
PHYSICAL REVIEW B, VOLUME 64, 054412
Heat transport by lattice and spin excitations in the spin-chain compounds
SrCuO2 and Sr2CuO3
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We present the results of measurements of the thermal conductivity of the quasi-one-dimensionalS51/2
spin-chain compound SrCuO2 in 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 results for Sr2CuO3 and
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~spinons!, 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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I. INTRODUCTION

The physics of one-dimensional~1D! magnetic systems
has been of interest for some time but particularly signific
progress, both in experiment and theory, has been made
ing the last several years. Related research activities h
been growing because the quantum nature of lo
dimensional low-spin systems promises a rich variety of p
nomena to be explored. Among other features, the trans
of energy in 1D magnetic systems is expected to be hig
unusual. A number of models describing one-dimensio
systems are integrable, implying, for instance, conserva
of energy current and, as a consequence, ballistic en
propagation and divergent thermal conductivity. The qu
tion of whether the energy transport is diffusive or ballistic
currently under active discussion for atomic1–3 as well as
spin4–6 1D systems.

The 1D HeisenbergS51/2 systems with antiferromag
netic coupling between adjacent spins are of particular in
est. It is well established that elementary excitations in s
systems are notS51 magnons but S51/2 quantum
solitons,7 commonly called spinons. The interaction
spinons, as quantum solitons, with structural defects
other quasiparticles, such as phonons, has been poorly in
tigated both theoretically and experimentally, although
classical Heisenberg and Ising 1D magnetic systems, the
teraction of solitons with defects, phonons, and magn
demonstrates a number of interesting features8–12 ~for a re-
view, see Ref. 13!.

In order to probe the features of energy transport inS
51/2 Heisenberg chains, only a limited number of expe
ments, such as inelastic neutron scattering14 or NMR,15 are
available. In the case of a sufficiently strong coupling b
tween the phonon and the spin subsystems, the energy t
port mediated by magnetic excitations can also be monito
via experiments probing the thermal conductivity. Althou
0163-1829/2001/64~5!/054412~11!/$20.00 64 0544
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the spin-lattice interaction as well as the influence of defe
and interchain interactions makes the spin system noni
grable, an anomalous behavior of the spin-mediated ther
conductivity may, nevertheless, be expected. Establishing
heat transport carried by spin excitations may, in additi
reveal information concerning magnetic defects and the s
lattice interaction. The spin-lattice interaction is very impo
tant in 1D magnetic systems, because it leads to modifi
tions of the spectrum of spin excitations16 and, under specia
circumstances, to the formation of new phases, such as
spin-Peierls dimerized state. Besides defects and phon
interchain interactions are also anticipated to influence
energy transport in the spin system and hence may be pro
by thermal-conductivity experiments.

In previous work concerning the thermal conductivi
k(T) in quasi-1DS51/2 Heisenberg systems, observatio
of some spin-mediated heat transport, in addition to
dominant phonon contribution, have been reported
KCuF3,17 CuGeO3,18 and Yb4As3.19 The most pronounced
effects, however, have been observed in (Sr,Ca)14Cu24O41,
containing double-leg Cu-O ladders with 180° Cu-O-C
bond angles.20,21 The thermal conductivity along the ladde
direction exhibits an anomalous double-peak temperature
pendence. It has been fairly well established by a deta
analysis20 that this two-peak feature ink(T) of
(La,Sr,Ca)14Cu24O41 is caused by two main contributions
one due to phonons, responsible for the low-tempera
peak, and the other due to itinerant spin excitations in
ladders, causing the additional high-temperature maximu

In order to test the above-mentioned conjectures conc
ing energy transport by spin excitations inS51/2 1D
Heisenberg systems, we have investigated the lo
temperature thermal conductivities of two materials conta
ing 180° Cu-O chains: namely, SrCuO2 and Sr2CuO3. The
crystallographic unit cells22,23 of the two compounds are
schematically drawn in Fig. 1. The intrachain exchange c
©2001 The American Physical Society12-1
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pling J of 2100–3000 K~Refs. 24–27! in these two materi-
als is of the same order of magnitude as the interacti
along the ladder legs in Sr14Cu24O41 (J51510 K).28 The
compounds considered here exhibit different arrangemen
the same type of chains. The structure of Sr2CuO3 contains
Cu-O chains with a very small interchain interactionJ8 (a
[J8/J;1025).26 SrCuO2 is built by double Cu-O chains
forming Cu-O ribbons containing Cu-Cu zigzag chains~see
Fig. 1!. The interaction between the two chains occurs
90° Cu-O-Cu bonds providing a weak (uau50.120.2) fer-
romagnetic interaction.29 For comparison, the chains formin
the double-leg ladders in (Sr,Ca)14Cu24O41 are connected via
180° Cu-O-Cu bonds~‘‘rungs’’ !; therefore for the ladders
a50.55 is rather large.28 The spin excitation spectrum fo
the single-chain compound Sr2CuO3 is gapless. Because th
interaction between the chains forming the Cu-O ribbons
the SrCuO2 is ferromagnetic, the excitation spectrum r
mains gapless,30 in contrast to the gapped spectrum of sp
ladders where the interaction between the chains is ant
romagnetic.

