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Anisotropic exchange interactions in CuGeQ probed by electron spin resonance spectroscopy
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The analysis of the anisotropy of the electron-spin resoné@8® linewidth in CuGeQ taken at different
temperatures, allows one to obtain relations between the anisotropic exchange-interaction parameters. The
anisotropy of the ESR linewidth can be understood purely in terms of the symmetric anisotropic exchange
interaction. The intrinsic anisotropic exchange parameters of the copper spins are determined for intrachain and
interchain interactions and their microscopic origin is explained. All conclusions about the nature of the
anisotropy are in agreement with the reported crystal structure for CyiGé@ temperature dependence of the
anisotropic exchange parameters can be related to the lattice fluctuations as detected by other experimental
techniques. An empirical formula for the temperature dependence of the ESR linewidth is suggested.
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I. INTRODUCTION By now, the values of the isotropic Heisenberg-exchange
integrals are well established from susceptibility measure-
Low-dimensional magnets are a subject of intense interegnents and neutron-scattering experimérftéthe intrachain
due to the fact that quantum phenomena play an importar@xchange constants for the nearest and next-nearest neigh-
role in these compounds. For example, several organic quagiors areJ.=10.4 meV andJ{""=3.28 meV, respectively;
one-dimensional spirS=1/2 Heisenberg antiferromagnets the interchain coupling parameters along &endb axes are
do not show three-dimensional magnetic order, but exhibit #maller, with J,/J.=—-0.011 and J,/J.=0.11. The
spin-Peierls transition into a singlét=0 ground state char- €xchange-integral values of the possible anisotropic ex-
acterized by the dimerization of neighboring spins. Thethange interactions are still not known. Furthermore, the na-
quasi-one-dimensionaB=1/2 antiferromagnet CuGeQis ture of the anisotropic exchange interaction in Cugeé®

the only inorganic compound demonstrating a spin-PeierStill @ subject of discussion. Electron-spin resona(iteR) is
fransition up to now, with a transition temperatufep a convenient method to probe anisotropic spin-spin interac-

~14 K.! Therefore this system has attracted considerabl jons. The I.ESR.Iinewidth reflects t_he_ average a'.“p"t“de of
attention during the last decafle, e fluctuating field on the magnetic-ion site, Whlch can b_e
. 4 directly connected to the parameters of the anisotropic spin-
The crystal structure of CuGe@s well determined:* At spin interactions
high temperatures the unit cell contains two formula units The ESR signél of CuGegronsists of a single exchange-
[space groufPbmm(D3;)]. Each copper ion (G, spin narrowed resonance lifie® with nearly temperature inde-
S=1/2) is surrounded by six oxygen ions forming a slightly pendenty tensorsg, = 2.16, g,= 2.26, andg.=2.07, except
deformed octahedrchChains of edge-sharing Cy@ctahe-  for the lowest temperatured €5 K), where a splitting of
dra aligned along thec axis determine the quasi-one- the ESR line occurs due to the formation of clusters and
dimensional magnetic properties of CuGeQhe two oxy-  domain walls'! Near the spin-Peierls transition the ESR line-
gen octahedra within the unit cell share the apical oxygenwidth exhibits its minimum value of about 30 Oe and di-
Hence, there are two inequivalent chains which differ by theverges to lower temperatures in the spin-Peierls phase, until
orientation of the octahedron axis in tiad plane. At the the line splitting appears. Above the spin-Peierls transition
spin-Peierls transition a dimerization of the chains occursthe linewidth increases monotonically with increasing tem-
accompanied by the alternation of the intrachain exchangperature, reaching values of about 1 kOe at room temperature
integral, and an energy gap opens between the singlet groursghd approaching saturation above 808%Kn addition, the
state and triplet excited states. Due to the three dimensionainewidth shows a pronounced anisotropy with the largest
ity of the crystal lattice, the dimerization of the chain is values for the magnetic field applied along thexis. The
accompanied by a doubling of the lattice periodicity alongincrease of the linewidth with increasing temperature was
thea andc axes and a small tilting of the oxygen octahetira. found to be in qualitative agreement with the product of
After reexamination of the crystal structure by Hidakaal,>  temperature and susceptibilitAH=Ty), as predicted for
the existence of small modulations of the crystal structureone-dimensional antiferromagnetic chains due to the contri-
was suggested. These modulations lead to a lowering of theution of long-wavelength spin-fluctuation modesiow-
symmetry already in the high-temperature phase yielding thever, the underlying interaction of the line broadening is still
space grougr2,2,2 (Dg) and to an increase of the unit cell under debate.

