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Magnon heat transport in „Sr,Ca,La…14Cu24O41
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We have measured the thermal heat conductivityk of the compounds Sr14Cu24O41 and Ca9La5Cu24O41

containing doped and undoped spin ladders, respectively. We find a huge anisotropy of both, the size and the
temperature dependence ofk that 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 m
attention in recent years among both experimental and th
retical physicists. On the one hand, these compounds s
as model systems for a comparison between experiment
theory, since exact solutions or numerical treatments of
model Hamiltonians yield clear-cut predictions. On the oth
hand, unusual ground states and magnetic excitations
present, in particular, in quasi-one-dimensional spin syste
A prominent example is the quantum-disordered spin-liq
state with a spin gap that is well established in frustrated
dimerized spin chains and in spin ladders.1–8

Usually the magnetic excitations of these spin systems
experimentally studied by measuring spectroscopic or th
modynamic quantities that reveal information on the m
netic ground state and the excitation spectra as a functio
energy and momentum. In principle, dispersive magnetic
citations should also contribute to a transport property,
the thermal heat conductivityk. The experimental investiga
tion of the magnon heat transport could give interest
complementary information on the magnetic excitatio
such as dissipation and scattering of magnons, similar as
study of electronic transport properties does in metals.

Recently, several studies of thermal heat conductivity
low-dimensional spin systems have been performed
magnetic contributions tok are discussed in one-dimension
spin systems such as, e.g., CuGeO3,9–11 Sr2CuO3,12 and
SrCuO2 ~Ref. 13! as well as in two-dimensional cuprates.14,15

However, in many compounds the interpretation of the d
is controversial, since an unambiguous discrimination of d
ferent contributions tok is difficult or even impossible.16

Very convincing experimental evidence for a magnon h
transport has been presented by Sologubenkoet al. for
(Sr,Ca)14Cu24O41.17 The crystal structure of this compoun
contains two quasi-one-dimensional magnetic subsyst
along thec axis. One subsystem is a sheetlike arrangemen
Cu2O3 two-leg ladders, where the CuS5 1

2 spins are
strongly coupled via a Cu-O-Cu superexchange, while
other subsystem is an array of CuO2 S5 1

2 spin chains with
weak magnetic interactions. While even the stoichiome
0163-1829/2001/64~18!/184305~6!/$20.00 64 1843
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compound Sr14Cu24O41 is hole doped the holes are predom
nantly located in the chains.18,19 Changing the composition
i.e., the Sr, Ca, La content in (Sr,Ca,La)14Cu24O41, alters
concentration and distribution of the holes. This results
drastic changes of the magnetic properties of the cha
whereas a large spin gap in the ladders of the order of 40
is observed in all compounds.20–23 However, the charge
transport is determined by the holes in the ladders, which
already present in (Sr,Ca)14Cu24O41. Undoped ladders are
only found in systems containing a large amount of trivale
ions, e.g., La.

In this paper we report on the thermal conductivity
Sr14Cu24O41 and Ca9La5Cu24O41 parallel and perpendicula
to the chain/ladder direction. In the undoped ladders
Ca9La5Cu24O41 the magnon contribution is very large an
exceeds the phonon contribution by nearly two orders
magnitude. A simple approach to describe the energy tra
port due to magnetic excitations in the ladders is presen

We have grown single crystals of Ca9La5Cu24O41 and
Sr14Cu24O41 by the traveling solvent floating zon
method.24,25 Using a standard steady-state method meas
ments ofk have been performed on pieces cut along
principal axes with a typical length of 2 mm along the me
suring direction and of about 0.5 mm for the two other d
rections. The thermal gradient has been determined by m
suring the temperature differenceDT between the junctions
of a differential Au/Fe-Chromel thermocouple. The junctio
of this thermocouple have been glued onto the sample u
GE varnish.26 DT varied between 0.5% and 2% of the abs
lute temperature that has been stabilized for each data p
The magnetic-field dependence of the thermoelectric po
of our Au/Fe-Chromel thermocouple has been carefully
termined using a SiO2 sample as a nonmagnetic reference