FIG. 1. The schematic unit cells of the crystal structures
SrCuO2 and Sr2CuO3. For each material, the layout of the Cu-
chains is emphasized. For comparison, the structure of the ladd
Sr14Cu24O41 is also shown.
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In this paper, we present experimental results on the t
mal conductivity of SrCuO2 along the main crystallographi
directions in the temperature region between 0.4 and 300
These data are analyzed together with those for Sr2CuO3
measured and presented previously.31 We offer a detailed
analysis of phonon and spinon contributions to the therm
conductivity along different crystallographic directions. W
show that the thermal transport perpendicular to the ch
direction is predominantly phononic at all temperatur
whereas along the chain direction the spinon contribution
dominant at elevated temperatures. The scattering
phonons is mainly via other phonons, at dislocations, an
sample boundaries. The spinon thermal conductivity may
liably be evaluated only in the high-temperature regi
above 60 K where it is predominantly limited by the spi
lattice interaction. At very low temperatures, the spin-latt
interaction appears to be rather weak and therefore the in
sic spinon thermal conductivity cannot be observed.

For clarity we introduce an auxiliary notation of crysta
lographic directions. For both compounds we denote the
rection along the chains asc8 (c for SrCuO2 and b for
Sr2CuO3), the direction perpendicular to the CuO squares
b8 (a for SrCuO2 andc for Sr2CuO3), and the direction in
the CuO square plane but perpendicular to the chains aa8
~see Fig. 1!. This notation is compatible with the crystallo
graphic axes of the spin-ladder system (Sr,Ca)14Cu24O41, for
which a8, b8, andc8 correspond to thea, b, andc directions,
respectively.

II. EXPERIMENTAL DETAILS

The single crystals of SrCuO2 and Sr2CuO3 were grown
by a traveling-solvent floating-zone method.32 The high
structural quality of the crystals was confirmed by neutr
diffraction experiments.32

From each crystal, three specimens in the form of rect
gular bars with typical dimensions 2.53131 mm3 and with
the longest dimension parallel to each principal axis were
with a thin-blade diamond saw. The thermal conductiv
was measured by a standard steady-state heat-flow techn
fixing the sample at one end to a heat sink. The tempera
gradient along the sample was produced by a heater~1 kV
chip resistor! glued to the opposite end of the sample a
monitored in overlapping temperature ranges by a matc
pair of RuO2 thermometers atT,5 K and by differential
Chromel-Au1 0.07% Fe thermocouples at higher tempe
tures. The temperature difference between the thermome
was typically 1.5% of the absolute mean temperature of
sample. The estimated accuracy of610% of the absolute
value of k(T) is mainly caused by the uncertainty of th
sample geometry, the relative error being of the order
0.5% of the measured values ofk.

III. EXPERIMENTAL RESULTS

The results of the thermal conductivity measurements
SrCuO2 are presented in Fig. 2, together with our previo
results31 on the thermal conductivity of Sr2CuO3. For both
materialsk(T) reveals similar general features. In particul
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HEAT TRANSPORT BY LATTICE AND SPIN . . . PHYSICAL REVIEW B64 054412
the thermal conductivities along the directions perpendicu
to the chains (ka8 , kb8) are similar not only in their feature
of the temperature dependence, but even in absolute va
At the same time, the thermal conductivity along the cha
is distinctly higher thank(T) perpendicular to the chains i
both cases. This is particularly evident at temperatures ab
thek(T) maxima. At room temperature, this excess cond
tivity for the double-chain material SrCuO2 exceeds that for
the single-chain compound Sr2CuO3 by almost a factor of 2.
In the temperature region between 1 and 6 K, where m
netic phase transitions have been reported for b
materials,33–36no anomalous features ink(T) have been ob-
served. Since these transitions are indicated by anomalie
the magnetic specific heat,31,35 the interaction between th
spin and lattice systems as well as the spin contribution
the measured thermal conductivity must be negligible in t
temperature region for both materials.

Because both SrCuO2 and Sr2CuO3 are electrical insula-
tors, electrons do not participate in the heat transport. Be
we thus analyze the experimental data assuming that
main heat carriers are phonons and spin excitations.

IV. ANALYSIS OF THE PHONON CONTRIBUTION

A. Model and fitting procedure

In general, the behavior of the phonon thermal conduc
ity kph(T) is determined by scattering of phonons by stru
tural defects, phonons, and other quasiparticles. At temp
tures T>QD , where QD is the Debye temperature, th
phonon-phonon umklapp processes~U processes! usually
dominate and it often turns out thatkph}T2a, wherea;1.
The mean free path of the phonons is very small and c
parable to interatomic distances. At temperatures belowQD

FIG. 2. Temperature dependences of the thermal conductiv
of SrCuO2 and Sr2CuO3 along thea8, b8, andc8 axes. The dotted
lines represent estimated limits of the thermal conductivity due
the finite size of the samples. The solid and dashed lines repre
different evaluations of the phonon contribution tokc8 as described
in the text.
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the probability of U processes decreases exponentially
the phonon mean free path increases accordingly. The m
mum mean free path of phonons, normally reached only
very low temperatures, is limited by the size of a sample.
this, so-called Casimir limit, the thermal conductivity may
calculated bykph51/3CphvLb , whereCph is the lattice spe-
cific heat,v is the average sound velocity along the chos
direction, andLb is a constant related to the sample siz
Hence, for isotropic materials,kph}T3 at low temperatures
These two sources for scattering of phonons are alw
present in any material, generating some typical feature
kph(T) including a distinct maximum atTmax<QD/10. Vari-
ous defects, such as impurities, dislocations, stacking fa
etc., also participate in phonon scattering, thereby reduc
the thermal conductivity, especially in the region ofTmax.
Various quasiparticle excitations such as magnons, electr
excitons, etc., also influence the thermal conductivity
scattering phonons and by providing additional channels
heat transport.

