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We present the results of measurements of the thermal conductivity of the quasi-one-dimeBsiaral
spin-chain compound SrCy@n the temperature range between 0.4 and 300 K along the directions parallel and
perpendicular to the chains. An anomalously enhanced thermal conductivity is observed along the chains above
about 40 K. The analysis of the present data and a comparison with analogous recent resul&uos &nd
other similar materials demonstrates that this behavior is generic for cuprates with copper-oxygen chains and
strong intrachain interactions. The observed anomalies are attributed to the one-dimensional energy transport
by spin excitations(spinong, limited by the interaction between spin and lattice excitations. The energy
transport along the spin chains has a nondiffusive character, in agreement with theoretical predictions for
integrable models.
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[. INTRODUCTION the spin-lattice interaction as well as the influence of defects
and interchain interactions makes the spin system noninte-
The physics of one-dimension&lD) magnetic systems grable, an anomalous behavior of the spin-mediated thermal
has been of interest for some time but particularly significantonductivity may, nevertheless, be expected. Establishing the
progress, both in experiment and theory, has been made dureat transport carried by spin excitations may, in addition,
ing the last several years. Related research activities haveveal information concerning magnetic defects and the spin-
been growing because the quantum nature of lowidattice interaction. The spin-lattice interaction is very impor-
dimensional low-spin systems promises a rich variety of phetant in 1D magnetic systems, because it leads to modifica-
nomena to be explored. Among other features, the transpotions of the spectrum of spin excitatidisind, under special
of energy in 1D magnetic systems is expected to be highlgircumstances, to the formation of new phases, such as the
unusual. A number of models describing one-dimensionaspin-Peierls dimerized state. Besides defects and phonons,
systems are integrable, implying, for instance, conservatiomterchain interactions are also anticipated to influence the
of energy current and, as a consequence, ballistic energgnergy transport in the spin system and hence may be probed
propagation and divergent thermal conductivity. The quesby thermal-conductivity experiments.
tion of whether the energy transport is diffusive or ballisticis In previous work concerning the thermal conductivity
currently under active discussion for atomitas well as  «(T) in quasi-1DS=1/2 Heisenberg systems, observations
spinf~® 1D systems. of some spin-mediated heat transport, in addition to the
The 1D Heisenberg=1/2 systems with antiferromag- dominant phonon contribution, have been reported for
netic coupling between adjacent spins are of particular interKCuF;,'” CuGeQ,*® and YhAs;.'° The most pronounced
est. It is well established that elementary excitations in sucleffects, however, have been observed in (Srp€A%/O41,
systems are notS=1 magnons butS=1/2 quantum containing double-leg Cu-O ladders with 180° Cu-O-Cu
solitons! commonly called spinons. The interaction of bond angle$®?! The thermal conductivity along the ladder
spinons, as quantum solitons, with structural defects andirection exhibits an anomalous double-peak temperature de-
other quasiparticles, such as phonons, has been poorly invegendence. It has been fairly well established by a detailed
tigated both theoretically and experimentally, although inanalysi¢® that this two-peak feature ink(T) of
classical Heisenberg and Ising 1D magnetic systems, the irfLa,Sr,Ca),Cu,40,, is caused by two main contributions,
teraction of solitons with defects, phonons, and magnonsne due to phonons, responsible for the low-temperature
demonstrates a number of interesting feaftifésfor a re-  peak, and the other due to itinerant spin excitations in the
view, see Ref. 18 ladders, causing the additional high-temperature maximum.
In order to probe the features of energy transporsSin In order to test the above-mentioned conjectures concern-
=1/2 Heisenberg chains, only a limited number of experi-ing energy transport by spin excitations ®=1/2 1D
ments, such as inelastic neutron scattéfiry NMR,*® are  Heisenberg systems, we have investigated the low-
available. In the case of a sufficiently strong coupling be-temperature thermal conductivities of two materials contain-
tween the phonon and the spin subsystems, the energy trarieg 180° Cu-O chains: namely, SrCy@nd SgCuO;. The
port mediated by magnetic excitations can also be monitoredrystallographic unit celf$?® of the two compounds are
via experiments probing the thermal conductivity. Althoughschematically drawn in Fig. 1. The intrachain exchange cou-
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SI‘QCUO3 SI’CUOZ In this paper, we present experimental results on the ther-
mal conductivity of SrCu@along the main crystallographic

directions in the temperature region between 0.4 and 300 K.
These data are analyzed together with those foCSD;
measured and presented previodélwe offer a detailed
analysis of phonon and spinon contributions to the thermal
conductivity along different crystallographic directions. We
show that the thermal transport perpendicular to the chain
direction is predominantly phononic at all temperatures,
whereas along the chain direction the spinon contribution is
dominant at elevated temperatures. The scattering of
phonons is mainly via other phonons, at dislocations, and at
sample boundaries. The spinon thermal conductivity may re-
liably be evaluated only in the high-temperature region
above 60 K where it is predominantly limited by the spin-
lattice interaction. At very low temperatures, the spin-lattice
interaction appears to be rather weak and therefore the intrin-
sic spinon thermal conductivity cannot be observed.