(fourfold along thec direction, and twofold along). Yamadaet al'?

have suggested that the temperature de-

0163-1829/2003/68)/01441710)/$20.00 68014417-1 ©2003 The American Physical Society



EREMINA, EREMIN, GLAZKOV, VON NIDDA, AND LOIDL PHYSICAL REVIEW B 68, 014417 (2003

pendence of the ESR linewidth should be ascribed to the h M,

Dzyaloshinsky-Moriya DM) interaction(i.e., antisymmetric AH= ——. 1)
: . . . . Jup Wex

anisotropic exchange interactiorHowever, this suggestion

contradicts to the crystal structure determined by Brademere g denotes they value,# the Planck constant, andg
et al,? since it contains an inversion center between neighthe Bohr magneton. At high temperaturés—¢«) both the
boring Cu ions. The refinement of the crystallographic strucsecond momeritl, and the exchange frequeney, are tem-
ture by Hidakeet al® could not solve this problem. Although perature independent and can be expressed via microscopic
it was argued that the larger unit cell of the refined structureHamiltonian parameters. The second moment shows an ori-
does not exhibit an inversion center along thexis any entation dependence with respect to the external magnetic
more, and therefore allows for the DM interaction to exist,field, which is characteristic for the anisotropic interaction
again the local symmetry cancels the intrachain DM interac¥esponsible for the line broadening. The exchange frequency
tion due to the equivalence of the two Cu-O-Cu exchang@pproaches the isotropic valdee,~J.
bridges, which connect two neighboring Cu ions in the chain. Due to the fact that these results are obtained in the high-
Pilawa?® argued that the anisotropy of the ESR linewidth temperature approximation, when all states are equally popu-
in CuGeQ should be attributed to the symmetric anisotropiclated, additional considerations are necessary concerning the
exchange interaction. This allows one to obtain a good delémperature regime, where this approximation fails. In
scription of the orientation dependence of the linewidth.Stongly exchange-coupled systems this approximation is
However, two open questions remain in that approach. Firsf:,’nIy valid at temperatures gxceed_mg thg exchange-integral
the experimentally observed high-temperature linewidt value J. For 3D magnets this restriction is not very severe,
strongly exceeds conventional estimates of the contributiohsﬁ:gs(f ?jte;eor?epsetrﬁ;uIr?,kcgsl;rz:n‘;r:(r)\n(?o-:z?gﬁﬁcc))vr\?eevrelrsir?slt?)b-
due to symmetric anisotropic exchange. Second, it was nec- B ISR : NN
magnets long-range order, if it exists, is established only due

essary to. use the or|entat|on.of .the amsotropu? exchqnge te?d the weak interchain interactionslafT<J. Thus, there is
sor as a fitting parameter, while it has to be rigidly defined b

Ya wide temperature range in the paramagnetic state where
t_he orientation of th_e Cupoctar_]edra. Nevertheless, recent antiferromagnetic correlations have to be taken into account.
field-theory calculations by Oshikawa and Affleck show that An expansion of the ESR linewidth theory to the case of

the observed temperature dependence of the ESR linewid{fj _qimensional systems at temperatuted <J was per-
can be qualitatively explained in terms of the symmetric aNtormed e.g., by Soo€ who included the temperature de-

. : 4

isotropic exchangé’ . . L pendence of the spin-correlation functions within the tradi-
Here we present a detailed reinvestigation of.the ?‘”9“'?&ona| formalism. Recently, Oshikawa and Affléékused

and temperature dependence of the ESR linewidth o4 theory methods to derive the temperature dependence

CuGeQ. Basre]zd. on our reczntlrgsugssir;]thle relatebd ‘T‘tifer'of the ESR linewidth deeply in the one-dimensional regime
romagnetic chain compound LICUMG® the large absolute kgT<J). One relevant result of these papers is that, if the

value of the linewidth measured at high temperatures can begp, jinewidth is due to a single anisotropic interaction, then

explained from the §pecific geometr?c situation of the ringthe temperature dependence of the linewidth is an isotropic
exchange in the chains of edge-sharing gwdtahedra. We ¢nction. This means that for all temperatures the relative

will show that the anis_otropy of th_e linewidth can be We” anisotropy of the ESR linewidtAH should be the same as
described by symmetric anisotropic exchange interactiongy, 1he high-temperature approximatida—c, i.e
where not only the intrachain but also the interchain contri- R
butions have to be taken into account. Then it is possible to
keep the orientation of the anisotropic exchange tensor fixed

in agreement with the crystal structure. The extracted ex:l_gfE orientation of the external magnetic fighl is deter-

change parameters and their temperature dependences refle thed by polar and azimuth ang and ¢. The isotropic

the peculiarities reported from neutron scattering, electro ) ; :
diffraction and ultrasonic absorption. >u3;:|t(|on F(T) approaches unity at high temperaturés
= B

The behavior of the functiofr(T) at finite temperatures
depends on the origin of the anisotropic interaction which
causes the line broadening. For the case of symmetric aniso-
A. General remarks tropic exchange interactiois(T) was predicted to increase
linearly with increasing temperaturelg$T<<J, while for the

AH(T,0,¢)=F(T)AH(8,$)|7 . (2

IIl. THEORETICAL BACKGROUND

The theory of the ESR linewidth is well-developed for

conventional three-dimensionédD) exchange-coupled spin antisymmetric DM exchange interaction a divergenddT®
system<517It has been shown that in the case of sufficiently'> expected at low temperatursThe exact temperature de-

strong exchange interaction the ESR spectrum is narrowegﬁg\fjvegsC ?oov';r(i;;) (;(S)V\l;: zngi\ﬁlqn}eHg)V(V er\éirs,i;qi)lr)tﬁgdn(j)mal_
into a single Lorentz line with a linewidthH (half width at P P

half maximun) determined by the second momén due to ized linewidth:

anisotropic interactions and the exchange frequengy

caused by the isotropic Heisenberg exchahyg=JS S; be- AH(T.0.4) - AH(O, )1 - - M2(0'¢)|T—>°°. 3)
tween neighboring spin§; andS; as® AH(THID  AHHID]ro  Ma(H[ID |-
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Herel is some fixed direction. As it follows from E@3), the
normalized linewidth should be temperature independent a:
long as only one type of interaction is responsible for it. It is
also free from the uncertainty in the definition of the ex-
change frequency.,. The price of this simplicity is that we
can obtain only ratios of microscopic Hamiltonian param-
eters, once we express second moments in(&q.