Figure 1 presentsk of Sr14Cu24O41 as a function of tem-
peratureT measured along the three crystallographic a
(ka ,kb ,kc!. A striking anisotropy of both, absolute valu
and temperature dependence of the thermal conductivit
apparent. Only for theb axis we find the qualitative behavio
©2001 The American Physical Society05-1
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C. HESSet al. PHYSICAL REVIEW B 64 184305
expected for phonon heat transport. At lowT the occupation
of phonon states implies an increase of the heat conducti
whereaskb decreases at highT due to increased phono
scattering.ka deviates slightly from this usual phonon the
mal conductivity of insulators~see inset of Fig. 1!: At high
temperature we find a slight increase with increasingT. This
small increase ofka might be related to the complexity o
the phonon spectrum and/or unusual scattering proce
possibly related to the anomalousT dependence of the lattic
constants.27 We note that small deviations from theT depen-
dence expected for the phonon heat transport as we obs
for ka in Sr14Cu24O41 are rather common for comple
transition-metal oxides. It is still possible and meaningful
discuss this data in the framework of a phonon heat cond
tivity kph .

This is impossible in the case ofkc , i.e., for the heat
transport along the chain/ladder direction in Sr14Cu24O41. In
this case the phonon heat transport can only explain the
below '40 K wherekc exhibits a low-T maximum very
similar to ka andkb . The absolute value is about 1.6 tim
larger than forka . Since the velocity of sound and the elas
constants do not show a pronounced anisotropy,28 one has to
attribute the anisotropy ofkph to anisotropic phonon scatte
ing. Such an anisotropy of the phonon mean free path is
observed in other transition-metal oxides14,29 with low-
dimensional structure elements.

The most striking observation is the behavior ofkc for
temperatures above'40 K. With increasingT, kc increases
strongly and a second very pronounced maximum of the h
conductivity occurs atT'140 K. Further increasing the
temperature causes a sharp decrease ofkc and for tempera-
tures above 250 K the heat conductivity seems to satura
a still rather large value of about 18 W/Km. Both the ve
large values ofkc at intermediateT and the strangeT depen-
dence with the pronounced second maximum differ dra
cally from the usualkph . We mention that our data fo
Sr14Cu24O41 agree qualitatively with those reported by S
logubenko et al.17 There are, however, strong deviatio
from the data of Kudoet al.30 who report much smallerk for
all lattice directions andT probably due to enhanced defe

FIG. 1. Anisotropic thermal conductivityka , kb , and kc of
Sr14Cu24O41 as a function of temperature. Inset:ka andkb normal-
ized to the value at 300 K.
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scattering in their samples. Comparing our data forkc quan-
titatively with those in Ref. 17 reveals a perfect agreem
for the low-T maximum while the second peak is about 30
larger in our sample. At present we are systematically stu
ing different crystals in order to understand the origin
these quantitative deviations.

As discussed in Ref. 17 it is reasonable to attribute
high-temperature maximum ofkc to magnetic excitations
propagating along the spin ladders. The electronic heat tr
port as estimated from resistivity data and the Wiedema
Franz law is negligible. TheT dependence, i.e., the aniso
ropy of k and the absolute value ofkc cannot be explained
by a phonon heat transport and the data for Ca9La5Cu24O41
allow also to exclude exotic electronic contributions as d
cussed below.

In order to clarify the origin of the anomalous contrib
tion to kc we have investigatedkc as a function of a mag-
netic field. We find only very small field dependencies. Re
resentative data measured atT5105 K are displayed in Fig.
2. Up to our maximum field ofB514 T we find a slight
increase ofkc of about 0.3%. We stress that this does n
contradict a magnetic origin of the anomalouskc . Theoret-
ical estimates yield a small increase of about 1% as long
the spin gap is much larger than the Zeeman energy, as is
case for the spin ladders and the maximum applied field
B514 T.31

A determination and analysis of this very unusual magn
contribution requires a separation of a phonon backgrou
Unfortunately, it is impossible to determine unambiguou
the phonon background for Sr14Cu24O41. For example, at
high T the absolute values andT dependence are unpredic
able, which is clearly demonstrated by the qualitatively d
ferent behavior ofka and kb . Similar problems do exist a
low T, sincek is determined by strongly anisotropic phono
scattering that cannot be determined from independent
perimental data or from theory. This means that any deter
nation of the additional magnetic contribution in Sr14Cu24O41
leads to a large error for lowT and highT, i.e., for tempera-
tures where the totalk is not much larger thankph . In order
to estimate the phonon background we fit the data at
temperaturesT&40 K with a Debye model and extrapola
the behavior up to 300 K. The result of this description
kph is indicated by a solid line in Fig. 1, which is muc
smaller than the measuredk in the entire temperature rang
above 50 K.