For clarity we introduce an auxiliary notation of crystal-
lographic directions. For both compounds we denote the di-
rection along the chains as' (c for SrCuQ and b for
SrL,CuB), the direction perpendicular to the CuO squares as
b’ (a for SrCuQ andc for SL,CuQ;), and the direction in
SI’QCUO3 SI‘CUOZ SI’14CU24O41 the CuO square plane but perpendicular to the chaires’ as

s 9 o 0 (see Fig. 1 This notation is compatible with the crystallo-
graphic axes of the spin-ladder system (Sr;Ga, 40,4, for
whicha’, b’, andc’ correspond to the, b, andc directions,
respectively.

chains

II. EXPERIMENTAL DETAILS

The single crystals of SrCuyCand SpCuO; were grown
by a traveling-solvent floating-zone meth&dThe high
structural quality of the crystals was confirmed by neutron

FIG. 1. The schematic unit cells of the crystal structures ofdiffraction experiments?
SrCuQ and SpCuG;,. For each material, the layout of the Cu-O  From each crystal, three specimens in the form of rectan-
chains is emphasized. For comparison, the structure of the ladder brmar bars with typical dimensions 2&. X1 mn?® and with
SnClyyOy s also shown. the longest dimension parallel to each principal axis were cut

with a thin-blade diamond saw. The thermal conductivity

pling J of 2100—-3000 K(Refs. 24—-2Yin these two materi- was measured by a standard steady-state heat-flow technique,
als is of the same order of magnitude as the interactionixing the sample at one end to a heat sink. The temperature
along the ladder legs in §€w,0,; (J=1510 K)?® The  gradient along the sample was produced by a heaté€)
compounds considered here exhibit different arrangements @hip resistoy glued to the opposite end of the sample and
the same type of chains. The structure of(3rO; contains  monitored in overlapping temperature ranges by a matched
Cu-O chains with a very small interchain interactidh(a  pair of RuQ thermometers alT<<5 K and by differential
=J'/J~10"%).26 SrCuG, is built by double Cu-O chains Chromel-Au+ 0.07% Fe thermocouples at higher tempera-
forming Cu-O ribbons containing Cu-Cu zigzag chaigse tures. The temperature difference between the thermometers
Fig. 1). The interaction between the two chains occurs viawas typically 1.5% of the absolute mean temperature of the
90° Cu-O-Cu bonds providing a weaka(=0.1-0.2) fer- sample. The estimated accuracy ©fl0% of the absolute
romagnetic interactioft’ For comparison, the chains forming value of (T) is mainly caused by the uncertainty of the
the double-leg ladders in (Sr,Galuw,4,0,; are connected via sample geometry, the relative error being of the order of
180° Cu-O-Cu bondg“rungs”); therefore for the ladders 0.5% of the measured values of
«=0.55 is rather largé® The spin excitation spectrum for
the single-chain compound s8u0; is gapless. Because the
interaction between the chains forming the Cu-O ribbons in
the SrCuQ@ is ferromagnetic, the excitation spectrum re- The results of the thermal conductivity measurements for
mains gaples¥) in contrast to the gapped spectrum of spinSrCuQ, are presented in Fig. 2, together with our previous
ladders where the interaction between the chains is antiferesults* on the thermal conductivity of $EuQ,. For both
romagnetic. materialsx(T) reveals similar general features. In particular,

IIl. EXPERIMENTAL RESULTS
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the probability of U processes decreases exponentially and
the phonon mean free path increases accordingly. The maxi-
104 mum mean free path of phonons, normally reached only at
very low temperatures, is limited by the size of a sample. At
this, so-called Casimir limit, the thermal conductivity may be
calculated byky,=1/3Cpwly, WhereCyy, is the lattice spe-

10?

5101 108 -;‘ cific heat,v is the average sound velocity along the chosen
= = direction, andL, is a constant related to the sample size.

E E Hence, for isotropic materialscr,hocT3 at low temperatures.

2 2 These two sources for scattering of phonons are always
2 400 102 % present in any material, generating some typical features of

kpn(T) including a distinct maximum al 4= ©p/10. Vari-
ous defects, such as impurities, dislocations, stacking faults,
etc., also participate in phonon scattering, thereby reducing

101} 10! the thermal conductivity, especially in the region Tf ..
. . Various quasiparticle excitations such as magnons, electrons,
1 10 100 excitons, etc., also influence the thermal conductivity by
T (K) scattering phonons and by providing additional channels of

heat transport.

FIG. 2. Temperature dependences of the thermal conductivities | grder to identify the dominant mechanisms of phonon
qf SrCuQ and sgc_uQ along _thea’, b’, andc’ axes. Tht_e _dotted scattering and to estimate their relative importance, we have
lines represent estimated limits of the thermal conductivity due tQitted the experimental data by using the Debye approxima-
the finite size of the samples. The solid and dashed lines represegf\ of the phonon spectrum combined with the relaxation-
different evaluations of the phonon contributiondp as described  ine annroximation for calculating the thermal conductivity.
in the text. The model assumes the same group velocities and relaxation

r L , rates for phonons of different polarizations. A more accurate
the thermgl conductivities al_on_g the d|rectlpns pfarpendlculaénd more complicated analysis, taking into account possible
to the chains &, xy) are similar not only in their features gjtferences in the scattering rates for phonons of different
of the temperature dependence, but even in absolute valugsy|arizations, would require detailed knowledge of elastic