Based on these findings we turn to the special case o
CuGeQ, now. To describe the anisotropy of the linewidth
the contributions of the two inequivalent chains have to be
coupled accurately. For a single chain the ESR linewidth is
determined b{f

v

c "2 /
T
b Nl £

i (MEP+M3)

AH 12: (4)

Que Wex FIG. 1. Detail of the CuGe@structure: Orientation of the local

(12) oordinate systems(,y;,z;) and x»,Y,,Z,) for the inequivalent
Here M3~ are the second moments calculated for each OEhains with angley~34° (see Ref. 4 The positions of the Ge ions

the two inequivalent chains, caused by the anisotropic €Xze not shown.
change between the copper spins within one chdi s the

contribution due to the interchain interaction. Details of thesuperexchange due to the side-group effé@s has to be
calculation of the second moments are given in the Appentaken into accourft?? However, the anisotropic exchange
dix. The exchange frequenaye~J./% is expressed via the interaction is realized via excited electron orbitals, mixed
superexchange parametdg=10.4 meV between nearest- yjth the ground state by the spin-orbital interaction. There-
neighbor copper spins in the chain. Because the orientatiorfgre, this “90°” argument is not applicable to the calculation
of the Cu@ octahedra of neighboring chains are differentof the anisotropic interaction constants, and the Cu-O2-Cu
with respect to the external magnetic field, we have to takeyperexchange path will govern the values of the intrachain
into account two different resonance fle'Hﬁ and H, and anisotropic exchange constants.
linewidthsAH; andAH, of the respective chains for a given  Since the anisotropic exchange interaction is realized via
field orientation. Let us introducé=H;—H, and gug{)l  Cu-02-Cu superexchange paths, its symmetry is bound to
=Ji,, WhereJ;, denotes the interchain exchange-couplingthe copper-oxygen ribbons, and the anisotropic exchange-
constant and) the respective exchange field. Applying the interaction tensor should be diagonal in the local coordinates
theory of adiabatic transformation of magnetic-resonanceyith they axis along the chain direction and thexis per-
spectra,? one can deduce that f@2> & the resulting ESR  pendicular to the ribbon planisee Fig. 1 Hence, the sym-
spectrum will be one Lorentz line with the center fi¢lks  metric intrachain anisotropic exchange interaction between
=(H1+H)/2, and a linewidth two neighboring spin§ andS; can be written in local co-
ordinates as
AH;+AH, 26 (AH;+AHy)?
i 2 R T)) . H =00 S+, S+, ®)
1+ M whereJ,,+J,,+J,,=0. The local coordinates for inequiva-
20Q) lent chains are different. Note that tk@xis is not parallel to

In first respect, the linewidth of the two inequivalent chainst® CU-O1 bonds. The 90° geometry and quantum interfer-

results from a simple averaging procedure. The additiona?ncre] betv_ve?rr: (élffe(r)eznt_bebxchart]ge Fat(rax;] calle;jh rlngl-
contribution to the line broadenings?/() is reminiscent to exchanggin the Cu-O2 ribbon strongly enhance the values

the well known expression for the linewidth, caused by theof the anisotropic exchange constants. These values remain

difference of theg factors of interacting magnetic centéfs. stable on Sl'g_ht deV|_at|ons from the exact 90 bond angle,
whereas the isotropic exchange constdris reduced and

_ o o even crosses zero by small changes of the bond geofietry.
B. Anisotropic interactions in CuGeQ, This explains the difficulty to estimate the anisotropic ex-
To discuss the anisotropic exchange interactions irchange constantsl{g) from g-shift and isotropic exchange,
CuGeQ, we return to the crystallographic structure which is because here the isotropic exchange conslanl,, ,, be-
basically formed by two inequivalent chains of edge-sharingween thed,, ground states of two neighboring copper ions
CuQ; octahedra running along thedirection (see Fig. 1L is not comparable to the isotropic exchandlg 2,2 be-
The intrachain exchange interactions are realized via Cutween thed,, ground state and the neighborird2 2
02-Cu superexchange paths, the interchain interactions aexcited state, which is necessary for the estimafiah g
transferred via the apical oxygen O1. Note that the CUJ‘[(g—Z)/g]ZJXy’XZ_yZ. Calculations for the geometrically
02-Cu angle is close to 90%ee Ref. % thus the contribu- similar compound LiCuVQ predict a value of the aniso-
tion of this path to the Heisenberg exchange-integral value itropic exchange constardt,,/kg~—1.8 K in good agree-
very small or even ferromagnetic and the enhancement of thment with the experimental values,,/kg=—1.75 K,
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1 Y interaction parameters can be calculated as a combination of
a) d( ) @
yz

