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Magnon heat transport in (Sr,Ca,La)4Cu,40,4;
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We have measured the thermal heat conductiwitpf the compounds $1Cu,,0,; and CalLasCuy,0,q
containing doped and undoped spin ladders, respectively. We find a huge anisotropy of both, the size and the
temperature dependence othat we interpret in terms of a very large heat conductivity due to the magnetic
excitations of the one-dimensional spin ladders. This magnon heat conductivity decreases with increasing hole
doping of the ladders. Magnon heat transport is analyzed theoretically using a simple kinetic model. From this
analysis we determine the spin gap and the temperature-dependent mean free path of the magnons, which
measures about several thousand angstrom at low temperature. The relevance of several scattering channels for
the magnon transport is discussed.
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Low-dimensional quantum magnets have attracted mucBompound Sr,Cu,,O,; is hole doped the holes are predomi-
attention in recent years among both experimental and thegrantly located in the chairt€:*® Changing the composition,
retical physicists. On the one hand, these compounds serye. the Sr, Ca, La content in (Sr,Ca,L&u,,0,;, alters
as model systems for a comparison between experiment aRghncentration and distribution of the holes. This results in

theory, since exact solutions or numerical treatments of thgastic changes of the magnetic properties of the chains,

model Hamiltonians yield clear-cut predictions. On the other,hereas a large spin gap in the ladders of the order of 400 K

hand, unusual ground states and magnetic excitations ale observed in all compound®:2 However, the charge
present., in particular, n quaS|—one-d|menS|onaI spin .Sys.te".‘ ransport is determined by the holes in the ladders, which are
A prominent example is the quantum-disordered spin-liqui glready present in (Sr,Cal,,0,;. Undoped ladders are

state with a spin gap that is well established in frustrated an . e .
D . ; : : - only found in systems containing a large amount of trivalent
dimerized spin chains and in spin laddé&rg. ions, .., La

Usually the magnetic excitations of these spin systems ar ; o
experimentally studied by measuring spectroscopic or ther- In this paper we report on the thermal conduct|.V|ty of
modynamic quantities that reveal information on the mag->n4CteOs @nd CaglasCu,4O,, parallel and perpendicular
netic ground state and the excitation spectra as a function ¢¢ the chain/ladder direction. In the undoped ladders of
energy and momentum. In principle, dispersive magnetic exC&LasClp4O41 the magnon contribution is very large and
citations should also contribute to a transport property, i.e.€xceeds the phonon contribution by nearly two orders of
the thermal heat conductivity. The experimental investiga- Magnitude. A simple approach to describe the energy trans-
tion of the magnon heat transport could give interestingoort due to magnetic excitations in the ladders is presented.
complementary information on the magnetic excitations, We have grown single crystals of gasCu,,04, and
such as dissipation and scattering of magnons, similar as thr,;,Cu,,0,, by the traveling solvent floating zone
study of electronic transport properties does in metals. method?*?® Using a standard steady-state method measure-
Recently, several studies of thermal heat conductivity inments of kx have been performed on pieces cut along the
low-dimensional spin systems have been performed angrincipal axes with a typical length of 2 mm along the mea-
magnetic contributions te are discussed in one-dimensional suring direction and of about 0.5 mm for the two other di-
spin systems such as, e.g., CuGEd"* Sr,Cu0;,** and  rections. The thermal gradient has been determined by mea-
SrCuQ (Ref. 13 as well as in two-dimensional cupratéds®  suring the temperature differendelT between the junctions
However, in many compounds the interpretation of the dataf a differential Au/Fe-Chromel thermocouple. The junctions
is controversial, since an unambiguous discrimination of dif-of this thermocouple have been glued onto the sample using
ferent contributions tac is difficult or even impossiblé?  GE varnist?® AT varied between 0.5% and 2% of the abso-
Very convincing experimental evidence for a magnon heatute temperature that has been stabilized for each data point.
transport has been presented by Sologubeekal. for ~ The magnetic-field dependence of the thermoelectric power
(Sr,Ca) Cu,,04;.1" The crystal structure of this compound of our Au/Fe-Chromel thermocouple has been carefully de-
contains two quasi-one-dimensional magnetic subsystemgrmined using a SiQsample as a nonmagnetic reference.
along thec axis. One subsystem is a sheetlike arrangement of Figure 1 presents of Sr;,Cu,,0,; as a function of tem-
Cw,0; two-leg ladders, where the C$=3 spins are peratureT measured along the three crystallographic axes
strongly coupled via a Cu-O-Cu superexchange, while th€,,«;,,x.). A striking anisotropy of both, absolute value
other subsystem is an array of CuS=3 spin chains with and temperature dependence of the thermal conductivity is
weak magnetic interactions. While even the stoichiometriapparent. Only for thé axis we find the qualitative behavior
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FIG. 1. Anisotropic thermal conductivitk,, «,, and k. of
Sn/Cuw40,1 as a function of temperature. Inset; and x, normal-
ized to the value at 300 K.