At the same time, the thermal conductivity along the chainggnstants, which is still missing. The phonon thermal con-
is distinctly higher than<(T) perpendicular to the chains in ductivity is thus calculated &5

both cases. This is particularly evident at temperatures above

the k(T) maxima. At room temperature, this excess conduc- ke (kg3 0p/T x4eX
tivity for the double-chain material SrCy@xceeds that for Kph=""—> (?) 3f ——— (0, Ndx, (1)
the single-chain compound £uO; by almost a factor of 2. 2w o (e'-1)

In the temperature region between 1 and 6 K, where magynere is the frequency of a phonon(w,T) is the corre-
netic _pha3§§6 transitions have been reported for botRponding relaxation time9, is the Debye temperature, and
materials}>~**no anomalous features i(T) have been ob- x=hw/kgT. As a further simplification we assume that all

served. Since these transitions are indicated by anomalies gfechanisms of phonon scattering act independently. In this
the magnetic specific he3t® the interaction between the .50

spin and lattice systems as well as the spin contribution to

the measured thermal conductivity must be negligible in this L .

temperature region for both materials. T =E Ti )
Because both SrCuyand SyCuQ; are electrical insula-

tors, electrons do not participate in the heat transport. Belowyhere each term; * corresponds to an individual indepen-

we thus analyze the experimental data assuming that th@ent scattering mechanism. For instance,

main heat carriers are phonons and spin excitations.

5 F=vlLy 3
IV. ANALYSIS OF THE PHONON CONTRIBUTION for phonon scattering by sample boundaries,
A. Model and fitting procedure T,;d1=Aw4 (4)

In general, the behavior of the phonon thermal conductiv-, : . . .
ity xo(T) is determined by scattering of phonons by Struc_for phonon scattering by point defedRayleigh scattering

tural defects, phonons, and other quasiparticles. At temperazfl-nd

tures T=0p, where Oy is the Debye temperature, the -1_p, 2 _

phonon-phonon umklapp process@sg processes usually Ty =B Texp—0p/bT) ©
dominate and it often turns out that,=T~“, wherea~1.  for phonon-phonon U process&s®As indicated in Eq(2),

The mean free path of the phonons is very small and comthere may be other contributions to %, such as phonon-
parable to interatomic distances. At temperatures bélgyw  phonon N processes, phonon-spin scattering, etc. In the first
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TABLE |. Parameters of the fitting o&(T) data to Eq(2).

Parameter SrCufO SrCuQ SrLCuG; SLCuG;, SrCuQ SrL,CuG;
a’ axis b’ axis a’ axis b’ axis ¢’ axis ¢’ axis
L, (103 m) 0.32£0.1 0.25-0.02 0.920.5 8+6 0.63-0.04 252
A (S <10 % <10 % <10 % <10 % <10 % <1074
B (10 ¥ sK™1) 11.1+0.5 13.5-0.5 7.6-0.5 9.0-0.5 12.3 8.30
b 2.7£0.2 2.8:0.1 3.5-0.3 3.3:0.2 2.75 3.4
C (1079 7.2+1 5.8+0.3 9.4-1 10.6£0.7 3.950.2 5.5+0.2
D (1C° s7%) 4.6+2 2.7+1 5.6+3 6.5+2.5 3.5-1 7.7£0.2
wg (1012 s71) 10.0+1 8.3t1.5 10.2-1 9.6+1 9.2 9.9
C 0.86£0.03 0.96:0.01 0.76:0.03 0.8720.03 0.88 0.815
Temperature region T<100 K T<100 K T<100 K T<100 K T<12 K T<13 K
step only the three main mechanisfh®undaries, point de- . w?
fects, and U processewere considered for all samples. In Tressz[l—ng(wo,T)], (7)

those cases where the fitting of the data with a reasonable
accuracy failed, additional terms representing relevant scat-

tering processes were introduced in E2). wherewy is the resonance frequenayis the fractional con-
For the fitting procedure we employed the Levenbergcentration of scatterers, aidlis a factor characterizing the
Marquardt algorithni” The quantitied,, A, B, andb, de-  strength of the resonant scattering. The functigfwg,T)
fined in Eqgs.(3)—(5), were treated as freely adjustable Pa-=(p_—p.), describing the difference in population of the
rameters. The criterion of selecting additional terms in Equpper ©.) and lower p_) states, was taken agwg,T)
(2) was the minimization of the mean-square deviation =tanh(wy/2kgT), corresponding to a two-level system with
We used theép, values of 441 K for Cu0; (Ref. 30 and  gjnglet upper and lower levels. The parame®rs, andw,
357 K for SrCuqQ (Ref. 40. The mean sound velocitywas  gre again fit parameters. A resonant term of this type was
calculated fromzthe l)/alues dp, using the equationw jnjtially proposed for phonon scattering by magnetic
=Op(kg/f)(6mn) - %, wheren is the number density of impurities?? but was also successfully used to explain the
atoms. scattering of acoustic phonons by dispersionless optical pho-
non mode$?
The fit values of the adjustable parametegs A, B, C, D,
wgq, C, andb are listed in Table I. Th&(T) curves calculated
using these values are shown in Fig. 3, together with the
experimental data.

