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Evidence for a large magnetic heat current in insulating layered cuprates
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The in-plane thermal conductivitk of the two-dimensional antiferromagnetic monolayer cuprate
Sr,CuO,Cl, is studied. Analysis of the unusual temperature dependenkeesfeals that at low temperatures
the heat is carried by phonons, whereas at high temperatures magnetic excitations contribute significantly. A
comparison with other insulating layered cuprates suggests that a large magnetic contribution to the thermal
conductivity is an intrinsic property of these materials.
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There is growing experimental evidence that spin excita- (3) In contrast to LCO and YBCO, SCOC cannot be
tions may contribute significantly to the heat current in low-doped easily with charge carriers.
dimensional spin systems. This seems to be well established In this paper, we present measurements of the in-plane
for one-dimensional1D) systems:® For example, in the thermal conductivityk of SCOC. We identify a double-peak
insulating spin-ladder material Sr,CaCu,s0,4;, a large structure from a pronounced high-temperature shoulder
magnetic contributiork, to the thermal conductivitk can ~ around 230 K. Analysis of these data, and a comparison to
be derived from a pronounced double-peak structurd of LCO and YBCO shows that it is very unlikely that the
along the ladder directioh? The situation is less clear in double-peak structure arises from anomalous phonon damp-
two-dimensional spin systems. These are, however, of patg due to scattering on soft lattice modes or magnetic exci-
ticular importance due to their relevance for high_tauons. .T.he data_l indicate instead a Iargg magnetic thermal
temperature superconductiviy. A double-peak structure conc.iuctlwt'y at high temperatures as an intrinsic feature of
comparable to that in 1D systems is found in the in-plandn€ insulating 2D cuprates.
thermal conductivity of insulating 2D cuprates such as We studied a single c_:rystal ofz‘BuOZQIZ O.f rectangular
La,Cu0, (LCO) and YB3CuO, (YBCO) (Refs. 8—10. form (1><3><4 mrrf’) with the short direction _along the
This may indicate a sizable magnetic contribution to the heaﬁrys‘gallographla: axis. It was grown by the tra\_/e_lmg-solvent

. . oating zone method. The thermal conductivity was mea-

current at high temperatur@sHowever, the phononic ther-

g sured with the heat current within the Cu@lanes by a
mal conductivityk,, may show a double-peak structure also’conventional steady-state method using a differential

as a result of pronouncefdesonant scattering in a narrow o omel-Aut0.07%Fe-thermocouple. Typical temperature
temperature range. Such scattering may arise from the pregeadients were of the order of 0.2 K. The absolute accuracy
ence of local magnetic excitations, as was recently shown fopf oy data is restricted by uncertainties in the sample geom-
the 2D spin-dimer system SrgiBO;), (Ref. 11, orit may  etry, whereas the relative accuracy is of the order of a few
arise from the presence of soft phonon motd@she latter percent'®
was suggested for LCO and YBCO, in which soft modes, We show in Fig. 1 the in-plane thermal conductivity of
e.g., associated with tilt distortions of the CuO polyhedra aresSCOC as a function of temperature. We identify a maximum
known to be preserit'? An additional complication arises at~30 K and a shoulder at high temperatures around 230 K.
from a strong sensitivity of the double-peak structure to oxy-The pronounced low-temperature maximum kofndicates
gen doping’ the high crystal quality. We note théatis independent of a

A material of particular interest in this context is magnetic field &£8 T) applied within the Cu@planes per-
SKLCUO,Cl, (SCOQ. It is structurally very similar to LCO. pendicular to the heat current. For comparison, we show in
It contains Cu@ layers as in LCO, but the out-of-plane oxy- Fig. 1 the in-plane thermal conductivity of a single crystal of
gen ions at the apices of the Cg@ctahedra are replaced by LCO, measured by Nakamued al. (Ref. 8. These data also
Cland La by Sr. The material has following advantages com+reveal a double-peak structure. The absolute valueabtthe
pared to LCO and YBCUQsee, e.g., Ref.)6 low-temperature maximum is smaller than in SCOC. One

(1) SCOC does not exhibit any distortion from tetragonalreason may be that LCO is more sensitive to defects, result-
symmetry down to at least 10 K so that there is no structuraing, e.g., from excess oxygen, which introduces lattice de-
instability associated with soft tilting modes. fects and hole doping and thus reduces the mean free path of

(2) Because of the absence of tilt distortions, the magnetithe heat-carrying excitations.
properties are simpler than those of LCO. For example, there Both compounds, SCOC and LCO, are antiferromagnetic
is no Dzyaloshinski-Moriya exchange interaction. Thus,insulators. In an insulator, the heat is usually carried by
SCOC is believed to represent the best realization of @honons. The typical behavior &, of a crystalline insula-
two-dimensionalS= 1/2 square-lattice Heisenberg antiferro- tor is shown by the solid lines in Fig. 1. These curves repre-
magnet. sent fits to the low-temperature maximumloffitted below
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5F L tures, butk, shows no indication of a high-temperature

