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Thermal conductivity and specific heat of the linear chain cuprate Sr2CuO3:
Evidence for thermal transport via spinons

A. V. Sologubenko, E. Felder, K. Gianno`, and H. R. Ott
Laboratorium für Festkörperphysik, ETH Ho¨nggerberg, CH-8093 Zu¨rich, Switzerland

A. Vietkine and A. Revcolevschi
Laboratoire de Physico-Chimie des Solides, Universite´ Paris-Sud, 91405 Orsay, France

~Received 5 May 2000!

We report measurements of the specific heat and the thermal conductivity of the model Heisenberg spin-1/2
chain cuprate Sr2CuO3 at low temperatures. In addition to a nearly isotropic phonon heat transport, we find a
quasi-one-dimensional excess thermal conductivity along the chain direction, most likely associated with spin
excitations~spinons!. The spinon energy current is limited mainly by scattering on defects and phonons.
Analyzing the specific heat data, the intrachain magnetic exchangeJ/kB is estimated to be.2650 K.
ne
he
b

s
ow
le
rv
g

io
ch

i
a
t
e
ig
ies
ls
ly
e
he
ys
rm

e
e

y

O
c

.
vi
ita
w
ct

ing
nt or
re-

m a
ent
nd

bar-

om
ents.
nal
lax-
ure-

sent

etic

aled
, as
s of
es
1.8

d in
There is a considerable theoretical interest in o
dimensional~1D! Heisenberg spin-1/2 systems because t
exhibit a number of properties that are entirely dominated
quantum-mechanical behavior and have no analogue
three-dimensional systems. In particular, it has been sh
that the HeisenbergS51/2 chain represents an integrab
system characterized by a macroscopic number of conse
tion laws.1 One important conserved quantity is the ener
current,1,2 implying an ideal~infinite! thermal conductivity
along the chains at nonzero temperatures, if perturbat
from impurities, phonons, or an interchain coupling, whi
always lead to nonintegrable models, are negligible. It
an open question, to what extent a real material m
be regarded as an ideal integrable system. Probably,
most obvious evidence for the predicted anomalous h
transport is the recent observation of an unusually h
quasi-1D magnon thermal conductivity in the ser
(Sr,Ca,La)14Cu24O41.3,4 The structure of these materia
contains two building blocks with 1D character, name
CuO2 chains and Cu2O3 ladders, both oriented along th
same direction. Unfortunately, the dimerization within t
chains and a non-negligible interchain interaction in this s
tem complicate the analysis of the observed features in te
of an integrable model.

In this work, we have searched for anomalies in the th
mal transport of Sr2CuO3, which is often considered as th
best physical realization of the 1D HeisenbergS51/2 model.
The crystal structure of Sr2CuO3 contains chains formed b
CuO4 squares sharing oxygen corners.5 The chains run along
the b axis and, as shown in the inset of Fig. 2, the Cu4
squares lie in theab plane. The intrachain exchange intera
tion between neighboring Cu21 ions connected via 180°
Cu-O-Cu bonds, measured asJ/kB , is between 2150 and
3000 K.6–9 The ratiokBTN /J, whereTN is the 3D Néel tem-
perature, is as small as 231023, reflecting an extremely
small ratioJ8/J, J8 representing the interchain interaction

Our observations indicate an excess thermal conducti
along the chain direction, provided by quasi-1D spin exc
tions ~spinons!. According to our analysis presented belo
its magnitude is limited by scattering of spinons on defe
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and phonons. We find no evidence for a mutual scatter
between spin excitations and hence it seems to be abse
at least negligibly small, in agreement with theoretical p
dictions for integrable models.

The specimens used in these experiments were cut fro
single crystal that had been grown by the traveling solv
floating zone method. The details of crystal growth a
structural characterization are described elsewhere.10 For
thermal transport measurements, three rectangular-
shaped samples of typical dimensions 2.53131 mm3 with
the longest dimension parallel to either thea, b, or c axis
were prepared. Two additional samples, #1 and #2, cut fr
the same piece, were used for specific heat measurem
The thermal conductivity was measured using a conventio
steady-state method as described in Ref. 3. A standard re
ation technique was employed for the specific heat meas
ments. The magnetic susceptibilityx was measured with a
commercial SQUID magnetometer.