For a sample with a rectangular cross sectpg, a fully
iffusive scattering of phonons at the sample boundaries
leads toL,=2+S.s/ 7. The expected values df, compat-
ible with the dimensions of our samples are of the order of 1
mm, i.e., close to the fit values given in Table I. The small
values ofL,, may possibly be caused by large defects, such
as microcracks present in the samples.

It turns out that the three mechanisms initially included in The fitting|| procedLllre ge;]ve V%Igesi of .ﬂ;]e pa;}ramétérlwl
Eq. (2) were not enough to fit the data in the entire coveredEd- (4) €qual to O or less than 10” s°. With A that small,

temperature range. However, after considering various othépe influence of point defects on the phonon thermal conduc-

possible scattering processes, very good agreement betwel{ty IS ”eg"g'b'e in comparison with other processes of
phonon scattering.

the experimental and the calculated, (T) and «/ (T) E ials withy in th it cell. th
curves in the temperature region between 0.4 and 100 K was -Of materials withv atoms in the unit cell, the parameter

; ; 5,113
achieved by including two additional terms in E®). The in Eq. (5 is expected to be given by~2»" (Ref. 44.
first one The fit values ofb presented in Table | are in reasonable

agreement with this expectation. The param&terharacter-
izing the strength of U processes, depends in a complex man-
ner on elastic and anharmonic constants of a material.
where C is a fit parameter, is usually attributed to phonon The paramete€, associated with dislocation scattering, is
scattering by strain fields of dislocatiofsThis term proved ~ given by
to be essential for fitting the temperature dependence of the
thermal conductivity al <T,,,. The second term is of reso-

nant typé?

B. Phonon thermal conductivity perpendicular
to the chain direction

As may be seen in Fig. 2, the thermal conductivities of
SrCuQ and SgCuG; in the directions perpendicular to the
chains exhibit the temperature dependence that is typical for
phonon heat transport. This includes<T~* at high tem- d
peratures and approaching<T® at low temperatures, the
latter being expected if the phonon mean free pathis
constant. Sincey, turns out to be shorter than the smallest
sample dimensions even at 0.4{¢r SrCuQ), the influence
of defects cannot be neglected.

Ta1=Cw, (6)

C=kngh?y2, )
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. \ ke Ik for SrCu@Q and SpCuQ;, and kg /ky  for

1 10 1cl)0 (Sr,Ca),Cu40,; (data of Ref. 2D The inset illustrates the relative
T (K) change of the anisotropies with temperature ab®yg, for the
same compounds and also for 4, (data of Ref. 4and Te(data

FIG. 3. A comparison of the experimentépen circles and of Ref. 47.
diamond$ and calculatedsolid lines «(T) along the directions
perpendicular to the chains. For clarity, the curves for differentture and, at room temperatures, it is as large as 1.5-2
samples are scaled in order to achieve a reasonable separation Rg-m~1K !, Experimentally, heat losses by radiation result
tween them. in measured values af(T) higher than the intrinsic thermal

_ ) ) L — conductivity. This effect is often observed at high tempera-

whereny is the number of dislocations per unit aréas the  ,res for samples with poor thermal conductivity, if no spe-
Burgers vectoryy is the Gruneisen constant, arklis & con- g precautions are taken. Estimates have shown, however,
stant of the order of4101;2Assum|ng thaty~2 and b hat in our experimental setup the heat losses via radiation
~4 A, V\_/e_getnd~101 m = _ _ are at least an order of magnitude too small to explain the

The origin of a resonant scattering of phonons in SrEuO gycess conductivity and hence the observed deviation should
and SpCuQ; is nota priori clear. However, the fact that e attributed to an intrinsic mechanism. Since with increas-
defined in Eq.(7) turns out to be close to 1 means that theing temperature the heat is mainly transported by high-
nu_mber of scattering center_s is of the ord_er_of the number OIfrequency phonons for which the Debye model is not a good
unit cells in the sample, which severely limits the choice ofgpproximation, the deviations may in principle be attributed
scattering processes and excludes, for example, dilute mag; shortcomings of the employed simple model. Another
netic impurities as scatterers. One possible origin of suclqyrce of high-temperature deviations may be an additional
scattering could be the interaction of acoustic phonons with ggat transport by optical phonons. We recall that high-
flat optical phonon branch, the situation that was promoted "ﬂemperature deviations of the same magnitude can also be
Ref. 43. Another possible source of resonant scattering i§iscerned in ourk,(T) data for the spin-ladder system
excitations of segments of spin chains of finite lengths, Cre(Sr,Ca),Cu,,O4;.2° The similarity of the high-temperature
ated by the inclusipn of nonmagn_etic defects. In this lattefyehavior ofk o (T) of spin-chain and spin-ladder materials
case, the expression fay(wo,T) in Eq. (7) should be  seems intriguing and may hint at a common origin of the

changed to describe the degeneracy of the ground and €¥satyre such as, as discussed later, diffusive energy transport
cited states of a chain segment. In the case of lacking intet;i5 the spin system.

