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Thermal conductivity and specific heat of the linear chain cuprate SyCuOas:
Evidence for thermal transport via spinons
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We report measurements of the specific heat and the thermal conductivity of the model Heisenberg spin-1/2
chain cuprate $SCu0; at low temperatures. In addition to a nearly isotropic phonon heat transport, we find a
guasi-one-dimensional excess thermal conductivity along the chain direction, most likely associated with spin
excitations(spinong. The spinon energy current is limited mainly by scattering on defects and phonons.
Analyzing the specific heat data, the intrachain magnetic exchafkgeis estimated to be=2650 K.

There is a considerable theoretical interest in oneand phonons. We find no evidence for a mutual scattering
dimensional(1D) Heisenberg spin-1/2 systems because theyetween spin excitations and hence it seems to be absent or
exhibit a number of properties that are entirely dominated byat least negligibly small, in agreement with theoretical pre-
quantum-mechanical behavior and have no analogues ictions for integrable models.
three-dimensional systems. In particular, it has been shown The specimens used in these experiments were cut from a
that the Heisenber@=1/2 chain represents an integrable Single crystal that had been grown by the traveling solvent
system characterized by a macroscopic number of conservi0ating zone method. The details of crystal growth and
tion laws® One important conserved quantity is the energys.tructural characterization are described elsewHereor
current2 implying an ideal(infinite) thermal conductivity thermal transport measurements, three rectangular-bar-

along the chains at nonzero temperatures, if perturbation%?aped samples of typical dimensions2B< 1 mn? with

from impurities, phonons, or an interchain coupling, which € longest d:jm(_arnsmndziralle: to eltrer t:f b’doLg aX|tsf

always lead to nonintegrable models, are negligible. It jgVere prepared. Two additional samples, an ; cutfrom

an open question, to what extent a real material mathe same piece, were used for specific heat measurements.
' Yhe thermal conductivity was measured using a conventional

be regarded as an ideal integrable system. Probably, th:"(‘:[eady-state method as described in Ref. 3. A standard relax-

most obvious evidence for the predicted anomalous heaa{tion technique was employed for the specific heat measure-

transport is the recent observation of an unusually higr}nents. The magnetic susceptibilify was measured with a
quasi-1D magnon thermal conductivity in the series.,mnmercial SQUID magnetometer.
(Sr.Ca,La),CuiOs.>* The structure of these materials  gmall amounts of excess oxygen are known to be present
contains two building blocks with 1D character, namelyi, as-grown crystals of SEuQ;, giving rise to a Curie-
CuG; chains and C40; ladders, both oriented along the weiss term in the temperature dependence of the magnetic
same direction. Unfortunately, the dimerization within the gysceptibility due to uncompensated C=1/2 spins. In
chains and_ a non-negligiblle interchain interaction in this SYSorder to study the influence of excess oxygen, we annealed
tem complicate the analysis of the observed features in terMgmple #2 at 870 °C for 72 h under argon atmosphere, as
of an integrable model. o described in Ref. 8. From the results of our measurements of
In this work, we have searched for anomalies in the thery,(T)  the ratio of the number of residual spin-1/2 impurities
mal transport of $ICuQ;, which is often considered as the t the total number of Cu ions was estimated to be 1.8
best physical realization of the 1D Heisenb&g1/2 model. 1074 for the unannealed sample #1 anek 60~ ° for the
The crystal structure of $EUQ; contains chains formed by annealed sample #2.
CuG, squares sharing oxygen comérﬁhe chains run along The results of the specific hea{) measurements in the
the b axis and, as shown in the inset of Fig. 2, the GUO temperature range between 1.5 and 22 K are presented in
squares lie in thab plane. The intrachain exchange interac-Fig. 1 as a plot ofC,/T versusT?. The solid lines in Fig. 1

tion between neighboring €U ions connected via 180° are fits to the data abevd K using the approximation
Cu-O-Cu bonds, measured d&g, is between 2150 and