Small amounts of excess oxygen are known to be pre
in as-grown crystals of Sr2CuO3, giving rise to a Curie-
Weiss term in the temperature dependence of the magn
susceptibility6 due to uncompensated CuS51/2 spins. In
order to study the influence of excess oxygen, we anne
sample #2 at 870 °C for 72 h under argon atmosphere
described in Ref. 8. From the results of our measurement
x(T), the ratio of the number of residual spin-1/2 impuriti
to the total number of Cu ions was estimated to be
31024 for the unannealed sample #1 and 631025 for the
annealed sample #2.

The results of the specific heat (Cp) measurements in the
temperature range between 1.5 and 22 K are presente
Fig. 1 as a plot ofCp /T versusT2. The solid lines in Fig. 1
are fits to the data above 4 K using the approximation

Cp5gT1bT31dT5. ~1!

The parameter values areg52.1231023J mole21

K22, b51.35931024 J mole21 K24, and d51.310
31027 J mole21 K26 for sample #1, and g52.06
31023 J mole21 K22, b51.53131024 J mole21K24, and
d51.31031027 J mole21 K26 for sample #2.
R6108 ©2000 The American Physical Society
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The sumbT31dT5 in Eq. ~1! is a common low-temperatur
approximation for the lattice specific heat. The fit values
the parameterb result in values of the Debye temperature
QD5441610 K and 424610 K for samples #1 and #2
respectively. Since Sr2CuO3 is an insulator, the linear inT
contribution is not due to itinerant electrons but is ascribed
spin degrees of freedom.

The elementary excitations of a 1D Heisenberg spin-
antiferromagnetic system are notS51 magnons butS51/2
topological excitations,11 now commonly called ‘‘spinons.’’
The applicability of the spinon model has been demonstra
experimentally for severalS51/2 chain systems, including
Sr2CuO3.12,13 The corresponding specific heat atT!J/kB is
given by14–16

Cs5
2NkB

2

3J
T, ~2!

whereN is the number of magnetic ions in the system. T
fit values of the parameterg give J/kB526206100 K and
26906100 K for samples #1 and #2, respectively. This m
be compared withJ/kB.2200 K deduced from magneti
susceptibility data8,9 and a somewhat larger value ofJ/kB
52850 K, as obtained from the analysis of an optical a
sorption spectrum.7,17 The cited susceptibility measuremen
covered a wide temperature range between 5 and 800
whereas the absorption spectrum presented in Ref. 7
been recorded at low temperatures~32 K!. Hence the dis-
crepancy between the values ofJ may be ascribed to its
possible decrease with increasing temperature.18 Our rather
large low-temperature values ofJ are compatible with this
suggestion.

The inset of Fig. 1 reveals anomalies of the specific h
with onsets below approximately 3.5 K for both sampl
indicating some sort of phase transition. For the annea
sample the anomaly is shifted to lower temperatures w
respect to the peak for the as-grown sample. Both anoma
occur at lower temperatures than the Ne´el temperaturesTN
found by mSR ~Ref. 19! (4.15,TN,6 K) and neutron
scattering20 (TN55.4 K) measurements, respectively. O
possible explanation for this disagreement is that, besides
transition to an antiferromagnetically~AFM! ordered state a
TN55.4 K, not reflected inCp(T), there is another transi
tion atTc,3.5 K. Recently, two subsequent magnetic pha
transitions atTc155.0 K andTc251.5 K were observed for