- 7 maximum?® Such a strongly temperature-dependent anisot-
L ropy is not expected for purely phononic heat conduction.
- Additional phonon scattering, active in a narrow tempera-
ture range close to the minimum & may, in principle,
cause a double-peak structure. However, resonant scattering
on local magnetic excitations as in SgBO3), (Ref. 11
cannot be the correct explanation in the present case. In the
2D square-lattice cuprates, the dispersion of magnetic exci-
tations ranges from=0 to 2J/kg=2000 K (J is the in-plane
exchange constanso that there is no reason that scattering
0 . L . L . on magnetic excitations should be most pronounced in a nar-
0 100 200 300  row temperature interval around 100!°

Temperature (K) Additional phonon damping from scattering on soft lattice

modes, as suggested in Refs. 9 and 18, is unlikely as a cause
of the double peak for the following reasons.
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FIG. 1. In-plane thermal conductivitk(T) of Sr,CuO,Cl,

(circles and LgCu0, [dotted line; data from Nakamued al. (Ref. (1) There are no lattice instabilities in SCOC, rendering
8)]. Solid lines: fits tdk,,, using the Debye mod¢Refs. 11,14 The

) " 17 this mechanism unimportant for this material.

f'_tténg 2pgr_a|;r/]§ge,zs3 Sﬁf’_r Oglguz%qlﬂ } 1(!)_?3?‘?3%22)— fg" 2D2{1_0 s | (2) The double-peak structure is also present in the tetrag-

=3.4(2.6); o (21); L ST ( ; ) an onal low-temperature phase of Eu-doped LCO, in which no

u=4.9(4.4). The point defect scatteriri§) is smaller in SCOC. s .

_ ' o Seenen soft tilting modes should be present eitfir.
Inset: The magnetic contributiotky =k~ kpy for SKCUO,CL, (3) The absence of the double-peak structurk.dh LCO
ircl d LgCuQ, (dotted li t . ) c

(circles and L3Cu0, (dotted ling (see text (Ref. 8 implies that anomalous phonon scattering would

about 50 K of SCOC and LCO, using the standard Debyehave to be active only for the in-plane thermal conductivity

model for the thermal conductivity of acoustic phondhy ~ k- Such a strong anisotropy of the phonon-phonon scattering
is not expected. Finally, note that the findikg<k in LCO

k§T3 Op /T x4eX (Ref. 8 provides evidence against any scattering scena_rio as
ph:?f 7(X,T) ———dx. (1) a cause of the double-peak structure. Such a scattering, if
2mh vpp/0 (e*-1) active only fork, but absent fok., impliesk<kg, in con-

Here, O is the Debye temperature and, is the sound tradiction to the _expgrlmen_tal results.,
velocity. Due to the lack of experimentz?l%ata for SCOC we Th_e data_ of Fig. 1.”_‘ particulark>k;) are most naturally
use for both compounds the values reported for LG, 9xpla|ned, if an add|t|ongllch_annel of heat transport fo_r the
~385 K18y, ~5.2x 1° m/s (Ref. 16].  is the phonon m—_plane thermal conduct|_V|ty is present._ln an undopeq insu-
frequency,x:phw/kBT, andr(x,T) is the phonon relaxation lating 2D Heisenberg antlf_erromagnet with an electronic gap
time given by =15 eV, the only _cand@at_e for he_at transport next to
phonons are magnetic excitations. Their thermal conductivity
Vph Op Ky adds to that of the phonons, i.&5k,,+ky,. For a quan-
7*1=T+Dw2+ Pow*+ UTw%xp{E). (2) titative estimate ofk,, from the data, we subtradt,, as
obtained from the fit of the low-temperature maximum from
The four terms refer to the scattering rates for boundary scak. Note thatk,, cannot be obtained dt<100 K in this way,
tering, scattering on planar defects, on point defects, anfecause Eql) was fitted to thetotal k below 50 K. Remark-
phonon-phonon Umklapp scattering, respectivel=1 mm  ably,k,, is of comparable magnitudeoughly of the order 10
is the sample length, arfd, P, U, andu are fitting constants. W/Km) in both compoundssee inset of Fig. 1 The maxi-
The low-temperature data are described very well by thesgwum ofk, is at~245 K in SCOC and at=285 K in LCO.
fits. The fit parameters are given in the caption of Fig. 1. The Is a magnetic contribution of this size reasonable? We
decrease ofk,, at high temperatures is due to phonon-estimatek,, using the kinetic equation in 2&:
phonon Umklapp scattering.