expected for phonon heat transport. At Idwhe occupation
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FIG. 2. Field dependence @, at 105 K.

scattering in their samples. Comparing our datasdpruan-
titatively with those in Ref. 17 reveals a perfect agreement
for the low-T maximum while the second peak is about 30%
larger in our sample. At present we are systematically study-
ing different crystals in order to understand the origin of

these quantitative deviations.

of phonon states implies an increase of the heat conductivity, As discussed in Ref. 17 it is reasonable to attribute the
whereask,, decreases at higli due to increased phonon high-temperature maximum of. to magnetic excitations
scattering.x, deviates slightly from this usual phonon ther- propagating along the spin ladders. The electronic heat trans-
port as estimated from resistivity data and the Wiedemann-
Franz law is negligible. Thd dependence, i.e., the anisot-
small increase ok, might be related to the complexity of ropy of x and the absolute value a&f, cannot be explained
the phonon spectrum and/or unusual scattering processey a phonon heat transport and the data fogl@aCu,,04;
possibly related to the anomalotiglependence of the lattice allow also to exclude exotic electronic contributions as dis-

mal conductivity of insulatorgsee inset of Fig. )t At high
temperature we find a slight increase with increadinghis

constant$’ We note that small deviations from tAedepen-

cussed below.

dence expected for the phonon heat transport as we observe In order to clarify the origin of the anomalous contribu-
for k, in SrCu,04 are rather common for complex tion to k. we have investigated, as a function of a mag-
transition-metal oxides. It is still possible and meaningful tonetic field. We find only very small field dependencies. Rep-
discuss this data in the framework of a phonon heat conduaesentative data measuredTat 105 K are displayed in Fig.

2. Up to our maximum field oB=14 T we find a slight
increase ofx. of about 0.3%. We stress that this does not
contradict a magnetic origin of the anomalaus. Theoret-

this case the phonon heat transport can only explain the daleal estimates yield a small increase of about 1% as long as
the spin gap is much larger than the Zeeman energy, as is the
similar to k, and k. The absolute value is about 1.6 times case for the spin ladders and the maximum applied field of
larger than for, . Since the velocity of sound and the elasticB=14 T3!
A determination and analysis of this very unusual magnon
attribute the anisotropy ot to anisotropic phonon scatter- contribution requires a separation of a phonon background.
ing. Such an anisotropy of the phonon mean free path is alsonfortunately, it is impossible to determine unambiguously
the phonon background for S€u,,0,;. For example, at
high T the absolute values ariddependence are unpredict-
able, which is clearly demonstrated by the qualitatively dif-
ferent behavior ofc, and «x,,. Similar problems do exist at
strongly and a second very pronounced maximum of the hedbw T, sincex is determined by strongly anisotropic phonon
conductivity occurs afT~140 K. Further increasing the scattering that cannot be determined from independent ex-
perimental data or from theory. This means that any determi-
tures above 250 K the heat conductivity seems to saturate attion of the additional magnetic contribution in &u,,0,;

a still rather large value of about 18 W/Km. Both the very leads to a large error for loW and highT, i.e., for tempera-
tures where the totat is not much larger thar,,. In order
dence with the pronounced second maximum differ drastito estimate the phonon background we fit the data at low
cally from the usualk,,. We mention that our data for temperature¥<40 K with a Debye model and extrapolate
Sn.Cu 404, agree qualitatively with those reported by So-the behavior up to 300 K. The result of this description of
logubenko et al!” There are, however, strong deviations Kpn IS indicated by a solid line in Fig. 1, which is much
smaller than the measuredin the entire temperature range
all lattice directions and probably due to enhanced defect above 50 K.