Y, d isotropic superexchange via excited states and spin-orbit
' coupling of those excited states with the ground stide a
short review, see Ref. 25The schematic pathways of the
possible spin-spin coupling between two neighboring chains
are presented in Fig. 2. The hole of thé3lectron configu-
ration of C#* is located in the ground statd,,. In the
upper picture(a) the excitedd,, states of both copper ions
couple via the bridge-oxygep, orbital, in the lower picture
(b) the excitedd,2 state of one copper ion is coupled to the
excitedd,, state of the other copper ion via a linear combi-
nation of the bridge-oxygep, andp, orbitals. To determine
the relevant components of the anisotropic exchange tensor,
we have to consider the matrix elements of the spin-orbit
couplingéL - S between the ground state and excited states of
the copper ion. In casé) the matrix elementgxy|L,|yz)
=(xy|L,lyz)=0 vanish and only thé, component of the
orbital momentumL yields a nonzero exchange parameter
A,y and spin projectior§, . In case(b) the only parameter
which does not vanish is the paramefgy, from the spin-
orbit coupling of the ground state with thig, orbital. The
statesd,> andd,, are not coupled via spin-orbit interaction
but via intra-atomic Coulomb repulsion.

Following this scheme, we obtain for the interchain aniso-

FIG. 2. Schematic pathway of anisotropic spin-spin couplingtropic exchange parameters
between copped,, states viaa) filled dy, and oxygerp; states—

thed,, andd,, states are coupled via intra-atomic Coulomb inter- 2 42 2
action as well as due to spin-orbit couplin@) occupiedd,2,d®? A= — —22(3B+C)—=,

_ (1) ia i _ i vy Ax z A2 A
and p-oxygen states-,. and dy,’ are coupled via intra-atomic v,y 12 s
Coulomb repulsion, whereatl) andd(?) are coupled due to spin-
orbit coupling. 2 12 2

A t7T t(T .
Au==| 3 —2(4B+C)—sif(2y), (8

Jix/kg=0.16 K andJy,/kg=—0.02 K'* Using the above xyxzl Af, A7

normalization, this vyields J,,/kg=0.70 K, Jy,/kg ) . .
—052K, J,,/kg=—1.22 K. At the same time, the intra- where the first expression corresponds to Fig) 2nd the
. y Jzz . . ,

chain DM interaction vanishes due to the symmetric bond€cond one is illustrated in Fig(t8. Here\ is the spin-orbit
geometry. coupling andA,y,,~A,, ., the crystal-field splitting be-

; +
For the interchain interaction, the analysis of the relevanfveen the respective states of Ct". For o and = bonds
orbitals (see Sec. Il Eshows that it will have a dominating P€tween copper and oxygen, andt, denote the transfer
component along the chain direction, i.e., along thexis. ~ integrals andA, andA,, the charge-transfer energ,, is
Thus, for two nearest spins located in neighboring chains ihe charge-transfer energy from one Cu site to the other Cu

and 2, it is given by site. The parameter8~955 cm ! and C~4234 cmi* de-
note the Racah parameters of the Coulomb interaction be-
Hinter=AccSVSP, (7)  tween the copper electroR$After transformation into crys-

1o ) o o tallographic coordinatetcf. the Appendiy, the anisotropic
where S{*? are spin projections on the chain direction. In exchange parameters redd.=A,,, A,;=A,,cosy, and
principal the interchain bond geometry via the apical oxygera  — A sir?y. After renormalizationAl;=A,,— A,,/2 the

allows the existence of the DM interaction. However as / / ' .
s i X Y=h wo other arameter$A JALH <A can be approxi-
there is no divergencAH o 1/T? observed in the experiment mately negl?acted and wga|o|bt;ibr|1 E(|6{)?C| PP

for T>Tgp, the DM interaction seems to be of minor impor- 15 atio between the spin-orbit coupling parameter
tance. and the energy of the crystal-field splitting,, ,, between
_ ) o _ ) the statesd,, and d,, is approximately given by
C. Microscopic estlmatlo_n of the an!sotroplc exchange between ()\/A)(),’)(Z)2~(9L —2)2~0.01. The ratio of the oxygen-
different chains copper transfer parameters andt,. to the charge transfer
Before we will describe the experimental results, we wang€nergy A ~A, is known for oxides from studies of
to show that the expected contribution of the anisotropic inthe transferred hyperfine interactions &§/A2~t2/A2
terchain exchang@.. is Ising-like and of comparable order ~0.0772" The oxygen-copper transfer integrals are approxi-
of magnitude as the intrachain contribution. According to themately equal {(,~t,), and according to different estimations
microscopic theory, the anisotropic symmetric exchangetheir value is about,=1.3-2.5 eV?32°The charge-transfer
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FIG. 3. Temperature dependence of the ESR linewidth in FIG. 4. Temperature_ dependence of_ the I_inewidth ratios
CuGeQ measured at the microwave frequeney:9.48 GHz for ~ AHa/AHp andAH:/AH, in CuGeQ determined with respect to
the magnetic field applied parallel to the three crystallographic axedhe maximum linewidth aH]|b.