For following reasons, it is very unlikely that the high- K _l
temperature increase &fis due to conventional heat trans- mo2
port by phonons. _ _ N _

(1) The contribution tok from acoustic phonons, as de- Herecy, is the magnetic specific heat afigl is the mean free
scribed above, decreases at high temperatures. path of the magnetic excitations. The velocity, of long-

(2) The contribution of optical phonons to the heat currentwavelength spin waves isy”°%1.06x 10° m/s andv;°
is usually much smaller than that of acoustic phonons, ever: 1.16x 10° m/s, which is obtained from ,,= J8SZJalt.
in compounds with a very large number of atoms in the unitHere Z is the Oguchi correction and denotes the lattice
cell > so that heat transport by optical phonons is very unconstant® Values ofJ for various 2D cuprates are given in
likely to cause the high-temperature maximum. Table 1. Note thav,, is much larger tham ,,, as a result of

(3) The out-of-plane thermal conductivig of LCO be- J>kg®. For the specific heat,,, we use the theoretical
haves as the in-plane thermal conductivitgit low tempera- result shown in the inset of Fig. 2, which comes from the

CnUmlm- (3
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TABLE I. PositionT, of the high-temperature maximum ky, , I). In the ordered state @<Ty, {,=. FOrT>Ty, &, is
Neel-temperaturdly, in-plane magnetic exchange coupling con- stjll large because of the largk We showé(T) of SCOC
stantJ, and the ratial/kg T, for three insulating 2D cuprates. Note 5nd LCO as inferred from magnetic neutron scatte?riing
thatJ/kgTy is very similar in all three compoundsy is from Refs. Fig. 2. AboveTy, &, is indeed much larger than the lattice

6,7,32. The values al are derived from the two-magnon Raman o .
. . ; . constant. However¢,,, decreases strongly with increasing
scattering and infrared bimagnon-plus-phonon absorption data

(Refs. 25,33 where the Oguchi correction has been taken intotemperature' approximately according to Ref. ££(T)
account’ The data fok in YBCO and LCO are taken from Refs. 9 = €XP(2mJ/kgT).

and 8, respectively. From these considerations we may draw following con-
clusions for the magnetic heat current.
Ty (K) Ty (K) J/kg (K) JlkgTy (1) We expect thak,, is determined by the large in-plane
exchange interactiofiand not by the interplane interactions.
;?gftbgﬁ 522 >2A;5000 11122250 55'% Therefore, no significant anomaly &f, is expected afy,.
2CUOLl, ' We note that, for the same reason, the anomaly of the mag-
La,CuQ, 285 320 1390 4.9

netic specific heat afy is very small and could not be de-
tected experimentalf§*

extrapolation of the high-temperature series for the partitior][. (2) At Ieaftﬂ?b?ve'l'_r_, thellhe?t-carryl_?%_magn]cetlc excna;_
sum (see the Appendix The maximum is Coa ions are not the familiar collective excitations of a magneti-

=0.4612(5Nkg at KgT,=0.5956(1). Given v, Cp, cally ordered statdi.e., conventional magnopsbut rather
and usingk., as shown in Fig. 1, we obtain an estimate 0fmagnetic excitationgof triplet character in a spin-liquid
¢.(T), using Eq.(3). ¢,, decreases strongly with increasing State. Note, however, that also BTy, the nature of the
temperature(Fig. 2). At room temperaturef ,/a~30 for Magnetic excitations of the 2D cuprates is under intensive
SCOC and=75 for LCO. These values are not excessivelydebat o )
large—much larger values df,, have been found in one- _(3) Our data analysis reveals th.é,;1 decreases strongly
dimensional spin systerfis—rendering a magnetic contri- With temperature above 100 K. This decrease overcompen-
bution to the heat current in SCOC and LCO very plausible Sates the increase of,, which explains, why the maximum
For a better understanding kf,, it is instructive to dis- ©f km Occurs at a temperature much lower than that pf
cuss the magnetic correlations in the quasi-2D cuprates, iPn€ might argue that the strong decreasé pis related to
particular, the in-plane magnetic correlation lenggi¢T). In  that of &y, since the mean free path of a conventional mag-
a 2D antiferromagnet, long-range order wigh= is re- ~ Non should not be larger tha,(T). In fact, our data yield
stricted toT=0. With increasing temperature, spin-flipgr ~ €m(T) <&m(T), confirming such a view. We note, however,
magnongare excited, which reducg, by breaking the long- that for magnetic excitations in a spin Il_qwd, this argument
range correlation. In the quasi-2D materials considered her&l0€s not hold: the results on the spin-ladder compound
the finite magnetic ordering temperatig is determined by ~ Sf4-xCaClp4O,; obtained in the spin liquid state without
the interplane interactiofl;” which is much weaker than the long-range order reveal a mean free path of the magnetic