actions between the defects, one would expect an equal dis-

tribution of chain segments with an even or odd number of

. ; - - C. Phonon thermal conductivity parallel to the chain direction
spins. However, in the presence of interactions, segments

with an even number of spins are energetically more In contrast to the successful interpretation of the thermal
favorable®™ It appears, however, that choosing betweenconductivity perpendicular to the chains by considering pho-
g(wo,T) valid for either singlet-singlet excitation®ptical ~ non heat transport alone, we failed completely in obtaining a
phonons or possible excitations of chain segments with everreasonably good fit of the anomalotlisiependence ot at
or odd numbers of spins has only a minor effect on the retemperatures above,,, with a similar approach. In order to
sulting quality of the fit and the values of the parameters inemphasize the anomalous featurexg(T), we show the
Eq. (7). Therefore, at this point, we cannot distinguish be-anisotropy ratioB= k. /ky, in Fig. 4. For comparisonj
tween these possible sources of resonant phonon scattering.«. / k. ratios for the spin-ladder system;sr,Ca.Cup,O,1

As one can see in Fig. 3, the experimental data deviaté€x=0,2) are included in Fig. 4. At low temperatures the
significantly from the approximation above 100 K. The mag-anisotropy is relatively weak and varies little with increasing
nitude of the deviations increases with increasing temperaemperature. A distinct rise @ is observed above 30—40 K.
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FIG. 5. Imaginary part of the dynamic magnetic susceptibility (K)

xc(10 GHzT) (reproduced from Ref. 49for the compounds that £ 6. Spinon thermal conductivity for SrCg@nd SpCuO;.

are discussed here. The solid lines are calculated using E¢E5) and (16). The shaded
areas demonstrate possible errors caused by the uncertainty of the
similar Cu-O chains with different interchain interactions estimate of the phonon thermal conductivity. The inset shows the

. atios between the effective and the intrinsic spinon thermal con-
suggests a common cause for this anomaly. The anoma[y ctivities, calculated using E¢17)
might be due to drastic changes in the phonon heat transporkJ ' g '
above T2, but we argue below that this is not the case.
Indeed, in the vast literature on properties 0§@&rO; and
SrCuQ no observation of any phase transition above 6
has been reported and, therefore, no drastic changes in ela
interatomic interactions al>T,,, are expected. Without
such a change affecting the lattice, the chainlike structure
the lattice itself cannot explain the strong temperaturey,

dependent anisotropy of the thermal conductivity above[he phonon contribution

Tmax. TO illustrate this point, we show in the inset of Fig. 4 ", rqer to achieve this separation of the spin-mediated
the anisotropy of the phonon thermal conductivities for ., nihtion to the thermal conductivity from the experimen-
Hg,Cl, and Te(data from Refs. 46 and 47, respectivelvo 5| 4ata onk,,, some assumptions about the phonon back-
chain-type materials with pronounced elastic anisotropies, ., nd have to be made. As we have argued béfotke
Hg,Cl, and Te were er‘l)se” as examples because in bo%honon—phonon scattering is most likely almost isotropic.
cases(T) varies asT = at high temperatures; i.e., the pqr the evaluation of the relaxation rate via phonon-phonon
phonon-phonon scattering dominates abdyg,. This dem-  gcatering along the chain direction, one can therefore use the
onstrates that even for chain-type materials with strong elaséverage values of the parametBrandb, obtained by fitting
tic anisotropies, the anisotropy of the phonon thermal CON%(T) along the other directiontsee Table )l With this as-
ductivity aboveT ., is only weakly temperature dependent. sumption, we have fitted the data fieg (T) at low tempera-
From the point of view of elastic properties, the spin-y,.eq <10 K) where the influence of spin-mediated heat
chain cuprates are rather ordinary, weakly anisotropic mat tansport, as argued above, is negligible. The fitting proce-
rials. For example, the anisotropy of the sound velocities Oeiiure waé the same as f@‘fa: and «,, but now only the
Sr14Clp4Oyy is found to be very weal Therefore, as we parameters, A, C, andD were kept free. For the parameters
have already argued in Ref. 31, well abolUg,, one may ¢ (concentration of resonant scattejeasid w, (resonance
expect not only a weak temperature dependencg,dbut o4 ency, again the average values obtained by fitting
also a rather small anisotropy of the phonon-phonon scatte;ea,(-l-) andx, (T) were used. The best fits are shown in Fig.

ing, and thereforgg=1. 2 as solid lines and the corresponding fit parameters are
On the other hand, the high-temperature features Oﬁsted in Table 1. P g P

x¢(T) do correlate with features in magnetic properties. In
Fig. 5 we reproduce the results of Zhetial*® for the dy-
namic magnetic susceptibilitiesyz(w,T) of SrCuQ,
Sr,CuQ;, and Si, ,CaCuw,041 (X=0, 2) in thec’ direc- The spin contributiork to the heat transport along the
tion, measured ab=10 GHz. By comparison of Figs. 4 and chain direction was extracted by subtracting the calculated
5, the correlation between the thermal conductivity and thgohonon contribution from the experimental dataxQf(T).
magnetic susceptibility along the chain direction is obviBus The resultinge¢(T) dependences are shown in Fig. 6 as open
and indicates that the anomalods (T) is of magnetic ori- symbols. It is these data that are used for the subsequent
gin. analysis of spinon heat transport. However, the way of evalu-

