility witt® = —15 K, the fit curves rea-

sonably reproduce the experimental data down to 25 K. The APPENDIX

weak linear decrease of ttge values with increasing tem- ) ) )

perature, which seems to be superposed, may arise from the On transformation of the anisotropic exchange parameters
slight change of the contributior of dispersion with in-  J;; to the crystallographic coordinates, y,z), we obtain in
creasing linewidthabout 10% within the whole temperature Eq. (4):

range, which itself affects the resonance fi¢gkke Eq(11)].

At lower temperaturesT(<25 K), the experimental suscep- [zjzz_jxx_jyy]22[322(3 cogB—1)+J,,(3 sifB cosa
tibility is reduced with respect to the Curie-Weiss law, and

24

23F

g value

w
v
T
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therefore the data do not follow the divergence of the theo- —1)+Jyy(3sitBsirfa—1)],
retical curve. We also tried to fit thg values with Eq.(6),

which should better account for one-dimensional fluctua- 32,130 =[(JuccoSa+dyy sifa—Jd,,)
tions, but this demands an even stronger divergence, which is

not observed experimentally at all. This indicates the impor- X cosg sin B+ 2Jy,cos 28 sina]?

tance of the interchain couplings for the analysis of the low-
temperature behavior.

For a complete analysis of the temperature dependence of. . 9, 2 .
the linewidth further theoretical effort is necessary. Not only (J— Jyy) >+ 433 1=[Jxx(cOS B cog a—sirfa)
the second moment but also the exchange frequency usually Lo
changes with temperature. Moreover, the interchain cou- +JW(CO§'B siffa - cos'a)
plings have to be taken into account, as well. +3,,SIPB12+ (Jyy— Ixe)?

+[(Jyy—JIxx)SinB cosa sina]?,

IV. CONCLUSION X cogB sinf2a.

To summarize, we presented angular dependent ESR meklere we have taken into account that théactor is aniso-
surements in single crystals of LiCuy{OThe anisotropic tropic in our case and therefore
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Cosa=

A C
T OS = TS
JAZ+ B? A JAZ+ B2+ C?
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where

A=gSinfcosey, B=gyysindsing, C=g,,cos0.
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