thlty Kph-
This is impossible in the case of., i.e., for the heat
transport along the chain/ladder direction iR 81,404, . IN

below ~40 K where . exhibits a lowT maximum very

constants do not show a pronounced anisotf8mye has to

observed in other transition-metal oxid&% with low-
dimensional structure elements.

The most striking observation is the behavior «f for
temperatures above40 K. With increasindr, . increases

temperature causes a sharp decrease. @nd for tempera-

large values ok at intermediatd and the strang& depen-

from the data of Kudet al*° who report much smallet for
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FIG. 4. Magnon thermal conductivities of gasCu,,0,, and

f i f .
FIG. 3. Thermal conductivities of GaasCu,,0,; as a function ShaClhdOy as a function of temperature

of temperature measured along thandc axes,x, andx., respec-
tively. The solid line represents an estimate of the phonon contribuordered chains in GhasCu,,0,;.°>%® For example, heat
tion to . transport due to collective electronic excitations as suggested
for the thermal conductivity of the charge-density wave com-
However, considering only the data for;#u,404; ONe  pound K, ;MoO; (Ref. 34 could be relevant in the strongly
can question any nonphononic heat conductivity Tat doped charge ordering S€u,,0,;, Whereas it is certainly
=250 K. A much more reliable separation of phonon andirrelevant in CglLasCu,,0,; due to the strongly reduced hole
magnon heat transport is possible in the case otontent.
CalLas;Cu,,0,, Whose thermal conductivities along ttee Similarly, the magnetic excitations in the chains cannot
andc axes are shown in Fig. 3. At loW the thermal heat explain the anomalous.. In Sr,Cu,,0,4; the magnetic ex-
conductivity of this compound that contains undoped spircitations in the chains are well described by localized triplets
ladders and only slightly doped spin chadf® is much  on nearly noninteracting dimef§*°These excitations do not
smaller than in stoichiometric §Cuw,0,4, for both direc- contribute significantly to the thermal conductivity. The mag-
tions. It is straightforward to attribute this isotropic suppres-netic coupling of the Cu spins in the nearly undoped chains
sion of kpp, at low T to structural defects. On the one hand, aof CalasCu,40,; is weakly ferromagnetic and below
lattice site is occupied by randomly distributed?Caand <10 K long range magnetic order is observéd® The cor-
La®* ions with strongly different size, which is known to responding nearly gapless excitation spectrum might lead to
suppress«pn. On the other hand x-ray diffraction studies magnon contributions to the thermal conductivity at Idw
show structurally disordered chains indLa;Cu,,0,4,. Sur-  However, our data, which are nearly isotropic at Idwdo
prisingly, x. strongly increases above 40 K in spite of the not show any evidence for magnetic contributions at Tow
structural disorder. At intermediate and highx; is even In any case, the chain excitations are completely irrelevant
larger than in stoichiometric $Cw,,0,; and the room- for our discussion of the anomalous thermal conductivity at
temperature value is comparable to that found in metals. IfigherT.
contrast to that a very small heat conductivity is found along Summarizing these arguments we have to state that the
the a axis in the entire temperature range. Reduced size anithdings in CalLasCu,40,; strongly support the interpreta-
T dependence are typical faf,, of a compound with many tion of the additional contribution te. in terms of a magnon
structural defects. It is apparent from Fig. 3 that this strongheat transport along the spin ladders. This magnon heat con-
damping ofx,p,, which is inferred fromk, as well as from  ductivity «yaqis apparently not suppressed by structural dis-
the low-T behavior ofx., enables a reliable determination of order and, moreover, a smaller hole doping seems to enhance
the additional contributions te, above~40 K. Kmag at highT.
Before we turn to a quantitative analysis«f,, we men- In Fig. 4 we show kpmag for Sn,Cu,0, and
tion several conclusions that can be drawn from the qualitaCalLasCu,40,41, Which are derived by subtracting the Debye
tive behavior ofx in CaLas;Cu,,0,; and, in particular, from  fits of the phonon contribution from the measured For
the comparison to the findings in the stoichiometric com-T<100 K absolute value and temperature dependencies of
pound. The suppression af,, that coincides with an en- kpaq are similar in the two compounds. However, pro-
hancement ofi; at high T gives very strong evidence that nounced differences occur at high€r The magnetic heat
there are two independent contributions to the heat transportonductivity on S{,Cu,,041 kmag Strongly decreases above
Moreover, some thinkable origins of the large additional con=150 K. This decrease is much less pronounced and is
tributions to «; in Sr;,Cu,404; can be ruled out from the found at higher temperature(above ~200 K) in
additional data. Excitations of the chains are irrelevant, sinc€alLasCu,40,; where we find a very largexmag
the magnetic and electronic properties of the heavily doped=100 W/Km even at room temperature.
chains in Sy,Cu,4,0,4; showing charge order, spin gap, and In order to analyze the magnon heat transport theoreti-
dimerization are completely different from the long rangecally, we start from the simple kinetic expression
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wherev,, €., andl, denote velocity, energy, and mean free 10
path of the magnetic excitations. Assuming a momentum-
independent mean free path, ig=1,4and using the dis-
tribution function _ - S
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¥
for the triplet excitations yields the following expression for 20 1F 420
the magnon heat conductivity:
LaCu O, || Sr,Cu O
3N €max exn e/kaT geatalu, O, 147 247
Kmag:—magJ ’ PefksT) > ede.  (3) A\ggae= 430 K B g™ 396 K
thBT A|adde,[exp( €/kBT) + 3] 0 1 L L L L . 1 L 1 . L10
40 60 80 100 40 60 80 100
Here, N is number of ladders per unit area aggd,y is the Temperature (K) Temperature (K)
band maximum of the spin excitations, which is at approxi-
mately 200 meV in (Sr,Ca,La)Cu,,0,,. Note, that the dis- FIG. 5. Temperature dependence of the magnon thermal con-