The fit curves were obtained using E§). The respective param-
eters are collected in Table I. Inset: linewidth in the low- IV. EXPERIMENTAL RESULTS AND DISCUSSION

temperature regime nedisp. A. Temperature dependence of the ESR linewidth

Figure 3 presents the detailed temperature dependence of
energy between the Cu ions is abdub=6 eV.2® Therefore the ESR linewidth af <300 K for the static magnetic field
we can uset(,/A;,)?~0.1. Substituting the structural angle applied along the three crystallographic axes. For all three
2y=68° between the chains, we géi../kg~—0.7 K,  orientations the linewidth increases monotonically above the
which shows that the interchain exchange coupling cannot bepin-Peierls transition, first with a slightly positive curvature,

neglected compared with the intrachain exchange. which changes into a negative curvature above 100 K indi-
cating the saturation behavior observed by Yametdal 12 at

T>700 K. The maximum linewidth is always observed for
H||b. At high temperatures the linewidth fot||a is about
10% smaller compared to the width fbif|b, while that for
Single crystals of CuGeQwere grown from the high- H||c is about 30% smaller. With decreasing temperature this
purity components by means of spontaneous crystallizatioanisotropy changes: nedr~22 K the linewidths forH||a
from the flux melt at slow cooling. They are the same as theandH||c are equal, and as the temperature decreases further,
main set of samples investigated in Ref. 11. The concentrahe linewidth remains smallest bt||a (see the inset in Fig.
tion of the impurities Fe, Ni, Mn, and Co does not exceed3). The minimum of the linewidth is observed slightly above
10~ per Cu ion. The 20-fold decrease of the susceptibilitythe spin-Peierls transitioigp~14 K. On crossing the spin-
below the spin-Peierls transition temperature indicates th@eierls temperature the linewidth starts to increase for all
absence of structural defects, as wWelFor the ESR mea- orientations. This increase is due to the freezing out of the
surements we have used single crystals with a typical size dfiplet excitations, which gradually weakens the exchange
0.5X2X4 mnt. narrowing. It is interesting to note that the splitting of the
The ESR measurements were performed in a Brukemain ESR line observed at low temperaturés<6 K) (Ref.
ELEXSYS E500 CW spectrometer ¥tband frequency9.5  11) is broadest foH||b and smallest foH||a, i.e. exactly as
GHz), equipped with a continuous gas-flow cryostat for Hethe linewidth anisotropy below 22 K.
(Oxford Instruments The ESR spectra record the power Returning to the temperature regime above the spin-
Paps absorbed by the sample from the transverse magnetiBeierls transition, it is instructive to plot the linewidth ratios
microwave field as a function of the static magnetic filld AH_,/AH, and AH./AH, with respect to the maximum
The signal-to-noise ratio of the spectra is improved by delinewidth (Fig. 4). Starting at room temperature, both ratios
tecting the derivativedP,,J/dH with the standard field- remain constant at 0.9 and 0.7, respectively, down to 120 K.
modulation technique. The CuGeGingle crystals were On further decreasing the temperature, their values continu-
glued on a suprasil-quartz rod, which allowed the rotation ofously increase by 0.1. Below 40 K the ratidd./AH,, satu-
the sample around defined crystallographic axes. rates at 0.8, whereasH,/AH, reaches its maximum near
The observed ESR absorption is well described by a0 K and then strongly decreases, indicating the crossing
single Lorentz line except for the lowest temperaturés ( point of AH, with AH, at 22 K.
<5 K) where the above mentioned splitting of the ESR line  As it was discussed above from E®), if the linewidth is
occurst! The resonance fielth s and linewidthAH have  determined by only one interaction—in our case the symmet-
been determined by numerical fitting as described, e.g., imic anisotropic exchange interaction—then the normalized
Ref. 15. linewidth should be temperature independent. For<120

Ill. EXPERIMENTAL DETAILS
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TABLE I. Parameters determined from fits on the temperature a c b a

dependence of the linewidth using H8). 600 r CuGeO | s 120K
3

AH(=) (O¢) 2C; (K) C, (K) " ~e ]

Hla 2269+ 30 239+ 5 42+2 200 F5% | 100K ;

Hilb 2502 229 36 %

Hllc 1726 235 42 r h | 80K ]

AH (Oe)

<300 K this condition is clearly fulfilled and even holds true e
up to 800 K, as Yamadeet al. have already proven i . L T
experimentally’? The deviations observed below 120 K may
arise on different grounds. One reason can be that anothe 090 00 9090 o
interaction becomes important at low temperatures: e.g., the angle (deg)

interchain Dzyaloshinsky-Moriya interaction may give rise

to a divergent contribution of the interchain interaction at FIG. 5. Angular dependence of the resonance linewidth for the
low temperatures, or the soliton dynamics can influence théagnetic field rotated within the three crystallographic planes at
spin-spin relaxation, or simply some contribution due to im_different temperatures between 60 and 120_ K. _Solid Iin_es: fit curves
purities may affect the linewidth. But the observed devia-obtained by Eq(S). For T=120 K the contributions of intrachain
tions may also result from a change of the exchange integra%nd |nta_9rcha|n exchange are indicated by dashed and dotted lines,
due to lattice fluctuations on approaching the spin-PeierI§eSpecwely'