3000 K°~°The ratiokg Ty /J, whereTy is the 3D Nel tem- Cp=yT+ BT+ TS, 1)

perature, is as small asx210 3, reflecting an extremely

small ratiod’/J, J' representing the interchain interaction. The parameter values arey=2.12x10 3Jmole?!
Our observations indicate an excess thermal conductivitk 2, 3=1.359x10 4*Jmole * K™%~ and 6=1.310

along the chain direction, provided by quasi-1D spin excita-x10 ' Jmole 1K~ ® for sample #1, and y=2.06

tions (spinong. According to our analysis presented below, X103 Jmole 1K ~2, 8=1.531x10 % Jmole 'K %, and

its magnitude is limited by scattering of spinons on defectss=1.310<10""J mole*K~®  for = sample  #2.
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FIG. 1. Specific heat of $EUO, asC, /T versusT?. The solid FIG. 2. Temperature dependence of the thermal conductivity of

lines represent the fit to E(ﬂl) The inset shows the data at low Sr,CuQ; along thea, b, andc axes.«k; is the calculated spinon

temperatures. The value @f, denoted by an arrow is from Ref. 18.  thermal conductivity along thle axis. The solid line is the estimated
sum of spinon and phonon thermal conductivities assuming that the

The sumBT3+ 8T° in Eq. (1) is a common low-temperature spinon mean free path is equal to the distance between bond defects

approximation for the lattice specific heat. The fit values of(see text The schematic crystal structure is shown in the inset.

the parametep result in values of the Debye temperature of

=441+10 K and 42410 K for samples #1 and #2, . - . .

regpectively. Since SEUO; is an insulatorF? the linear i SfCUQ, containing similar spin-1/2 chains but assembled

contribution is not due to itinerant electrons but is ascribed td?@irwise in arrays of zigzag chaisThe more likely possi-
spin degrees of freedom. bility that is consistent with our observations is that our

The elementary excitations of a 1D Heisenberg Spin_llzemomalies reflect the AFM transition reported in Refs. 19
antiferromagnetic system are n®t1 magnons bus=1/2 and 20, but now shifted to lower temperatures because of a
topological excitationd! now commonly called “spinons.” smaller number of impurities in the samples. It has been

The applicability of the spinon model has been demonstrate§0Wn that nonmagnetic impurities interrupting the spin-1/2
experimentally for severa®=1/2 chain systems, including chains enhance staggered spin-spin correlafitas;ommon

SKL,Cu0; 1213 The corresponding specific heatB&J/kg is feature of various low-dimensional Heisenberg spin

; 4-16 systems?> A convincing manifestation of this feature is the
given by o ;
stabilization of the long-range AFM order by replacing?Cu
2Nk§ with nonmagnetic ions in the spin-ladder system S(@Qu
Co=—>3 T (2)  (Ref. 24 and the spin-Peierls system CuGe®efs. 25,26

Recently, a field-induced staggered magnetization near im-

whereN is the number of magnetic ions in the system. Thepurities was also observed in 8uO; by NMR
fit values of the parametey give J/kg=2620+100 K and measurements. Therefore, it seems quite likely that the ex-
2690+ 100 K for samples #1 and #2, respectively. This mayperimentally observed ¢ temperatures are always en-
be compared with)/kg=2200 K deduced from magnetic hanced via the influence of impurities and exceed the value
susceptibility dath® and a somewhat larger value dfkg  that is given by the ratid’/J itself. Indeed, for SICuQ;,
=2850 K, as obtained from the analysis of an optical ab-calculations considering only dipolar interchain coupling
sorption spectrumil’ The cited susceptibility measurements yield a value ofTy as low as 0.028 K.
covered a wide temperature range between 5 and 800 K, The results of the thermal conductivikyalong thea, b,
whereas the absorption spectrum presented in Ref. 7 hasdc axes are presented in Fig. 2. For both directions per-
been recorded at low temperatur@2 K). Hence the dis- pendicular to the chain directions(T) shows a peak at
crepancy between the values &fmay be ascribed to its Tn.~20 K and a decrease with increasing temperature,
possible decrease with increasing temperatti@ur rather tending to aT ! variation aboveT=200 K. This behavior
large low-temperature values dfare compatible with this is typical for phonon thermal transpdft.The thermal con-
suggestion. ductivity along the chain directiong,, exhibits the same