FIG. 2. Field dependence ofkc at 105 K.
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However, considering only the data for Sr14Cu24O41 one
can question any nonphononic heat conductivity atT
*250 K. A much more reliable separation of phonon a
magnon heat transport is possible in the case
Ca9La5Cu24O41 whose thermal conductivities along thea
and c axes are shown in Fig. 3. At lowT the thermal heat
conductivity of this compound that contains undoped s
ladders and only slightly doped spin chains18,19 is much
smaller than in stoichiometric Sr14Cu24O41 for both direc-
tions. It is straightforward to attribute this isotropic suppre
sion ofkph at low T to structural defects. On the one hand
lattice site is occupied by randomly distributed Ca21 and
La31 ions with strongly different size, which is known t
suppresskph . On the other hand x-ray diffraction studie
show structurally disordered chains in Ca9La5Cu24O41. Sur-
prisingly, kc strongly increases above 40 K in spite of t
structural disorder. At intermediate and highT kc is even
larger than in stoichiometric Sr14Cu24O41 and the room-
temperature value is comparable to that found in metals
contrast to that a very small heat conductivity is found alo
the a axis in the entire temperature range. Reduced size
T dependence are typical forkph of a compound with many
structural defects. It is apparent from Fig. 3 that this stro
damping ofkph , which is inferred fromka as well as from
the low-T behavior ofkc , enables a reliable determination
the additional contributions tokc above'40 K.

Before we turn to a quantitative analysis ofkmag we men-
tion several conclusions that can be drawn from the qua
tive behavior ofk in Ca9La5Cu24O41 and, in particular, from
the comparison to the findings in the stoichiometric co
pound. The suppression ofkph that coincides with an en
hancement ofkc at high T gives very strong evidence tha
there are two independent contributions to the heat transp
Moreover, some thinkable origins of the large additional co
tributions to kc in Sr14Cu24O41 can be ruled out from the
additional data. Excitations of the chains are irrelevant, si
the magnetic and electronic properties of the heavily do
chains in Sr14Cu24O41 showing charge order, spin gap, an
dimerization are completely different from the long ran

FIG. 3. Thermal conductivities of Ca9La5Cu24O41 as a function
of temperature measured along thea andc axes,ka andkc , respec-
tively. The solid line represents an estimate of the phonon contr
tion to kc .
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ordered chains in Ca9La5Cu24O41.32,33 For example, heat
transport due to collective electronic excitations as sugge
for the thermal conductivity of the charge-density wave co
pound K0.3MoO3 ~Ref. 34! could be relevant in the strongl
doped charge ordering Sr14Cu24O41, whereas it is certainly
irrelevant in Ca9La5Cu24O41 due to the strongly reduced hol
content.

Similarly, the magnetic excitations in the chains cann
explain the anomalouskc . In Sr14Cu24O41 the magnetic ex-
citations in the chains are well described by localized tripl
on nearly noninteracting dimers.27,35These excitations do no
contribute significantly to the thermal conductivity. The ma
netic coupling of the Cu spins in the nearly undoped cha
of Ca9La5Cu24O41 is weakly ferromagnetic and belowT
&10 K long range magnetic order is observed.32,33The cor-
responding nearly gapless excitation spectrum might lea
magnon contributions to the thermal conductivity at lowT.
However, our data, which are nearly isotropic at lowT, do
not show any evidence for magnetic contributions at lowT.
In any case, the chain excitations are completely irrelev
for our discussion of the anomalous thermal conductivity
higherT.

Summarizing these arguments we have to state that
findings in Ca9La5Cu24O41 strongly support the interpreta
tion of the additional contribution tokc in terms of a magnon
heat transport along the spin ladders. This magnon heat
ductivity kmag is apparently not suppressed by structural d
order and, moreover, a smaller hole doping seems to enh
kmag at highT.

In Fig. 4 we show kmag for Sr14Cu24O41 and
Ca9La5Cu24O41, which are derived by subtracting the Deby
fits of the phonon contribution from the measuredkc . For
T&100 K absolute value and temperature dependencie
kmag are similar in the two compounds. However, pr
nounced differences occur at higherT. The magnetic hea
conductivity on Sr14Cu24O41 kmag strongly decreases abov
'150 K. This decrease is much less pronounced and
found at higher temperature~above '200 K) in
Ca9La5Cu24O41 where we find a very largekmag
'100 W/Km even at room temperature.