tribution function (2) is different from a Bose distribution. ductivities of CalasCu,404; (left) and Sg,Cu,/04 (right) at low
This difference is used to account, on average, for the hardemperatures in comparison with fit results to the deited lines,
core constraint of no on-site double occupancy for the triplefimple activation; solid lines, one-dimensioraD) model for «;
excitations. While such a form of the distributions function Proken lines(only Sn,Cu,4041), 1D model with fixed spin gap
would describe the occupation oflacal triplet excitation ~ [Nsets: Arrhenius representation efand fit results.
exactly, it is only meant as an approximate phenomenology
regarding the momentum space distribution — which is unimagnons. Knowing the spin gap from this first step of the
known for the present case. The primary motivation for thisanalysis it is possible to extract the temperature-dependent
type of a triplet distribution is to suppress unphysically largel 44 directly from the data.
triplet densities at higher temperatures. From Bj. it is Our assumption of a constahf,4 at low T implies that
apparent that a particular form of the magnon dispersiorthe heat conductivity is determined by the temperature-
does not enter the heat conductivity of a one-dimensionallependent activation of magnons in this temperature range.
triplet gas within a kinetic description — an effect that hasThis is in agreement with the experimental data that roughly
not been noticed in other studi¥sin particular, the momen- follow a simple activated behavior as displayed in Fig. 5.
tum or energy dependence of the magnon velogjtwhich ~ Note that Eq.(3) predicts deviations from the simple activa-
emerges from Eq(1) plays no role in our approach. Note tion law and taking into account these corrections, slightly
that the assumption of kindependent mean free path im- improves the description of the data as demonstrated in Fig.
plies ak-dependent scattering rate sincedepends on the 5. The spin gaps ak | qqer=396 K andA zqqe,=430 Kwe
wave number. While this assumption seems reasonable fabtain are in fair agreement with the results from neutron
defect scattering more involved scenarios will apply, in par-scattering. We conclude that both, the temperature depen-
ticular, to inelastic scattering. Within our treatment the mag-dence ofk,,4 and the absolute values of the spin gaps ex-
non heat conductivity for experimentally relevant tempera-tracted from the data confirm our analysis. Comparing the
tures T<enax/kg Mainly depends on two parameters: theleft and the right columns of Fig. 5 reveals that the agree-
Spin gapA aqqer and the mean free path,,q. We mention, ment between data and theory is much better for
that Eq.(3) differs from an expression used by SologubenkoCaLasCu,40,4; than for S§,Cuy4O4;. IN CaylasCuy 044 the
et al’ for the heat conductivity of one-dimensional bosonsseparation Ofcmag @and «,p, is reliable and the thermal con-
not only by the distribution functio2) but also by an over- ductivity for T<100 K is well described by our model with
all factor of 3 accounting for the triplet degeneracy. constantl mag. IN SrCw/04, a fair agreement with the
For temperatures below 300 Kgy,,4 does not depend theory at constant,,q can only be obtained in a limited
significantly one,,.xand in the following analysis of the data temperature range 55 KT=<85 K. Since the ambiguity in
in the framework of Eq(3) we usee, 5, =200 meV accord- choosing a reasonable phonon background leads to appre-
ing to the literaturé?®1t is impossible, to determine reason- ciable uncertainties in the determined spin gap, we have also
able values of the two remaining parametgfs, andA ,qqer ~ @nalyzed the data by fixing the spin gap to the value known
by fitting the data with the expression in E) without  from neutron scattering &jqqer=>377 K)Z? In this case
further assumptions. Therefore, we ignore possible temperdgz, 4 is the only fit parameter. The result is also shown in the
ture dependencies of the spin gap and, moreover, assumeright column of Fig. 5(broken lineg. Again we obtain a
constant, temperature-independent mean free path afJow reasonable agreement between experiment and theory. At
i.e., for a small number of thermally activated phonons andemperatures above 80 K, the agreement is even better than
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< 3000 N ' ' ' There are, however, quantitative discrepancies due to the dif-
Vg ~ %wc% ferent theoretical description: for a givedq,,4 our analysis