transition. This last possibility is supported by several inde-

pendent experiments: For a quantitative description of the temperature depen-

By inelastic neutron scattering Bradest al. identified  dent isotropic functior=(T) in Eq. (2), we tried to empiri-
two low-lying phonon modes associated with the structurakally approximate the linewidth &t>Tgp by
distortion in the dimerized pha¥eand studied their tempera-
ture dependence. The eigenfrequencies of these modes re-
main approximately constant down to 150 K at 3.1 and 6.5
THz. On further cooling they exhibit an increasing shift to
higher frequencies and a pronounced line broadening already
far above the spin-Peierls transition. The frequency shift
saturates below 30 K at values about 10% higher comparedhereAH (), C;, andC, are treated as fitting parameters.
to room temperature. In electron-diffraction experimentsThe data were evaluated independently for the three orienta-
Chen and Cheong detected a diffuse scattering with th&ons. Equation(9) nicely fits the temperature dependence of
shape of an infinite ribbon parallel to the chain direction alsdhe linewidth above the spin-Peierls transition, as shown in
clearly above the spin-Peierls transitinits intensity rises  Fig. 3. The results are given in Table I. The asymptotic val-
rapidly below 100 K and again saturates below 30 K. Theues AH(x) vyield the same linewidth ratios as observed
authors propose that the diffuse scattering is caused by lowabove 120 K. The paramete@ andC, are approximately
frequency twisting vibrations of the Cu-O2 ribbons along thethe same for all three curves, where the smallerin AH,
chains. In addition Raman-scattering experiments revealedccounts for the changes of the linewidth ratios observed
an anomaly with a quite similar behavior. Another importantbelow 120 K. The extrapolation of the linewidth data with
observation, which is worth mentioning in this context, is these parameters to 800 K is found to be about 10% smaller
reported from ultrasonic experiments: Quiriehal. found a  than Yamada’s experimental dafawhich is still a good
broad anomaly in the temperature dependence of the sourd@reement taking into account the large temperature differ-
velocity along thec axis centered around 100 ¥.This  ence between 300 and 800 K. Note that the param@fer
anomaly is attributed to magnetoelastic couplings. corresponds to the isotropic exchange conslamhis is rea-

All these experiments reveal a systematic change of theonable, because the paramefyr indicates the transition
lattice couplings below 150 K, which should affect the an-from the strongly correlated one-dimensional regime at low
isotropic exchange as well and therefore justifies an evaluademperature§ <J/kg to the purely paramagnetic reginie
tion of the resonance linewidth in terms of symmetric aniso=J/kg, where the high-temperature approximation is valid.
tropic exchange only. This is in agreement with theThe paramete€, is comparable ta/J,J.=3.4 meV, which
monotonic increase of the linewidth with increasing temperagives an estimate for the hypothetical iéemperature, and
ture aboveTgp, approaching saturation far—«~. The de- thereforeC, seems to be connected with the interchain cou-
viation from a purely linear behavior 8t<J/kg is not in  pling. A relation ofC, to the dimerization may also be dis-
contradiction to Oshikawa and Affleck, because their theorycussed, as the singlet-triplet gap of the spin-Peierls phase is
for ideal 1D systems does not take into account structurabf similar magnitude. But we would like to recall that £§)
fluctuations, which exist already above the spin-Peierls tranhas been found empirically and has no underlying micro-
sition, and therefore holds only in the cabe Tgp. ' scopic picture.

2C,
T+C,

AH(T):AH(OO)exp( -

; 9
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FIG. 7. Temperature dependence of the normalized anisotropic

FIG. 6. Angular dependence of the resonance linewidth for theexchange parametefAc/J; ] (squareand /I, (triangles.

magnetic field rotated within the three crystallographic planes at
different temperatures between 10 and 40 K. The logarithmic scal@€ratures, for the interchain contribution exactly at 1 and for
of the ordinate emphasizes the changes in the data between 14 afite intrachain contributiof, /f3=0.95 andf,/f;=1.05 was
25 K. Solid lines: fit curves obtained by E¢). chosen. Similar to the case of LiCu\{Ghis was necessary to
improve the fit for intermediate angles. The observation that
all spectral functions are near unity is in agreement with the
fact that the exchange interactidris by far larger than the
Now, we focus our attention on the angular dependence ofeeman splitting. In this case secular and nonsecular parts of
the ESR linewidth, which we investigated in detail for thethe second moment should fully contribute to the
three crystallographic planes at several temperatures betwetinewidth 16
10 K and room temperature. Typical data are shown in Figs. Below 25 K an unequivocal description of the angular
5 and 6 for selected temperatures. Considering the relativdependences within the framework of our model was not
linewidth normalized to the value fdi||b, the angular de- possible. As one can see in Fig. 6, there is the crossing of the
pendence af =120 K coincides well with the data measured linewidthsAH, andAH_ at 21 K, which is accompanied by
at higher temperatures, as one expects from the linewidtan additional modulatiorccos 4 of the linewidth in theac
ratios in Fig. 4. To lower temperatures the relative ampli-plane. In principal, this can be described by our equations, if
tudes change but the general features are still maintainede allow for strong changes of the spectral functiénsn
down to about 25 K. Finally, below 25 K also the generalthe interchain contribution. However, the influence of addi-
pattern of the angular dependence changes and the linewidtional anisotropic interactions cannot be excluded here. At
AH, becomes smallest instead &H... temperatures below the spin-Peierls transition these modula-
The angular dependence of the ESR linewidth was aptions again disappear, but the general features of the aniso-
proximated by Eqsi4) and(5), is illustrated in Figs. 5 and 6. tropy developed at 21 K are preserved with the minimum of
Like in the case of LiCuVQ, each chain gives the maximum the linewidth for the magnetic field applied in thelirection.
contribution to the linewidth for the magnetic field applied A good fit of the data at 10 K can be achieved with the
perpendicular to the plane with the ring-exchange geometrinterchain contribution, only, withA../A,,=—0.78 and
(i.e., the Cu-O2 ribbons Averaging of the contributions Aaa/App,=—0.22 (using the normalizatiorA,,+ App+ Acc
from the two inequivalent chains in CuGgQesults in a =0). However, a dominant tensor compone¥y, is not
large linewidth for the field applied perpendicular to the expected from our estimations at all. Probably, at these tem-
chain direction with a weak variation in trab plane. How-  peratures the description of the linewidth in terms of aniso-
ever, with the fixed orientation of the anisotropic exchangetropic exchange is not applicable any more, because already
tensor, it was not possible to describe the data by the intraslightly below Tgp the signal of the triplet excitations is
hain contribution/dashed lines for 120 Kalone. An accurate mixed with contributions from the multi-spin objects, which
fit of the ab plane by the intrachain contribution, only, results govern the complicated spectrum at lower temperatures after
in too small a linewidth in the direction. This problem is freezing out of the triplet excitatior’$. Some of these objects
solved by the additional interchain contributiofdotted possess a spif>1/2, which is sensitive to the crystal field.
lines), which increases the linewidth in thedirection with  The angular dependence of the linewidth at 10 K follows the
respect to thab plane, and yields a satisfactory description splitting at 4 K. Therefore, it seems likely that the influence
of the data. of the crystal field has also to be taken into account for the
For all temperatures under investigation the results of thelescription of the anisotropy and already gains partial influ-
fit procedure are plotted in Fig. 7. Only the relative exchangeence in the transition regime~Tgp.
parametersl,,/J,, and |A../J,] are shown. The spectral Due to these difficulties we confined the presentation of
functions f; (cf. the Appendix were kept fixed at all tem- the fitting results in Fig. 7 to temperaturgés=25 K. At high