FIG. 1. Specific heat of Sr2CuO3 asCp /T versusT2. The solid
lines represent the fit to Eq.~1!. The inset shows the data at lo
temperatures. The value ofTN denoted by an arrow is from Ref. 18
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SrCuO2, containing similar spin-1/2 chains but assembl
pairwise in arrays of zigzag chains.21 The more likely possi-
bility that is consistent with our observations is that o
anomalies reflect the AFM transition reported in Refs.
and 20, but now shifted to lower temperatures because
smaller number of impurities in the samples. It has be
shown that nonmagnetic impurities interrupting the spin-
chains enhance staggered spin-spin correlations,22 a common
feature of various low-dimensional Heisenberg sp
systems.23 A convincing manifestation of this feature is th
stabilization of the long-range AFM order by replacing Cu21

with nonmagnetic ions in the spin-ladder system SrCu2O3
~Ref. 24! and the spin-Peierls system CuGeO3 ~Refs. 25,26!.
Recently, a field-induced staggered magnetization near
purities was also observed in Sr2CuO3 by NMR
measurements.27 Therefore, it seems quite likely that the e
perimentally observed Ne´el temperatures are always e
hanced via the influence of impurities and exceed the va
that is given by the ratioJ8/J itself. Indeed, for Sr2CuO3,
calculations considering only dipolar interchain couplin6

yield a value ofTN as low as 0.028 K.
The results of the thermal conductivityk along thea, b,

and c axes are presented in Fig. 2. For both directions p
pendicular to the chain direction,k(T) shows a peak a
Tmax;20 K and a decrease with increasing temperatu
tending to aT21 variation aboveT>200 K. This behavior
is typical for phonon thermal transport.28 The thermal con-
ductivity along the chain direction,kb , exhibits the same
temperature dependence atT<Tmax but obviously not so at
higher temperatures. We suggest that this difference
caused by an additional quasi-1D heat transport along
chain direction, provided by spin excitations. For insulato
the phonon-phonon scattering mechanism leads tok
}T2n (n;1) at T>QD . For layered structures, such a
Sr2CuO3, where the layers are perpendicular to thea axis,
one may expect that in this temperature region the ratio
tween an in-plane and the out-of-plane phonon conducti
is larger than the anisotropy ofk(T) along two different
in-plane directions.29 Since the difference betweenkc ~in-
plane! and ka ~out-of-plane! is very small, the difference
betweenkb and kc ~both in-plane! should even be smaller

FIG. 2. Temperature dependence of the thermal conductivity
Sr2CuO3 along thea, b, and c axes.ks is the calculated spinon
thermal conductivity along theb axis. The solid line is the estimate
sum of spinon and phonon thermal conductivities assuming tha
spinon mean free path is equal to the distance between bond de
~see text!. The schematic crystal structure is shown in the inset.
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This argument is, of course, not valid for the temperat
region near and belowTmax, where the influence of sampl
boundaries and various defects is important and, theref
the behavior ofk(T) is, to some extent, sample depende
Our fitting of kc(T) andka(T) of Sr2CuO3, employing the
Debye model of phonon thermal conductivity in a simil
way as described in Ref. 3, has shown that the influenc
boundary scattering on the thermal conductivity is negligi
atT>50 K. The same calculation indicates that an enhan
phonon contribution tokb below 50 K may mostly be trace
back to an enhanced phonon mean free path which is lim
by boundary and defect scattering. Based on all these a
ments presented above, we make the crucial assumption
the phonon thermal conductivity atT>50 K is almost iso-
tropic.

In order to single out the heat transport due to spin ex
tations, the phonon thermal conductivity, averaged over tha
andc directions atT>50 K, was subtracted from the exper
mental data ofkb . The resulting spin partks is also plotted
in Fig. 2. In a first approximation, valid for any system
quasiparticles, the 1D thermal conductivity is given by t
simple kinetic expressionks5Csvsl s whereCs is the spe-
cific heat,vs is the velocity, andl s is the mean free path o
the spin excitations. The velocity of spinons is11 vs
5Jap/2\, wherea is the distance between the spins alo
the chain direction. SinceT!J/kB still holds, Eq.~2! for the
specific heat is valid, and thus the thermal conductivity
spinons is given by the simple equation

ks5Nsa
kB

2p

3\
l sT, ~3!

whereNs is the number of spins per unit volume. Equati
~3! has been shown to also be valid for 1D magn
systems.30