In order to identify the dominant mechanisms of phon
scattering and to estimate their relative importance, we h
fitted the experimental data by using the Debye approxim
tion of the phonon spectrum combined with the relaxatio
time approximation for calculating the thermal conductivi
The model assumes the same group velocities and relaxa
rates for phonons of different polarizations. A more accur
and more complicated analysis, taking into account poss
differences in the scattering rates for phonons of differ
polarizations, would require detailed knowledge of elas
constants, which is still missing. The phonon thermal co
ductivity is thus calculated as37

kph5
kB

2p2v
S k B

\ D 3

T3E
0

QD /T x4ex

~ex21!2
t~v,T!dx, ~1!

wherev is the frequency of a phonon,t(v,T) is the corre-
sponding relaxation time,QD is the Debye temperature, an
x5\v/kBT. As a further simplification we assume that a
mechanisms of phonon scattering act independently. In
case,

t215( t i
21 , ~2!

where each termt i
21 corresponds to an individual indepen

dent scattering mechanism. For instance,

tb
215v/Lb ~3!

for phonon scattering by sample boundaries,

tpd
215Av4 ~4!

for phonon scattering by point defects~Rayleigh scattering!,
and

tU
215Bv2T exp~2QD /bT! ~5!

for phonon-phonon U processes.37,38As indicated in Eq.~2!,
there may be other contributions tot21, such as phonon-
phonon N processes, phonon-spin scattering, etc. In the
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TABLE I. Parameters of the fitting ofk(T) data to Eq.~1!.

Parameter SrCuO2 SrCuO2 Sr2CuO3 Sr2CuO3 SrCuO2 Sr2CuO3

a8 axis b8 axis a8 axis b8 axis c8 axis c8 axis

Lb (1023 m) 0.3260.1 0.2560.02 0.9760.5 866 0.6360.04 2.562
A (s3) ,10245 ,10245 ,10245 ,10245 ,10245 ,10245

B (10218 s K21) 11.160.5 13.560.5 7.660.5 9.060.5 12.3 8.30
b 2.760.2 2.860.1 3.560.3 3.360.2 2.75 3.4
C (1026) 7.261 5.860.3 9.461 10.660.7 3.960.2 5.560.2
D (109 s21) 4.662 2.761 5.663 6.562.5 3.561 7.760.2
v0 (1012 s21) 10.061 8.361.5 10.261 9.661 9.2 9.9
c 0.8660.03 0.9060.01 0.7660.03 0.8760.03 0.88 0.815
Temperature region T,100 K T,100 K T,100 K T,100 K T,12 K T,13 K
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step only the three main mechanisms~boundaries, point de
fects, and U processes! were considered for all samples. I
those cases where the fitting of the data with a reason
accuracy failed, additional terms representing relevant s
tering processes were introduced in Eq.~2!.

For the fitting procedure we employed the Levenbe
Marquardt algorithm.39 The quantitiesLb , A, B, andb, de-
fined in Eqs.~3!–~5!, were treated as freely adjustable p
rameters. The criterion of selecting additional terms in E
~2! was the minimization of the mean-square deviationx2.
We used theQD values of 441 K for Sr2CuO3 ~Ref. 31! and
357 K for SrCuO2 ~Ref. 40!. The mean sound velocityv was
calculated from the values ofQD , using the equationv
5QD(kB /\)(6p2n)21/3, wheren is the number density o
atoms.37

B. Phonon thermal conductivity perpendicular
to the chain direction

As may be seen in Fig. 2, the thermal conductivities
SrCuO2 and Sr2CuO3 in the directions perpendicular to th
chains exhibit the temperature dependence that is typica
phonon heat transport. This includesk}T21 at high tem-
peratures and approachingk}T3 at low temperatures, the
latter being expected if the phonon mean free pathl ph is
constant. Sincel ph turns out to be shorter than the smalle
sample dimensions even at 0.4 K~for SrCuO2), the influence
of defects cannot be neglected.

It turns out that the three mechanisms initially included
Eq. ~2! were not enough to fit the data in the entire cove
temperature range. However, after considering various o
possible scattering processes, very good agreement bet
the experimental and the calculatedka8(T) and kb8(T)
curves in the temperature region between 0.4 and 100 K
achieved by including two additional terms in Eq.~2!. The
first one

td
215Cv, ~6!

whereC is a fit parameter, is usually attributed to phon
scattering by strain fields of dislocations.41 This term proved
to be essential for fitting the temperature dependence of
thermal conductivity atT,Tmax. The second term is of reso
nant type42
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v4

~v22v0
2!2 @12cg2~v0 ,T!#, ~7!

wherev0 is the resonance frequency,c is the fractional con-
centration of scatterers, andD is a factor characterizing the
strength of the resonant scattering. The functiong(v0 ,T)
[(p22p1), describing the difference in population of th
upper (p1) and lower (p2) states, was taken asg(v0 ,T)
5tanh(\v0/2kBT), corresponding to a two-level system wit
singlet upper and lower levels. The parametersD, c, andv0
are again fit parameters. A resonant term of this type w
initially proposed for phonon scattering by magne
impurities,42 but was also successfully used to explain t
scattering of acoustic phonons by dispersionless optical p
non modes.43

The fit values of the adjustable parametersLb , A, B, C, D,
v0 , c, andb are listed in Table I. Thek(T) curves calculated
using these values are shown in Fig. 3, together with
experimental data.