The inset of Fig. 1 reveals anomalies of the specific heatemperature dependenceTa& T 5, but obviously not so at
with onsets below approximately 3.5 K for both samples,higher temperatures. We suggest that this difference is
indicating some sort of phase transition. For the annealedaused by an additional quasi-1D heat transport along the
sample the anomaly is shifted to lower temperatures witlchain direction, provided by spin excitations. For insulators
respect to the peak for the as-grown sample. Both anomalighe phonon-phonon scattering mechanism leads «to
occur at lower temperatures than théelNeemperatured «T™" (n~1) at T=0. For layered structures, such as
found by uSR (Ref. 19 (4.15<Ty<6 K) and neutron Sr,CuQ;, where the layers are perpendicular to thexis,
scattering’ (Ty=5.4 K) measurements, respectively. Oneone may expect that in this temperature region the ratio be-
possible explanation for this disagreement is that, besides th@een an in-plane and the out-of-plane phonon conductivity
transition to an antiferromagneticalpAFM) ordered state at is larger than the anisotropy oé(T) along two different
Tn=5.4 K, not reflected inC,(T), there is another transi- in-plane directiong® Since the difference betweer. (in-
tion atT,<3.5 K. Recently, two subsequent magnetic phaselane and x, (out-of-plang is very small, the difference
transitions alf.;=5.0 KandT,,=1.5 K were observed for betweenx, and «. (both in-plang should even be smaller.
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i ' a sumEI;il of the inverse mean free paths produced by each
scattering mechanism. It turns out that
103

IS '=ATexp —T*/T)+L"1, (4

with the parameterA=8.2x10° m 1K1 T*=186 K,
andL=7.86<108 m, reproduces our results in the whole
temperature region between 50 and 300 K with high accu-
racy, as may be seen in Fig. 3. If the first term on the right-
hand side of Eq.4) is to represent Umklapp processes,
. sy . 3 spinon-spinon scattering may be ruled out because this case
20 40 60 80100 200 would requireT* to be of the order 0f/kg~2600 K. Since
T(K T* is close to®/2=220 K, spinon-phonon Umklapp pro-
FIG. 3. Spinon mean free path for,®u0;. The solid line isa  cesses are the most likely choice for this contribution.

fit to Eq. (4). The solid squares represent the distance between two The second and constant term in E4) is attributed to

neighboring bond defectdrom Ref. 30 and the dashed line is a Scattering of spin excitations on defects interrupting the
polynomial fit to these data. Cu-O chains. In that case the value of the paramieter a

measure for the mean distance between the defects. Surpris-

This argument is, of course, not valid for the temperaturdndly, this distance is much shorter than the average distance
region near and beloW g, where the influence of sample Of 2X10° A betweenS=1/2 impurities, estimated from the
boundaries and various defects is important and, therefor&urie-Weiss-type term of the magnetic susceptibility. A
the behavior ofk(T) is, to some extent, sample dependent.s'm"af discrepancy has also been encourzlgered in thg inter-
Our fitting of k.(T) and x,(T) of SLCuO;, employing the pretation of NMR measurem_ents on,Su0;.~" Recently, in
Debye model of phonon thermal conductivity in a similar rder to explain some peculiar features of NMR spectra of
way as described in Ref. 3, has shown that the influence op2CUOs, Boucher and Takigawaintroduced the concept of
boundary scattering on the thermal conductivity is negligiblemobile “bond-defects,” which are not related to interstitial
atT=50 K. The same calculation indicates that an enhance§XCess oxygen. The calculated mean distance between two
phonon contribution ta, below 50 K may mostly be traced neighboring bond dze_fects, consistent with the NMR data be-
back to an enhanced phonon mean free path which is limitelivéen 20 and 60 R? is shown in Fig. 3. We note a reason-
by boundary and defect scattering. Based on all these arg@ly good overlap with our data df at T=60 K. The
ments presented above, we make the crucial assumption tH&©del of Boucher and Takigawa predicts that at lower tem-
the phonon thermal conductivity @&=50 K is almost iso- Peratures the interaction between defects is important and the
tropic. number of bond defects decreases with increasing tempera-