The obvious similarity of the three systems containing

Based on the arguments presented above, the increase of
B(T) for SrCuG and SyCuO; with increasing temperature
is attributed to an additional, nonphononic channel of heat
S1"1'8nsport along the chain direction. Most naturally, this ex-
ess thermal conductivity is associated with an energy trans-
Ogort via spin excitations of the spin chains. This additional
eat transport is large enough to be separated reliably from

D. Evaluation of the heat transport in the spin system
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ating x5, described above, strongly relies on the assumptiotdere, ng is the number of spins per unit volume. Equation
of isotropic phonon-phonon scattering. Alternatively, one(11) predicts rather small values fat, [of the order of 1
may consider that the anisotropy of the phonon thermal conwwm 1K ~! at 300 K| decreasing linearly with decreasing
ductivity does not completely vanish far>T,., but is temperatures. The observed T) along thec’ axis is much
similar in magnitude as for the case of chain materialgllg higher than predicted by E¢L1) and, at least af>80 K, it
and Te discussed aboygee the inset of Fig.)4The limiting  increases with decreasing temperature. This is a clear sign of
case is then that the anisotropy of the phonon thermal comondiffusive energy transport via spin excitations along the
ductivity is constant and equal to that in the regionTqf,. chains, in agreement with theoretical predictions. It is worth
This situation is illustrated in Fig. 2 where the dashed linesoting that also the spin diffusion constddt has experi-
represent the phonon thermal conductivity alongdh@xis, mentally been found to be strongly enhanced ipC8I0;.%°
averaged along th&’ andb’ axes and scaled to the value of This observation was considered as indicating the ballistic
ke (Tma - The result of subtracting this calculated phononnature of spin transport.
contribution from the experimentad.,(T) values fixes the In contrast to thec' direction, the high-temperature ex-
lower boundary of possible values &f(T) and coincides cess thermal conductivity along tte and b’ directions,
with the lower edge of the shaded areas in Fig. 6. These areaéscussed in Sec. IV B, is in fair agreement with Efjl)
indicate the possible uncertainty af(T), caused by the both in absolute values and with respect to its temperature
ambiguity of our evaluation of the phonon parts of the ther-dependence. We therefore argue that the possible energy
mal conductivities. The uncertainty is large at low temperatransport perpendicular to the Cu-O chains via the spin sys-
tures, but at higher temperatures it is small enough to allovtem is small and diffusive. On the contrary, the energy trans-
for a quantitative analysis of the thermal conductivity via port via spins along the chains is substantial and relies on the
spin excitations. ballistic propagation of spin excitations, interacting with lat-
tice imperfections and other quasiparticles.
V. ANALYSIS OF THE SPIN CONTRIBUTION
B. Spinon heat transport along the chain direction

A. Heat transport via diffusion . . ] .
As mentioned in the Introduction, the elementary excita-

An important question which can be answered immedivions of a uniform Heisenberg 1D antiferromagne#d=M)

ately is whether the observed energy transport via spin excig— 1/2 systen(spinons carry a spirS=1/27 The dispersion

with isotropic nearest-neighbor couplidgdescribed by the

Hamiltonian Jm
e(k)= TSinka, (12
HZJZ SSi1, (9 wheree is the spinon energy. The possible values of the

wave vectork are restricted to one-half of the Brillouin zone

the energy transport is expected to be diffusive for spin O<ks=/a. Spinons can only be created in pairs, thus form-
>1/2 and ballistic forS=1/2°! However, the diffusive en- ing a continuum of two-spinon states with wave vectqrs
ergy transport irS=1/2 chains may be restored by, for ex- =kKi+k, and energy e(q)=z(ky) +&(kp).” The upper
ample, interchain interactions or intrachain next-nearestboundary of the continuumey(q)=Jw|sinka'2)| corre-
neighbor interaction® In the case of diffusive energy Sponds to pair states witky=k, and the lower boundary
transport, the thermal conductivity is given y=DgCs,  €.(q)=J(7/2)|sinkal corresponds to states whege-k;. At
whereC; is the spin specific heat per unit volume abdis  large spatial separation, spinons can be treated as essentially
the energy diffusion constant. In the high-temperature limitfree particles. On a short-range scale, however, the attrac-
De for a quantum spin system is given y.=KJ[S(S tive interaction between spinons must be considéféd.
+1)]¥2%a%%, wherea is the distance between neighboring Both fermionic®~®*and fractiondf” statistics are possible for
spins andK is a constant which, in different theoretical mod- & spinon system. In the following analysis, we apply the
e|sy varies between 0.25 anOB‘?Sln the |0W_temperature re- fermionic model of Ref. 61, in which the |OW'temperatUre
gion, Dg is expected to be nearly independent of thermodynamic behavior of a spinon system is accounted for
temperatur@® Using, for the specific heat, the low- by using the usual Fermi-Dirac distributidn=[exp(/ksT)
temperature T<J/kg) result of a Bethe ansatz solutfSior ~ +1]7* with zero chemical potentid. The low-temperature

a uniform chain ofN spinsS=1/2, specific heat, calculated using E2) and the general equa-
tion
2
CszszBTa (10) C _2Na 77/2a(9f 13
3J s a 0 (9T8 ( )

the thermal conductivity in the diffusive regime is agrees with the low-temperature result of E40).5 As il-