For a sample with a rectangular cross sectionScs , a fully
diffusive scattering of phonons at the sample bounda
leads toLb52AScs /p. The expected values ofLb compat-
ible with the dimensions of our samples are of the order o
mm, i.e., close to the fit values given in Table I. The sm
values ofLb may possibly be caused by large defects, su
as microcracks present in the samples.

The fitting procedure gave values of the parameterA in
Eq. ~4! equal to 0 or less than 10245 s3. With A that small,
the influence of point defects on the phonon thermal cond
tivity is negligible in comparison with other processes
phonon scattering.

For materials withn atoms in the unit cell, the paramete
b in Eq. ~5! is expected to be given byb;2n1/3 ~Ref. 44!.
The fit values ofb presented in Table I are in reasonab
agreement with this expectation. The parameterB, character-
izing the strength of U processes, depends in a complex m
ner on elastic and anharmonic constants of a material.

The parameterC, associated with dislocation scattering,
given by41

C5kndb̄2g2, ~8!
2-4
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HEAT TRANSPORT BY LATTICE AND SPIN . . . PHYSICAL REVIEW B64 054412
wherend is the number of dislocations per unit area,b̄ is the
Burgers vector,g is the Grüneisen constant, andk is a con-
stant of the order of 1021. Assuming thatg;2 and b
;4 Å , we getnd;1014 m22.

The origin of a resonant scattering of phonons in SrCu2
and Sr2CuO3 is not a priori clear. However, the fact thatc
defined in Eq.~7! turns out to be close to 1 means that t
number of scattering centers is of the order of the numbe
unit cells in the sample, which severely limits the choice
scattering processes and excludes, for example, dilute m
netic impurities as scatterers. One possible origin of s
scattering could be the interaction of acoustic phonons wi
flat optical phonon branch, the situation that was promote
Ref. 43. Another possible source of resonant scatterin
excitations of segments of spin chains of finite lengths, c
ated by the inclusion of nonmagnetic defects. In this la
case, the expression forg(v0 ,T) in Eq. ~7! should be
changed to describe the degeneracy of the ground and
cited states of a chain segment. In the case of lacking in
actions between the defects, one would expect an equal
tribution of chain segments with an even or odd number
spins. However, in the presence of interactions, segm
with an even number of spins are energetically m
favorable.45 It appears, however, that choosing betwe
g(v0 ,T) valid for either singlet-singlet excitations~optical
phonons! or possible excitations of chain segments with ev
or odd numbers of spins has only a minor effect on the
sulting quality of the fit and the values of the parameters
Eq. ~7!. Therefore, at this point, we cannot distinguish b
tween these possible sources of resonant phonon scatte

As one can see in Fig. 3, the experimental data dev
significantly from the approximation above 100 K. The ma
nitude of the deviations increases with increasing temp

FIG. 3. A comparison of the experimental~open circles and
diamonds! and calculated~solid lines! k(T) along the directions
perpendicular to the chains. For clarity, the curves for differ
samples are scaled in order to achieve a reasonable separatio
tween them.
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ture and, at room temperatures, it is as large as 1.
W m21 K21. Experimentally, heat losses by radiation res
in measured values ofk(T) higher than the intrinsic therma
conductivity. This effect is often observed at high tempe
tures for samples with poor thermal conductivity, if no sp
cial precautions are taken. Estimates have shown, howe
that in our experimental setup the heat losses via radia
are at least an order of magnitude too small to explain
excess conductivity and hence the observed deviation sh
be attributed to an intrinsic mechanism. Since with incre
ing temperature the heat is mainly transported by hi
frequency phonons for which the Debye model is not a go
approximation, the deviations may in principle be attribut
to shortcomings of the employed simple model. Anoth
source of high-temperature deviations may be an additio
heat transport by optical phonons. We recall that hig
temperature deviations of the same magnitude can also
discerned in ourka8(T) data for the spin-ladder system
(Sr,Ca)14Cu24O41.20 The similarity of the high-temperatur
behavior ofka8,b8(T) of spin-chain and spin-ladder materia
seems intriguing and may hint at a common origin of t
feature such as, as discussed later, diffusive energy trans
via the spin system.