B. Determination of the exchange parameters
from the angular dependence
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temperatures the ratios of the anisotropic exchange parg—15R/R,) for the 90° Mn-O-Mn bond? For small devia-
meters remain practically unchanged, as expected from thigons 6R from the equilibrium Mn-Mn distanck, the result-
linewidth ratios. Both interchain and intrachain anisotropicing change in J can be expanded aséJ/J(Ry)
exchanges yield appreciable contributions. The relations be= —156R/Ry, which is about 15% foréR/Ry~0.01, in
tween the anisotropic exchange parameters JygJ,, agreement with the present results for the anisotropic ex-
=—0.63+0.02 and|A../J,]=0.64+0.02 in the tempera- change in CuGe®
ture range 128 T<300 K. We note that the relation be-

tween the intrachain anisotropy parameters is almost the

same as obtained for LiCu\/Cat high temperatures, where

Jux/Jd,,=—0.57 is found after adjusting the parameter values We have performed detailed measurements of the angular
given in Ref. 15 with the conditiod,,+Jyy+J,,=0. and temperature dependence of the ESR linewidth in
The determination of the absolute values of the anisoCuGeQ, in order to clarify the controversially discussed
tropic exchange parameters in CuGegdiffers from the un- question about the interaction, which is responsible for the

certainty concerning the exchange frequency. From extrapdine broadening in this compound. At high temperatufes
lation of the linewidth data td — by means of Eq(9) and  >J/kg the anisotropy of the normalized linewidth is tem-
using we~J/%, we obtained|J,,/ks|=3.2 K. But this perature independent, and can be well described in terms of
seems to be too large in comparison to LiCuV@ith the ~ Symmetric anisotropic exchange only. The dominant contri-
same chain structure. It may be possible that the nextoutionJ,, results from the intrachain ring exchange via the

nearest-neighbor exchange couplii§", which is apprecia- Cu-02 ribbons. In addition we found an appreciable inter-

bly large in CuGe@, reduces the exchange frequency. To_chain contributionA.., which amounts about half of the

our knowledge there does not exist any theoretical Calcula|_ntracha|n anisotropic exchange. Based on previous results in

tion for exchange narrowing, which takes into account the“C“VQm the experimental estimatipn of thg in_terchain an-
é§?trop|c exchange parameter practically coincides with our

microscopic theoretical expectatigh.J~0.7 K. At lower
temperatures <J/kg we observed a systematic change in
e anisotropy of the normalized linewidth. As due to recent
theoretical considerations of Oshikawa and Affleck the tem-
perature dependence should be an isotropic function, if only
e type of interaction governs the linewidth, we searched
or possible reasons, which could affect the anisotropic ex-
change interaction. By comparison with experimental results

V. CONCLUSIONS

neighbors.

In LiCuVO, the absolute values of the anisotropic ex-
change parameters were independently obtained from t
temperature dependence of thealues for the three crystal
axes. In CuGe@the g values do not exhibit a significant
temperature dependence due to the weaker temperature
pendence of the magnetic susceptibility in comparison t

LiCuvO,. Therefore, we assume that the paramdtgrat- _ .
from literature (e.g., neutron scatteringve found a clear

tains a value in CuGeQsimilar to that in LiCuVQ because L . , . .

of the comparable bond structure within the Cu-O2 chainscoincidence of the linewidth behavior with the onset of lat-

Then it is possible to estimate fropA../J,, ] =0.64 that the ti_ce fluctuations f°ﬂ—<‘J/.kB’ far aboye the spin-_Pei_erIs tran-

interchain anisotropic exchange ;?noszrhs |/kg~0.64 sition. From our evaluation we obtained a relative increase of
ccl/Rp™ VY.

x1.22 K~0.78 K. This value is in good agreement with the the interchain contributiod.. compared to the intrachain

theoretical estimation given in Sec. Il C and establishes thSXChange]ZZ‘ Hence, by means of electron-spin resonance,

importance of the interchain anisotropic exchange for the'® found ha quanﬂtatwel e_sug]aée go/\r/the symmt(ajtrlc aniso-
linewidth in CuGeQ. tropic exchange integrals in CuGgONe suggested an em-

pirical formula for the temperature dependence of the ESR
linewidth with two characteristic parameters, which reflect
r%he relevant interactions between the copper spins. Moreover
we provide experimental evidence for structural fluctuations,
which already start far above the spin-Peierls transition.