We calculatedl s using Eq.~3! and taking into accoun
small ~maximum 6.5% at 300 K! deviations31 of Cs(T) from
linearity. The calculated spinon mean free path is shown
Fig. 3. It tends to reach a constant value at low temperat
and decreases with increasing temperature. Assuming
the different scattering mechanisms act independently,
inverse total mean free path of spinonsl s

21 may be written as

FIG. 3. Spinon mean free path for Sr2CuO3. The solid line is a
fit to Eq. ~4!. The solid squares represent the distance between
neighboring bond defects~from Ref. 30! and the dashed line is
polynomial fit to these data.
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a sum( l s,i
21 of the inverse mean free paths produced by e

scattering mechanism. It turns out that

l s
215AT exp~2T* /T!1L21, ~4!

with the parametersA58.23105 m21 K21, T* 5186 K,
andL57.8631028 m, reproduces our results in the who
temperature region between 50 and 300 K with high ac
racy, as may be seen in Fig. 3. If the first term on the rig
hand side of Eq.~4! is to represent Umklapp processe
spinon-spinon scattering may be ruled out because this
would requireT* to be of the order ofJ/kB;2600 K. Since
T* is close toQD/25220 K, spinon-phonon Umklapp pro
cesses are the most likely choice for this contribution.

The second and constant term in Eq.~4! is attributed to
scattering of spin excitations on defects interrupting
Cu-O chains. In that case the value of the parameterL is a
measure for the mean distance between the defects. Sur
ingly, this distance is much shorter than the average dista
of 23104 Å betweenS51/2 impurities, estimated from the
Curie-Weiss-type term of the magnetic susceptibility.
similar discrepancy has also been encountered in the in
pretation of NMR measurements on Sr2CuO3.27 Recently, in
order to explain some peculiar features of NMR spectra
Sr2CuO3, Boucher and Takigawa32 introduced the concept o
mobile ‘‘bond-defects,’’ which are not related to interstiti
excess oxygen. The calculated mean distance between
neighboring bond defects, consistent with the NMR data
tween 20 and 60 K,32 is shown in Fig. 3. We note a reason
ably good overlap with our data ofl s at T560 K. The
model of Boucher and Takigawa predicts that at lower te
peratures the interaction between defects is important and
number of bond defects decreases with increasing temp
ture. If our parameterL in Eq. ~4! indeed represents the dis
tance between bond defects, it ought to be temperature
pendent below 50 K. Unfortunately, a quantitative check
this conjecture is difficult because of the uncertain subtr
tion of the phonon background atT<50 K. However, the
idea that the bond defects are the main source of spi
scattering at low temperatures is, at least qualitatively, c
sistent with the temperature dependence and the anisot
of the thermal conductivity also below 50 K. To demonstra
this, we calculated the total thermal conductivity (kph1ks)
along theb axis at temperatures between 20 and 60 K
suming, first thatkph is isotropic also in this temperatur
range and equal to the average ofkc andka and, second tha
l s is equal to the distance between neighboring bond def
given in Ref. 32~the dashed line in Fig. 3!. The resulting
temperature dependence ofkb shown by the solid line in Fig.
2 is in qualitative agreement with the experiment.33

Concluding this paper, we return to the question whet
the present results are relevant vis a` vis integrable models.
We argue that a sizeable quasi-1D thermal transport m
ated by spin excitations does exist in Sr2CuO3. Its magnitude
is not exceptional but the scatterers, i.e., defects
phonons, limiting the mean free path of spin excitations
extrinsic to the magnetic system. Our analysis indicates
absence or negligibly small influence of spinon-spinon sc
tering on the thermal conductivity, in agreement with t
predictions made for integrable models.1 Our results imply
that a dissipationless energy current, expected for syst

o
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that fulfill the assumptions of the integrable Heisenberg
S51/2 model, is not robust if perturbations like defects a
lattice excitations interfere. The very high value of the ma
netic exchange interaction within the chains and the low te
perature magnetic phase transition, identified via our spe
heat measurements, confirm that Sr2CuO3 may, nevertheless
d
-
-
c

be considered as an excellent realization of a 1DS51/2
Heisenberg antiferromagnet.
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