C. Phonon thermal conductivity parallel to the chain direction

In contrast to the successful interpretation of the therm
conductivity perpendicular to the chains by considering p
non heat transport alone, we failed completely in obtainin
reasonably good fit of the anomalousT dependence ofkc8 at
temperatures aboveTmax with a similar approach. In order to
emphasize the anomalous feature inkc8(T), we show the
anisotropy ratiob5kc8 /kb8 in Fig. 4. For comparison,b
5kc8 /ka8 ratios for the spin-ladder system Sr142xCaxCu24O41
(x50,2) are included in Fig. 4. At low temperatures th
anisotropy is relatively weak and varies little with increasi
temperature. A distinct rise ofb is observed above 30–40 K

t
be-

FIG. 4. Temperature dependences of the anisotropy ra
kc8 /kb8 for SrCuO2 and Sr2CuO3, and kc8 /ka8 for
(Sr,Ca)14Cu24O41 ~data of Ref. 20!. The inset illustrates the relative
change of the anisotropies with temperature aboveTmax for the
same compounds and also for Hg2Cl2 ~data of Ref. 46! and Te~data
of Ref. 47!.
2-5
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A. V. SOLOGUBENKOet al. PHYSICAL REVIEW B 64 054412
The obvious similarity of the three systems containi
similar Cu-O chains with different interchain interactio
suggests a common cause for this anomaly. The anom
might be due to drastic changes in the phonon heat trans
aboveTmax, but we argue below that this is not the cas
Indeed, in the vast literature on properties of Sr2CuO3 and
SrCuO2 no observation of any phase transition above 6
has been reported and, therefore, no drastic changes in e
interatomic interactions atT.Tmax are expected. Withou
such a change affecting the lattice, the chainlike structur
the lattice itself cannot explain the strong temperatu
dependent anisotropy of the thermal conductivity abo
Tmax. To illustrate this point, we show in the inset of Fig.
the anisotropy of the phonon thermal conductivities
Hg2Cl2 and Te~data from Refs. 46 and 47, respectively!, two
chain-type materials with pronounced elastic anisotrop
Hg2Cl2 and Te were chosen as examples because in
casesk(T) varies asT21 at high temperatures; i.e., th
phonon-phonon scattering dominates aboveTmax. This dem-
onstrates that even for chain-type materials with strong e
tic anisotropies, the anisotropy of the phonon thermal c
ductivity aboveTmax is only weakly temperature dependen

From the point of view of elastic properties, the spi
chain cuprates are rather ordinary, weakly anisotropic m
rials. For example, the anisotropy of the sound velocities
Sr14Cu24O41 is found to be very weak.48 Therefore, as we
have already argued in Ref. 31, well aboveTmax one may
expect not only a weak temperature dependence ofb, but
also a rather small anisotropy of the phonon-phonon sca
ing, and thereforeb.1.

On the other hand, the high-temperature features
kc8(T) do correlate with features in magnetic properties.
Fig. 5 we reproduce the results of Zhaiet al.49 for the dy-
namic magnetic susceptibilitiesxc9(v,T) of SrCuO2,
Sr2CuO3, and Sr142xCaxCu24O41 (x50, 2! in the c8 direc-
tion, measured atv510 GHz. By comparison of Figs. 4 an
5, the correlation between the thermal conductivity and
magnetic susceptibility along the chain direction is obviou50

and indicates that the anomalouskc8(T) is of magnetic ori-
gin.

FIG. 5. Imaginary part of the dynamic magnetic susceptibi
xc9(10 GHz,T) ~reproduced from Ref. 49!, for the compounds tha
are discussed here.
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Based on the arguments presented above, the increa
b(T) for SrCuO2 and Sr2CuO3 with increasing temperature
is attributed to an additional, nonphononic channel of h
transport along the chain direction. Most naturally, this e
cess thermal conductivity is associated with an energy tra
port via spin excitations of the spin chains. This addition
heat transport is large enough to be separated reliably f
the phonon contribution.

In order to achieve this separation of the spin-media
contribution to the thermal conductivity from the experime
tal data onkc8 , some assumptions about the phonon ba
ground have to be made. As we have argued before,31 the
phonon-phonon scattering is most likely almost isotrop
For the evaluation of the relaxation rate via phonon-phon
scattering along the chain direction, one can therefore use
average values of the parametersB andb, obtained by fitting
k(T) along the other directions~see Table I!. With this as-
sumption, we have fitted the data forkc8(T) at low tempera-
tures (T<10 K) where the influence of spin-mediated he
transport, as argued above, is negligible. The fitting pro
dure was the same as forka8 and kb8 , but now only the
parametersL, A, C, andD were kept free. For the paramete
c ~concentration of resonant scatterers! and v0 ~resonance
frequency!, again the average values obtained by fitti
ka8(T) andkb8(T) were used. The best fits are shown in F
2 as solid lines and the corresponding fit parameters
listed in Table I.

D. Evaluation of the heat transport in the spin system

The spin contributionks to the heat transport along th
chain direction was extracted by subtracting the calcula
phonon contribution from the experimental data ofkc8(T).
The resultingks(T) dependences are shown in Fig. 6 as op
symbols. It is these data that are used for the subseq
analysis of spinon heat transport. However, the way of eva