On decreasing temperature the rai../J,,] gradually
increases below 120 K up to approximatéh../J,J~1
+0.05 below 40 K. The changes obtained for the intrachai
exchange ratid,,/J,, are weaker by a factor of 3 but similar
to those in|A../J,4. We can deduce that mainly the inter-
chain exchange parametéy../J,,] accounts for the system-
atic changes of the linewidth ratios observed below 120 K,
and therefore is connected to the lattice fluctuations in this
temperature regime, which we discussed above. Finally, we We are strongly indebted to L. I. LeonyukM. V.
can estimate the influence of the lattice changes on the intet-omonosov Moscow State Universjtywho prepared the
chain exchange, using the structural data given by Bradesamples. This work was supported by a joint project of Rus-
et al* The Cu-O1 distance, which is relevant for the inter-sian Foundation for Basic Resear¢RFBR) 01-02-04007
chain exchange, decreases frew 2.7549 A at 295 K down  and Deutsche ForschungsgemeinsctaRG) 436 RUS 113/
to R=2.7295 A at 20 K. If one takest{/A )?>cR ®in Eq. 628, by the program Universities of RussiGrant No.
(8), then on lowering the temperature the variationAgf ~ 01.01.023 and partially by BRHE REC007 and by the Ger-
becomes about 10%, which is the correct order of magnitudenan Bundesministerium” fuBildung und Forschung under
In addition, the strong sensibility of the exchange interactiorthe contract No. VDI/EKM 13N6917 and by DFG via SFB
to lattice deformations can be illustrated, e.g., for the super484. One of the author®/.G.) thanks the Forschungzentrum
exchange in MnO, which was established ¥R)xexp Juich for continuous support of his studies.
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APPENDIX: CALCULATION OF THE SECOND

—cofa)+ ISP B+ J,,sin 2a(cog B+ 1)},
MOMENT

(A4)

The second momer¥l, caused by the symmetric aniso-
tropic exchange interaction can be calculated in coordinat
with the z’ axis along the external magnetic field in high-

e\g/here

temperature approximation in analogy to Refs. 15 and 18 as COSa= A
2 2’
S(S+1) , VAT B
MZZZT{fl'[ZAZ’Z'_)\X'X/_)\y'y/]
C
2 2 COSB= ————=,
_’_101:2'[)\x’z’—+_)\y’z’:| P VA“+B“+C
+ 3 [(Newr = Ayry) 2405, 1 (A1) with

The factor 2 appears due to the summation over nearest
neighbors,f,, f,, andf; denote the spectral density func-
tions as introduced by Pilawd.The factorf, corresponds to

the secular, the factorfs, and f5 to the non-secular parts of
the second moment, respectively. The values, are
exchange-tensor components in the coordinates mithi,

they can be expressed via the intrinsic exchange parametersie angles) and¢ define the magnetic field orientation with
Jaar Job, Jec for the intrachain exchangeM$™?) by the  respect to the crystallographic axes. Theensor in crystal-
following transformation formulas lographic coordinates is obtained from theensor in local
coordinates by

A=(,.SiNn 6 cos¢+g,,Sind sing,
B=g,,Sin 6 coS¢+ gp,p,Sin 0 sin ¢,

C=g.cosé.

(2N g1z =N = Nyryr)?
={J.(3c0€B—1)+J,4(3 sirfBcoga—1)
+ Jpp(3 sirfB siffa— 1) + 3J,,Sir? B sin 2a}?,
(A2)

Jaa™ gzzSin27+ gxxCOS2'Y1
Job=0,£08 Y+ 7SNy,

Jcc™ Oyy
2 2
AX/Z/ + )\y/Z,

={(JaaC08a+ Jppsira— Je o+ J,pSin 2a) cosp sin B}2 Jab=Uba= *(9zz~ Gu)SiN'y COSY, (AS)

where the angley denotes the angle between the crystallo-
graphic a axis and Cu-O2 ribbon(see Fig. 1 and g,,
(A3)  =2.33,9,,=2.03, andg,,=2.04. Plus and minus sign refer
to the two inequivalent Cu places. The same equations hold
for the transformation of the anisotropic exchange tensor
from local (Jxx, Jyy, J;) into crystallographic coordinates.
The interchain exchange contributioM{) is analogously
expressed via the paramety..

+{(Jpp— Jaa)SiNB cOSa SiNa + J,,Sin B cos 20},

g = Ayry ) 24402,
=4{(Jpp— Jaa) COSB SiNa COSa + J,,c0S3 COS 20}?

+{J,a(c0€B coga—sirfa) + Jy,(COSB Sirfa
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