5 2 lustrated in Fig. 7, the high-temperature specific heat calcu-
o a‘ks (11) lated with Eq.(13) qualitatively reproduces the main high-
S S a7 temperature features of the results of the Bethe ansatz
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FIG. 7. The specific heat of the=1/2 AFM Heisenberg chain, (K)

calculated using Eq13) (solid line) and the Bethe ansatz solution  F|G. 8. The temperature dependences of the spinon mean free
(dashed line, data from Ref. b4 paths for SyCu0; and SrCu@, calculated using Eq15). The solid
lines are fits using Eq16). The shaded areas have the same mean-
solution®*®* The disagreement between the two models isng as in Fig. 6.
not important for our analysis since our results have been
obtained in the low-temperature regikgT/J<0.15. non thermal conductivities. In Ref. 31, it was noted that
Applying a Boltzmann-type approximation, the thermal | (T) for Sr,CuO; may be approximated by
conductivity of a spinon system is
ISt =gy Hlad =AspTexp —T*T)+Lgi,  (16)

Ks= . ﬁsvsl sdk, (14

2nga [ m2agf
T j where the two terms were attributed to spinon scattering by
. ) ) ) phonons and defects, respectively. Here, the parameter
wherevs=%""de/k is the group velocity anti is the mean  characterizes the strength of spin-lattice interactioh, is
free path of a spinon. Cast in another but equivalent form, ygjated to the minimum energy needed to produce a single
5 spinon-phonon umklapp process, ahgl is the mean dis-
_ 2ngkga_ [Imi2keT  x%e" tance between magnetic defects effectively scattering spin
T mh Tjo (e+ 1)2|S(8’T)dx' (15 excitations in a spin chain. It may be seen that with @)
and the appropriate parametelrg,T) may be well approxi-
where x=¢/kgT. If several independent scattering mecha-mated not only for SICuG; but also for SrCu@. The values
nisms have to be considered, the spinon mean free path caf A;,=7.1x10° m ! K1, T*=177 K, and Ly4=8.1
be represented ad;'(s,T)==I(e,T), where each x10 ° m for SL,CuO; and A;,=6.7x10° m K™%, T*
lsi(e,T) term corresponds to an independent scattering=204 K, andLg4=2.42X 10~ m for SrCuQ were ob-
channel. This is analogous to the case of phonons, considiained by fitting the data dfy(T) with Eq. (16). The fits are
ered in Eq.(2). shown as solid lines in Fig. 8. The parameter values for
The most straightforward way to analyze owy(T) data  SnLCuO; are slightly different from those presented in Ref.
would be analogous to that employed for the phonon con31, because of a somewhat different way of evaluating the
ductivity, i.e., by choosing a set df(e,T) terms in the phonon thermal conductivity. The agreement between the ex-
equation for the mean free path of spinons and fitting theperimental data and the fit is very good above approximately
data ofx¢(T) to Eq.(15). However, the energy and tempera- 50 K, but at lower temperatures the uncertainty in extracting
ture dependences for most of the plausible scattering mechhs(T) becomes far too large to draw any reliable conclusion
nisms have not yet been worked out. That is why we treatedoncerning its temperature dependence and the involved
the k4(T) data by inserting the spinon mean free pl{i),  scattering mechanisms.
averaged over alk, at a given temperature. In that case, The fit values of the parameters;, and T* which are
I(T) may be taken out of the integral in Eq44) and(15) related to the spin-lattice interaction are similar in magnitude
and thus may be calculated from tkg(T) data, using the for the two compounds, in spite of the different chain ar-
known values of] for the materials investigated here. For rangements. The values of scale with the Debye tempera-
these calculations)/kg=2100 K (Ref. 26 and 2620 K tures, supporting the idea that the terg’g1 in Eq. (16) is
(Ref. 31 were used for SrCupand SgCuQ;, respectively. indeed related to the spin-lattice interaction. It appears that
The resulting values ofy(T) for SrCuGQ and SsCuQ; are  the main difference between the two materials is in the defect
shown in Fig. 8. scattering, which is 3 times more efficient for,GuO; than
Here, again, the shaded areas reveal the possible rangefof SrCuG. The low-temperature values &f for SL,CuGO;
I values caused by the uncertainties in evaluating the phdiave been fourtd to be in fair agreement with the mean

Ks
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distance between neighboring bond defects, causing local Ks_1+Kp;h1 12
changes in the magnetic coupling between Cu spins, as ex- A= T;plw , (18
tracted from NMR dat&® Unfortunately, similar NMR re- ph s

sults revealing the distance between bond defects are absejrd 7sp IS the spin-lattice relaxation time. For very short
for SrCuQ. Our data suggest an about 3 times smaller conspin-lattice relaxation timeSTgpl—mo), Kseff= Ks- IN the
centration of these defects in SrCu@an in SyCuGs;. opposite case of a very weak spin-lattice interactiog(
—0), however, ks =0 and the thermal transport by
spinons cannot be observed in an experiment, regardless of
how large the intrinsiocg of the sample is.