E I CalaCu O leads to a smaller value df,,q4, mainly due to the more

© . 2 9 5 24 41 ot H H H H : : H

& o000k . i realistic distribution function for the magnetic excitations
3 ey that we use in our approadlig. (2)]. Yet, the mean free

= “’%Q% paths that we extract from the analysis of our data are very
3 / ., Ty large. In Ref. 17 it was speculated that holes are the main
= 1000} , . . :

= SrCu O ™ P, scatterers in the doped spin ladders of (Sr;@20,,O41 .

4 womeoa g This speculation is only partially supported by our results on
S . L, a crystal with undoped spin ladders. At loly our data do
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not show a significant difference between the two crystals

indicating that the very largg;,4 at low temperature does
not depend strongly on the hole content of the ladders. It is
likely that the maximum magnon mean free path is deter-
mined by defects. Note, however, that one has to discrimi-
nate between crystal defects and “magnetic defects,” since
obtained with our two-parameter fit. However, the deviationghere is no correlation between the maximiym,q and the
are slightly larger at lowl where our assumption of a con- maximum phonon mean free path. The latter is much smaller
stantl 5 is more reasonable. in CayLagCuy40,;, Which is obvious from the damping of
We conclude that the thermal conductivity does not aIIowKph atlowT.
one to determine the spin gap with extremely high precision " |n contrast to the results at loW, we do find a pro-
due to the uncertain phonon background. However, it is apnounced doping dependence of the magnon scattering at high
parent that our theoretical model and the assumption of & The magnon mean free path is much smaller for the doped
constant 54 yield a good description of the data for reason- spin ladders of S5Cu,,0,; and of the order of the mean hole
able values of the spin gap as long as one considersTlow djstance in the ladders~(25 A) at 300 K!° In the same
The deviations occurring at highdr i.e., forT=100 K, in  crystal resistivity shows a pronounced change of its tempera-
both compounds signal a significant temperature dependenggre dependence at~220 K. This anomaly, which is fre-
of the mean free path. quently interpreted in terms of charge ordering, is absent in
Based on the preceding analysis of the low-temperaturga|a,Cu,,0,;. Thus, one might argue that instead of the
behavior ofkyaq we determined the temperature dependencéole content, the hole mobility is crucial for the scattering of
of the mean free pathy,q (see Fig. 6. At low temperatures  magnons, in order to explain the weak doping dependence of
we find a very largely,g Of several thousand angstrom. | . atlow T and the strong differences at highYet, holes
Within the experimental uncertainty due to the phonon backand their mobility are not the only source of temperature-
ground we cannot resolve differences of the [dwaturation  dependent magnon scattering as demonstrated by our data
values ofl .4 for the two compounds containing spin lad- for the crystal with undoped spin ladders. In this crystal we
ders with different hole content. There are, however, unamfind a less pronounced, but qualitatively similar decrease of
biguous and drastic differences at higher temperatures. Innag for T>100 K. At room temperature the number of