5 i 2,4
in-plane exchange interactiah so thatksTy<J (see Table ~€Xxcitations much larger thagy, .
A double-peak structure d&f has also been found in other

insulating monolayer cuprat®s* and in the insulating bi-

400 ol oD H AFM layer compound YBgCw04.° In YBCO, as in LCO, one
I observes pronounced anisotropy, i, does not show a
& 300 - 03| high-temperature maximum. Given the existence of a large
- :E o2 L k, in the monolayer cuprates, the high-temperature maxi-
- mum of YBCO is also likely to be of magnetic origin. We
S 200 find a systematic variation of the temperatiigg of the high-
< R R R R temperature maximum df,, with J for the three different
o 10 T/J1~5 2025 insulating cuprates, as shown in Table |.
100 |- / AN The data in Fig. 1 show that the high-temperature maxi-
- N LaCuo, mum is more pronounced in LCO than in SCOC. A related
. S{2C1|102(.312 | B observation is the rather weak high-temperature anomaly of

k in Prp,Cu0,.3** In view of the rather similar magnetic
properties of the insulating cuprates, one would expect, how-
ever, a similar magnitude d&,.3! One may suspect that the

FIG. 2. Magnetic mean free path,(T)/a (circles: SsCUO,Cly; different mqgnltude_ ok_m is related to a s_hghtly different
dotted line: LaCuQ,) as extracted from the data shown in Fig. 1 charge carrier doping in the samples, arising, e.g., from a
(see text, and in-plane magnetic correlation lengtiy(T)/a (solid ~ Variation of the oxygen content. It is well known that doping
line: SLCUO,Cl,; dashed line: LgCuQ,) as obtained from neutron With mobile charge carriers suppresses magnetic correlations
scattering(Ref. 7). Here,a=3.9 A is the lattice constant. Inset: in the CuQ planes very effectively. Accordingly, one ex-
Specific heat,,/kg of a S=1/2 square-lattice Heisenberg antifer- pects thatk,, is also suppressed strongly, which is indeed
romagnet(see the Appendix found experimentally® For example, in LCO and YBCO,

0 100 200 300 400 500 600 700
Temperature (K)
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doped with a few percent of mobile holes per Cu, the high- We acknowledge useful discussions with M. Braden, W.
temperature maximum d&f completely disappeafs:°How-  N. Hardy, A. P. Kampf, V. Kataev, D.l. Khomskii, and G. A.
ever, this cannot explain the largley, in LCO, since SCOC Sawatzky. This work was supported by the Deutsche For-
as a clean, undoped material should then have the latgest schungsgemeinschaft in SFB 608 and in SP 1073. A. F. ac-
which is not found experimentally. Note that the absoluteknowledges support by the VolkswagenStiftung.
value ofk,, is not understood generally. It is, e.g., unclear
why Kk, is so extraordinarily large in $r ,CaCu,4,04; and APPENDIX
rather small in the Bechgaard sdlt$° It has been pointed
out that the magnitude d€,, may be determined in part by
the coupling between magnetic excitations and the lattice,
which is essential to establish a temperature gradient for th
magnetic excitations.

In summary, the in-plane thermal conductivity of

To deducec(T) from the high-temperature seri&sthis

series is converted into series for the entrepy the energy
er sitee (Ref. 29. The extrapolations are stabilized by in-

ormation on the ground-state energy=—0.669437(5)
(Ref. 23, the maximum entropyg=In2, and the expected

Sr,CuG,Cl, shows an unusual temperature dependence With)w—ent_argy power Iaws(e)_oc(e— 89)2/3' For the latter, Pade
a pronounced shoulder at high temperatures. It is unIikeI?pprOX'QOS are applled ts’ (e)/s(e) —2/(3(e— eO).)
that this behavior can be explained in terms of a purel)ﬂjlc_’g Padeapprox'lmatlor)l. very good resglts are obtained
phononic heat current. In particular, an unusual damping Ofrella_ble error_estimate _IG from comparing dlago_nal to
the phononic heat current due to resonant scattering on Soﬁapndlagonal Padapprog“ma”t’s The result ShOV.V” n the
lattice modes can be excluded, since there is no structurdiSet of Fig. 2(error 10°°) is obtained by approximating
instability in SLCuG,Cl,. Our data indicate a large magnetic (e—ey)s'(e) 2] [e—ep

contribution to the in-plane heat current. A comparison to —_— In( ) (A1)
other insulating layered cuprates suggests that a magnetic s(e) 3 1-eo

contribution to the heat current is an intrinsic property ofwhich allows for multiplicative logarithmic corrections,
these materials. The absolute magnitude of the magnetic cogielding c¢(T)xT2[A+In"Y(1/T)] with A=0 and vy
tribution differs strongly for the various cuprates for reasons=1.055). We donot, however, exclude a small finite value
yet to be clarified. of A as found in spin-wave theory.
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