For the two investigated materials, the evaluation of the If the first term in Eq.(16) is indeed dictated by the spin-
spinon part of the thermal conductivity has been achievedattice interaction, it is possible to establish the temperature
only in a limited temperature region, characterized byregion in which the observefls o equals the intrinsiocs.
0.015<T/J=<0.15. Two mechanisms of spinon scattering For this purpose, the ratio o¢/ ks Was calculated by assum-
seem to be effective—namely, the temperature-dependeiig 7,,=1.,/vs [see Eq.(16)] and vs=Jamn/24, valid for
spinon-phonon interaction and the temperature-independetdw-energy spinons which dominate &t J/kg. The result
scattering of spinons by defects. The significance of othels shown in the inset of Fig. 6. Although the extrapolation of
scattering mechanisms, if any, is negligible. For exampleEq. (16) to lower temperatures may not exactly be correct, it
normal processes of spinon-spinon scattering cannot change nevertheless cledsee the inset of Fig.)@hat at very low
the total momentum of the spinon system and, thereforetemperatures the spin-lattice interaction turns out to be too
should not contribute to the thermal resistance. The spinonyeak for the spinon thermal conductivity to be observed.
spinon umklapp processes are expected to play a serious role From our discussion it is obvious that the interaction be-
only at temperature$~J/Kg . tween the spin and phonon systems should show up both in

Supposing that the validity of E¢16) extends beyond the spinon and phonon heat transport. However, other mecha-
region 0.015T/J<0.15, we may estimate the expected nisms of phonon scattering, mainly the phonon-phonon in-
spinon thermal conductivity at lower and higher temperateraction, may be stronger and mask the scattering of
tures using Eq(15). The result is shown as solid lines in Fig. phonons by spin excitations. This may be the reason why a
6. Sincel¢(T) is constant and equal los4 at very low tem-  term corresponding to the phonon-spinon scattering does not
peraturesx4(T) is expected to vary linearly witil as ks have to be included in Eq2) for a reasonable description of
=nsak§7-rLsdT/3h. The phonon thermal conductivity varies «p(T). On the other hand, a phonon-spinon relaxation rate

asT? at low temperatures and hence the spinon contributior)_-pS(T), averaged over the entire phonon spectrum at a given

should progressively dominate with decreasing temperaturgemperature, may roughly be approximated by

This expectation is obviously not met by our low-

temperature results. First of all, no linear contribution to the —; Ns

total measured thermal conductivity has been identified and, Tps ™ N_phTsp ' (19

second, no distinct feature i(T) is observed at the & ]

temperatureTy, indicating a negligible spinon contribution Where, at a fixed temperatufie Npy(T) andNg(T) are the

ks. This suggests that at some temperature below 30 K th@verage numbers of phonons and spinons per unit volume,

spinon contribution deviates from the predicted behaviorespectively. At high temperatures, where the spin-phonon

shown in Fig. 6, and by 6 K, spinons are excluded from heatnteraction is important, E¢19) for the phonon-spinon scat-

transport. At this point, a discussion of the spin-lattice inter-tering rate gives—gslocT exp(=T*/T), i.e., the same tempera-

action is in order. ture dependence as is characteristic for the phonon-phonon
Although the spin-lattice interaction reduces both theinteraction. That is why, even if the influence of phonon

phonon- and spin-related thermal conductivities because afcattering by spin excitations is not negligible, it is difficult

scattering processes involving both types of quasiparticledp separate it from the phonon-phonon interaction.

some degree of it is needed for the spin-related heat conduc- In the present discussion, we do not consider the possibil-

tion to be observable in a thermal conductivity experinfént. ity of a mutual drag between spin and lattice excitations,

The energy provided by a heater generates only phonons, amchich may be considerable under certain conditions, as de-

the spin-phonon interaction is needed for an energy transfescribed in Ref. 67.

from the lattice to the spin system. The effective spinon ther-

mal conductivity ks o, Which is accessible in a coupled VI. SUMMARY

spin-lattice system, 8

C. Influence of spinon-phonon scattering

In this paper the thermal conductivities of the spin-chain
compounds SrCupand SpCuO; were studied. Although

ks tanh(ALgampid2) -1 the crystal structures of the two compounds are different in
_W ~ Kph: the sense that the former contains linear and the latter zigzag

P Cu-O chains, the thermal conductivity of both materials is

17 o . ;

remarkably similar. In particular, the heat transport in the

directions perpendicular to the chains is dominated by

whereL gmpieis the sample length, phonons, but along the chain direction and at high tempera-

Ks ofi= (Kst+ Kpp) | 1+
s, eff s ph Kph
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tures there is a substantial excess contribution related to threction is large and propagating ballistically. The contribu-
transport of energy by spinons. tion of spin excitationgspinong is reliably singled out along
The phonon thermal conductivity is analyzed employing athe chain direction at high temperatures where it exceeds the
Debye-type approximation. The main sources of phonorphonon contribution quite substantially. Our analysis based
scattering are phonons at high temperatures and lattice den a fermion model suggests that the expected infinite spinon
fects, presumably dislocations, at low temperatures. Théhermal conductivity is limited by the influence of defects
spin-phonon interaction is not seen in the phonon heat trangnd phonons.
port, most likely because it is masked by other scattering
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