FIG. 6. Spinon thermal conductivity for SrCuO2 and Sr2CuO3.
The solid lines are calculated using Eqs.~15! and~16!. The shaded
areas demonstrate possible errors caused by the uncertainty o
estimate of the phonon thermal conductivity. The inset shows
ratios between the effective and the intrinsic spinon thermal c
ductivities, calculated using Eq.~17!.
2-6
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ating ks , described above, strongly relies on the assump
of isotropic phonon-phonon scattering. Alternatively, o
may consider that the anisotropy of the phonon thermal c
ductivity does not completely vanish forT.Tmax, but is
similar in magnitude as for the case of chain materials Hg2I2
and Te discussed above~see the inset of Fig. 4!. The limiting
case is then that the anisotropy of the phonon thermal c
ductivity is constant and equal to that in the region ofTmax.
This situation is illustrated in Fig. 2 where the dashed lin
represent the phonon thermal conductivity along thec8 axis,
averaged along thea8 andb8 axes and scaled to the value
kc8(Tmax). The result of subtracting this calculated phon
contribution from the experimentalkc8(T) values fixes the
lower boundary of possible values ofks(T) and coincides
with the lower edge of the shaded areas in Fig. 6. These a
indicate the possible uncertainty ofks(T), caused by the
ambiguity of our evaluation of the phonon parts of the th
mal conductivities. The uncertainty is large at low tempe
tures, but at higher temperatures it is small enough to al
for a quantitative analysis of the thermal conductivity v
spin excitations.

V. ANALYSIS OF THE SPIN CONTRIBUTION

A. Heat transport via diffusion

An important question which can be answered imme
ately is whether the observed energy transport via spin e
tations is diffusive or ballistic. For uniform 1D spin system
with isotropic nearest-neighbor couplingJ, described by the
Hamiltonian

H5J(
i

SiSi 11 , ~9!

the energy transport is expected to be diffusive for spinS
.1/2 and ballistic forS51/2.51 However, the diffusive en-
ergy transport inS51/2 chains may be restored by, for e
ample, interchain interactions or intrachain next-neare
neighbor interactions.52 In the case of diffusive energ
transport, the thermal conductivity is given byks5DECs ,
whereCs is the spin specific heat per unit volume andDE is
the energy diffusion constant. In the high-temperature lim
DE for a quantum spin system is given byDE5KJ@S(S
11)#1/2a2/\, wherea is the distance between neighborin
spins andK is a constant which, in different theoretical mo
els, varies between 0.25 and 3.53 In the low-temperature re
gion, DE is expected to be nearly independent
temperature.54 Using, for the specific heat, the low
temperature (T!J/kB) result of a Bethe ansatz solution55 for
a uniform chain ofN spinsS51/2,

Cs5
2NkB

2

3J
T, ~10!

the thermal conductivity in the diffusive regime is

ks;ns

a2kB
2

\
T. ~11!
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Here, ns is the number of spins per unit volume. Equatio
~11! predicts rather small values forks @of the order of 1
W m21 K21 at 300 K# decreasing linearly with decreasin
temperatures. The observedks(T) along thec8 axis is much
higher than predicted by Eq.~11! and, at least atT.80 K, it
increases with decreasing temperature. This is a clear sig
nondiffusive energy transport via spin excitations along
chains, in agreement with theoretical predictions. It is wo
noting that also the spin diffusion constantDS has experi-
mentally been found to be strongly enhanced in Sr2CuO3.56

This observation was considered as indicating the balli
nature of spin transport.

In contrast to thec8 direction, the high-temperature ex
cess thermal conductivity along thea8 and b8 directions,
discussed in Sec. IV B, is in fair agreement with Eq.~11!
both in absolute values and with respect to its tempera
dependence. We therefore argue that the possible en
transport perpendicular to the Cu-O chains via the spin s
tem is small and diffusive. On the contrary, the energy tra
port via spins along the chains is substantial and relies on
ballistic propagation of spin excitations, interacting with la
tice imperfections and other quasiparticles.

B. Spinon heat transport along the chain direction

As mentioned in the Introduction, the elementary exci
tions of a uniform Heisenberg 1D antiferromagnetic~AFM!
S51/2 system~spinons! carry a spinS51/2.7 The dispersion
relation for spinons is given by7

«~k!5
Jp

2
sinka, ~12!

where « is the spinon energy. The possible values of t
wave vectork are restricted to one-half of the Brillouin zon
0<k<p/a. Spinons can only be created in pairs, thus for
ing a continuum of two-spinon states with wave vectorsq
5k11k2 and energy e(q)5«(k1)1«(k2).7 The upper
boundary of the continuumeU(q)5Jpusin(ka/2)u corre-
sponds to pair states withk15k2 and the lower boundary
eL(q)5J(p/2)usinkau corresponds to states whereq5k1. At
large spatial separation, spinons can be treated as essen
free particles.7 On a short-range scale, however, the attr
tive interaction between spinons must be considered.57,58

Both fermionic59–61and fractional62 statistics are possible fo
a spinon system. In the following analysis, we apply t
fermionic model of Ref. 61, in which the low-temperatu
thermodynamic behavior of a spinon system is accounted
by using the usual Fermi-Dirac distributionf 5@exp(«/kBT)
11#21 with zero chemical potential.61 The low-temperature
specific heat, calculated using Eq.~12! and the general equa
tion

Cs5
2Na

p E
0

p/2a ] f

]T
«dk ~13!

agrees with the low-temperature result of Eq.~10!.61 As il-
lustrated in Fig. 7, the high-temperature specific heat ca
lated with Eq.~13! qualitatively reproduces the main high
temperature features of the results of the Bethe an
2-7
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solution.63,64 The disagreement between the two models
not important for our analysis since our results have b
obtained in the low-temperature regionkBT/J,0.15.