Sr4Cy,041, Which contains spin ladders with a rather largepoth, thermally excited magnons and phonons is already
hole doping, the magnon mean free path is much smaller anéther large. For example, the inverse density of magnons at
we find a rather strong temperature dependence between 890 K as calculated foA ,4q.,=430 K can be interpreted
K and 220 K. According to our analysls,,q saturates for  as the “mean distance” of magnons and is already one order
higher temperatures and at=300 K the mean free path is of magnitude smaller thah,,,. Further experimental and
about 60 A. While the saturation df,,, above 220 K is  theoretical studies are necessary in order to determine the
clearly extractable from our data, the absolute values,pf;  importance of magnon-defect, magnon-phonon and magnon-
and| .4 strongly depend on the choice of the backgroundmagnon scattering.
i.e., the extrapolation okpp,, and, therefore, a much smaller  In summary we have measured the thermal conductivity
Imag @t 300 K is also compatible with the raw data in of hole doped and undoped spin ladders realized in the com-
SrCu O4;. For the second crystal with nearly undoped pounds Sy,Cw,,0,; and CalLasCu,,O,;. In both cases we
spin ladders a very large,,4 at room temperature is out of find a huge contribution t& due to magnon heat transport.
question. Our analysis yields a magnetic mean free patlive have applied a simple kinetic approach to describe this
larger than 500 A at 300 K. Moreover, the overall contribution and have obtained the spin gaps of the ladders
temperature-dependent decreasé of; is less pronounced and the temperature dependence of the mean free path from
and deviations from the constant Iolvvalue start at higher our analysis. Obviously, at lowW, scattering of magnons on
temperatures than in S€u,,0,,. Further, the magnon mean holes is rather ineffective since in this temperature region
free path in CglasCu,40,, is also distinctly larger than in k.4 Of doped ladders is almost identical iq,,4 of the
other one-dimensional spin systems like the spin-chain comandoped ladders. For both we find a very large mean free
pounds SrCu@and SpCuQ,.1213 path of magnons of several thousand angstrom. At Aigh
Our results forly,q in SrCu404 are in qualitative  increased mobility of holes causes a strong damping of mag-
agreement with the findings reported by Sologubeetkall’”  non heat transport in the hole-doped ladders due to increased

Temperature (K)

FIG. 6. Magnon mean free paths of La;Cu,,0,4; (Open sym-
bols) and S§,Cu,,0,; (full symbolg as a function of temperature.
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magnon-hole scattering, whereas,,q in the undoped lad- tude larger than the inverse density of magnons at this tem-
ders only decreases slightly. This is reflected in the mean freperature and might indicate only weak magnon-magnon scat-
path that in the former case at 300 K reducesljp, tering effects.

~60 A that is in the same order of magnitude as the mean- This work was Supported in part by the Deutsche For-

hole distance 425 A). For undoped laddersl,,;  schungsgemeinschaft through SFB 341 and SP 1073 as well
~500 A at 300 K. This large value is one order of magni-as under Grants Nos. BR 1084/1-1 and BR 1084/1-2.
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