In order to single out the heat transport due to spin excifure. If our parametek in Eq. (4) indeed represents the dis-

tations, the phonon thermal conductivity, averaged oveathe tance between bond defects, it ought to be temperature de-
andc directions aff=50 K, was subtracted from the experi- Pendent below 50 K. Unfortunately, a quantitative check of
mental data of, . The resulting spin park, is also plotted  this conjecture is difficult because of the uncertain subtrac-
in Fig. 2. In a first approximation, valid for any system of tion of the phonon background <50 K. However, the
quasiparticles, the 1D thermal conductivity is given by theldea that the bond defects are the main source of spinon
simple kinetic expressiors=Cel whereC, is the spe- Scatering at low temperatures is, at least qualitatively, con-
cific heat,v, is the velocity, and, is the mean free path of sistent with the temperature dependence and the anisotropy
the spin excitations. The velocity of spinonstlisv, of the thermal conductivity also below 50 K. To demonstrate

= Jam/2h, wherea is the distance between the spins alongthiS, We calculated the total thermal conductivity,+ «)
the chain direction. Sinc&<J/kg still holds, Eq.(2) for the ~ &l0ng theb axis at temperatures between 20 and 60 K as-

specific heat is valid, and thus the thermal conductivity ofSUMing, first thatiy, is isotropic also in this temperature
spinons is given by the simple equation range and equal to the averagexgfand «, and, second that
I is equal to the distance between neighboring bond defects

given in Ref. 32(the dashed line in Fig.)3 The resulting
T, (3) temperature dependencexqf shown by the solid line in Fig.
2 is in qualitative agreement with the experimé&ht.
Concluding this paper, we return to the question whether
whereNg is the number of spins per unit volume. Equationthe present results are relevant vivia integrable models.
(3) has been shown to also be valid for 1D magnonwe argue that a sizeable quasi-1D thermal transport medi-
systems? ated by spin excitations does exist inGu0;. Its magnitude
We calculated ; using Eq.(3) and taking into account is not exceptional but the scatterers, i.e., defects and
small (maximum 6.5% at 300 Kdeviations! of C¢(T) from phonons, limiting the mean free path of spin excitations are
linearity. The calculated spinon mean free path is shown irextrinsic to the magnetic system. Our analysis indicates the
Fig. 3. It tends to reach a constant value at low temperaturesbsence or negligibly small influence of spinon-spinon scat-
and decreases with increasing temperature. Assuming thaéring on the thermal conductivity, in agreement with the
the different scattering mechanisms act independently, thpredictions made for integrable modél©ur results imply
inverse total mean free path of spindg§ may be written as that a dissipationless energy current, expected for systems

Is (A)

102}
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Ks= Nsag—h
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that fulfill the assumptions of the integrable Heisenberg 1Dbe considered as an excellent realization of a 381/2
S=1/2 model, is not robust if perturbations like defects andHeisenberg antiferromagnet.

lattice excitations interfere. The very high value of the mag- /e acknowledge useful discussions with X. Zotos and F.
netic exchange interaction within the chains and the low temnaef. This work was financially supported in part by the
perature magnetic phase transition, identified via our specifigchweizerische Nationalfonds zur derung der Wissen-
heat measurements, confirm tha§@&uO; may, nevertheless, schaftlichen Forschung.
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