Applying a Boltzmann-type approximation, the therm
conductivity of a spinon system is

ks5
2nsa

p E
0

p/2a ] f

]T
«vsl sdk, ~14!

wherevs5\21]«/]k is the group velocity andl s is the mean
free path of a spinon. Cast in another but equivalent form

ks5
2nskB

2a

p\
TE

0

Jp/2kBT x2ex

~ex11!2
l s~«,T!dx, ~15!

where x5«/kBT. If several independent scattering mech
nisms have to be considered, the spinon mean free path
be represented asl s

21(«,T)5( l s,i
21(«,T), where each

l s,i(«,T) term corresponds to an independent scatter
channel. This is analogous to the case of phonons, con
ered in Eq.~2!.

The most straightforward way to analyze ourks(T) data
would be analogous to that employed for the phonon c
ductivity, i.e., by choosing a set ofl s,i(«,T) terms in the
equation for the mean free path of spinons and fitting
data ofks(T) to Eq.~15!. However, the energy and temper
ture dependences for most of the plausible scattering me
nisms have not yet been worked out. That is why we trea
theks(T) data by inserting the spinon mean free pathl s(T),
averaged over all«, at a given temperature. In that cas
l s(T) may be taken out of the integral in Eqs.~14! and ~15!
and thus may be calculated from theks(T) data, using the
known values ofJ for the materials investigated here. F
these calculations,J/kB52100 K ~Ref. 26! and 2620 K
~Ref. 31! were used for SrCuO2 and Sr2CuO3, respectively.
The resulting values ofl s(T) for SrCuO2 and Sr2CuO3 are
shown in Fig. 8.

Here, again, the shaded areas reveal the possible ran
l s values caused by the uncertainties in evaluating the p

FIG. 7. The specific heat of theS51/2 AFM Heisenberg chain
calculated using Eq.~13! ~solid line! and the Bethe ansatz solutio
~dashed line, data from Ref. 64!.
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non thermal conductivities. In Ref. 31, it was noted th
l s(T) for Sr2CuO3 may be approximated by

l s
215 l sp

211 l sd
215AspT exp~2T* /T!1Lsd

21 , ~16!

where the two terms were attributed to spinon scattering
phonons and defects, respectively. Here, the parameterAsp
characterizes the strength of spin-lattice interaction,T* is
related to the minimum energy needed to produce a sin
spinon-phonon umklapp process, andLsd is the mean dis-
tance between magnetic defects effectively scattering s
excitations in a spin chain. It may be seen that with Eq.~16!
and the appropriate parameters,l s(T) may be well approxi-
mated not only for Sr2CuO3 but also for SrCuO2. The values
of Asp57.13105 m21 K21, T* 5177 K, and Lsd58.1
31028 m for Sr2CuO3 and Asp56.73105 m21K21, T*
5204 K, and Lsd52.4231027 m for SrCuO2 were ob-
tained by fitting the data ofl s(T) with Eq. ~16!. The fits are
shown as solid lines in Fig. 8. The parameter values
Sr2CuO3 are slightly different from those presented in Re
31, because of a somewhat different way of evaluating
phonon thermal conductivity. The agreement between the
perimental data and the fit is very good above approxima
50 K, but at lower temperatures the uncertainty in extract
l s(T) becomes far too large to draw any reliable conclus
concerning its temperature dependence and the invo
scattering mechanisms.

The fit values of the parametersAsp and T* which are
related to the spin-lattice interaction are similar in magnitu
for the two compounds, in spite of the different chain a
rangements. The values ofT* scale with the Debye tempera
tures, supporting the idea that the terml sp

21 in Eq. ~16! is
indeed related to the spin-lattice interaction. It appears
the main difference between the two materials is in the de
scattering, which is 3 times more efficient for Sr2CuO3 than
for SrCuO2. The low-temperature values ofl s for Sr2CuO3
have been found31 to be in fair agreement with the mea

FIG. 8. The temperature dependences of the spinon mean
paths for Sr2CuO3 and SrCuO2, calculated using Eq.~15!. The solid
lines are fits using Eq.~16!. The shaded areas have the same me
ing as in Fig. 6.
2-8
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HEAT TRANSPORT BY LATTICE AND SPIN . . . PHYSICAL REVIEW B64 054412
distance between neighboring bond defects, causing l
changes in the magnetic coupling between Cu spins, as
tracted from NMR data.65 Unfortunately, similar NMR re-
sults revealing the distance between bond defects are ab
for SrCuO2. Our data suggest an about 3 times smaller c
centration of these defects in SrCuO2 than in Sr2CuO3.

C. Influence of spinon-phonon scattering

For the two investigated materials, the evaluation of
spinon part of the thermal conductivity has been achie
only in a limited temperature region, characterized
0.015<T/J<0.15. Two mechanisms of spinon scatteri
seem to be effective—namely, the temperature-depen
spinon-phonon interaction and the temperature-indepen
scattering of spinons by defects. The significance of ot
scattering mechanisms, if any, is negligible. For examp
normal processes of spinon-spinon scattering cannot ch
the total momentum of the spinon system and, theref
should not contribute to the thermal resistance. The spin
spinon umklapp processes are expected to play a serious
only at temperaturesT;J/kB .

Supposing that the validity of Eq.~16! extends beyond the
region 0.015<T/J<0.15, we may estimate the expect
spinon thermal conductivity at lower and higher tempe
tures using Eq.~15!. The result is shown as solid lines in Fi
6. Sincel s(T) is constant and equal toLsd at very low tem-
peratures,ks(T) is expected to vary linearly withT as ks

5nsakB
2pLsdT/3\. The phonon thermal conductivity varie

asT3 at low temperatures and hence the spinon contribu
should progressively dominate with decreasing temperat
This expectation is obviously not met by our low
temperature results. First of all, no linear contribution to
total measured thermal conductivity has been identified a
second, no distinct feature ink(T) is observed at the Ne´el
temperatureTN , indicating a negligible spinon contributio
ks . This suggests that at some temperature below 30 K
spinon contribution deviates from the predicted behav
shown in Fig. 6, and by 6 K, spinons are excluded from h
transport. At this point, a discussion of the spin-lattice int
action is in order.

Although the spin-lattice interaction reduces both t
phonon- and spin-related thermal conductivities becaus
scattering processes involving both types of quasipartic
some degree of it is needed for the spin-related heat con
tion to be observable in a thermal conductivity experimen66

The energy provided by a heater generates only phonons
the spin-phonon interaction is needed for an energy tran
from the lattice to the spin system. The effective spinon th
mal conductivity ks,eff , which is accessible in a couple
spin-lattice system, is66

ks,eff5~ks1kph!S 11
ks

kph

tanh~ALsample/2!

ALsample/2
D 21

2kph,

~17!

whereLsampleis the sample length,
05441
al
x-

ent
-

e
d

y

nt
nt
r
,
ge
e,
n-
ole

-

n
e.

e
d,

e
r
t

-

of
s,
c-

nd
er
r-

A5S tsp
21

ks
211kph

21

Cph
211Cs

21D 1/2

, ~18!

and tsp is the spin-lattice relaxation time. For very sho
spin-lattice relaxation times (tsp

21→`), ks,eff5ks . In the
opposite case of a very weak spin-lattice interaction (tsp

21

→0), however, ks,eff50 and the thermal transport b
spinons cannot be observed in an experiment, regardles
how large the intrinsicks of the sample is.

If the first term in Eq.~16! is indeed dictated by the spin
lattice interaction, it is possible to establish the temperat
region in which the observedks,eff equals the intrinsicks .
For this purpose, the ratioks,eff /ks was calculated by assum
ing tsp5 l sp /vs @see Eq.~16!# and vs5Jap/2\, valid for
low-energy spinons which dominate atT!J/kB . The result
is shown in the inset of Fig. 6. Although the extrapolation
Eq. ~16! to lower temperatures may not exactly be correct
is nevertheless clear~see the inset of Fig. 6! that at very low
temperatures the spin-lattice interaction turns out to be
weak for the spinon thermal conductivity to be observed.

From our discussion it is obvious that the interaction b
tween the spin and phonon systems should show up bot
spinon and phonon heat transport. However, other mec
nisms of phonon scattering, mainly the phonon-phonon
teraction, may be stronger and mask the scattering
phonons by spin excitations. This may be the reason wh
term corresponding to the phonon-spinon scattering does
have to be included in Eq.~2! for a reasonable description o
kph(T). On the other hand, a phonon-spinon relaxation r
t̄ps(T), averaged over the entire phonon spectrum at a gi
temperature, may roughly be approximated by

t̄ps
21;

Ns

Nph
tsp

21 , ~19!

where, at a fixed temperatureT, Nph(T) and Ns(T) are the
average numbers of phonons and spinons per unit volu
respectively. At high temperatures, where the spin-pho
interaction is important, Eq.~19! for the phonon-spinon scat
tering rate givest̄ps

21}T exp(2T* /T), i.e., the same tempera
ture dependence as is characteristic for the phonon-pho
interaction. That is why, even if the influence of phon
scattering by spin excitations is not negligible, it is difficu
to separate it from the phonon-phonon interaction.

In the present discussion, we do not consider the poss
ity of a mutual drag between spin and lattice excitatio
which may be considerable under certain conditions, as
scribed in Ref. 67.

VI. SUMMARY

In this paper the thermal conductivities of the spin-cha
compounds SrCuO2 and Sr2CuO3 were studied. Although
the crystal structures of the two compounds are differen
the sense that the former contains linear and the latter zig
Cu-O chains, the thermal conductivity of both materials
remarkably similar. In particular, the heat transport in t
directions perpendicular to the chains is dominated
phonons, but along the chain direction and at high tempe
2-9
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tures there is a substantial excess contribution related to
transport of energy by spinons.

The phonon thermal conductivity is analyzed employin
Debye-type approximation. The main sources of phon
scattering are phonons at high temperatures and lattice
fects, presumably dislocations, at low temperatures.
spin-phonon interaction is not seen in the phonon heat tr
port, most likely because it is masked by other scatter
processes.

An eventual energy transport via the spin system in
directions perpendicular to the spin chains is found to
small and, if any at all, of diffusive character. On the co
trary, the spin-mediated energy transport along the chain
.
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rection is large and propagating ballistically. The contrib
tion of spin excitations~spinons! is reliably singled out along
the chain direction at high temperatures where it exceeds
phonon contribution quite substantially. Our analysis ba
on a fermion model suggests that the expected infinite spi
thermal conductivity is limited by the influence of defec
and phonons.
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