In order to analyze the magnon heat transport theor
cally, we start from the simple kinetic expression

u-

FIG. 4. Magnon thermal conductivities of Ca9La5Cu24O41 and
Sr14Cu24O41 as a function of temperature.
5-3
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kmag5
d

dT (
k

vkeknkl k , ~1!

wherevk , ek , andl k denote velocity, energy, and mean fr
path of the magnetic excitations. Assuming a momentu
independent mean free path, i.e.,l k[ l mag and using the dis-
tribution function

nk5
3

31eek /kBT
~2!

for the triplet excitations yields the following expression f
the magnon heat conductivity:

kmag5
3Nlmag

p\kBT2ED ladder

emax exp~e/kBT!

@exp~e/kBT!13#2
e2de. ~3!

Here,N is number of ladders per unit area andemax is the
band maximum of the spin excitations, which is at appro
mately 200 meV in (Sr,Ca,La)14Cu24O41. Note, that the dis-
tribution function ~2! is different from a Bose distribution
This difference is used to account, on average, for the h
core constraint of no on-site double occupancy for the trip
excitations. While such a form of the distributions functio
would describe the occupation of alocal triplet excitation
exactly, it is only meant as an approximate phenomenol
regarding the momentum space distribution — which is
known for the present case. The primary motivation for t
type of a triplet distribution is to suppress unphysically lar
triplet densities at higher temperatures. From Eq.~3! it is
apparent that a particular form of the magnon dispers
does not enter the heat conductivity of a one-dimensio
triplet gas within a kinetic description — an effect that h
not been noticed in other studies.17 In particular, the momen-
tum or energy dependence of the magnon velocityv, which
emerges from Eq.~1! plays no role in our approach. Not
that the assumption of ak-independent mean free path im
plies a k-dependent scattering rate sincev depends on the
wave number. While this assumption seems reasonable
defect scattering more involved scenarios will apply, in p
ticular, to inelastic scattering. Within our treatment the ma
non heat conductivity for experimentally relevant tempe
tures T!emax/kB mainly depends on two parameters: t
spin gapD ladder and the mean free pathl mag. We mention,
that Eq.~3! differs from an expression used by Sologuben
et al.17 for the heat conductivity of one-dimensional boso
not only by the distribution function~2! but also by an over-
all factor of 3 accounting for the triplet degeneracy.

For temperatures below 300 K,kmag does not depend
significantly onemax and in the following analysis of the dat
in the framework of Eq.~3! we useemax5200 meV accord-
ing to the literature.22,36It is impossible, to determine reason
able values of the two remaining parametersl mag andD ladder
by fitting the data with the expression in Eq.~3! without
further assumptions. Therefore, we ignore possible temp
ture dependencies of the spin gap and, moreover, assu
constant, temperature-independent mean free path at loT,
i.e., for a small number of thermally activated phonons a
18430
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magnons. Knowing the spin gap from this first step of t
analysis it is possible to extract the temperature-depen
l mag directly from the data.

Our assumption of a constantl mag at low T implies that
the heat conductivity is determined by the temperatu
dependent activation of magnons in this temperature ran
This is in agreement with the experimental data that roug
follow a simple activated behavior as displayed in Fig.
Note that Eq.~3! predicts deviations from the simple activa
tion law and taking into account these corrections, sligh
improves the description of the data as demonstrated in
5. The spin gaps ofD ladder5396 K andD ladder5430 K we
obtain are in fair agreement with the results from neutr
scattering. We conclude that both, the temperature dep
dence ofkmag and the absolute values of the spin gaps
tracted from the data confirm our analysis. Comparing
left and the right columns of Fig. 5 reveals that the agr
ment between data and theory is much better
Ca9La5Cu24O41 than for Sr14Cu24O41. In Ca9La5Cu24O41 the
separation ofkmag andkph is reliable and the thermal con
ductivity for T&100 K is well described by our model with
constant l mag. In Sr14Cu24O41 a fair agreement with the
theory at constantl mag can only be obtained in a limited
temperature range 55 K&T&85 K. Since the ambiguity in
choosing a reasonable phonon background leads to ap
ciable uncertainties in the determined spin gap, we have
analyzed the data by fixing the spin gap to the value kno
from neutron scattering (D ladder5377 K).22 In this case
l mag is the only fit parameter. The result is also shown in t
right column of Fig. 5~broken lines!. Again we obtain a
reasonable agreement between experiment and theory
temperatures above 80 K, the agreement is even better

FIG. 5. Temperature dependence of the magnon thermal
ductivities of Ca9La5Cu24O41 ~left! and Sr14Cu24O41 ~right! at low
temperatures in comparison with fit results to the data@dotted lines,
simple activation; solid lines, one-dimensional~1D! model for k;
broken lines~only Sr14Cu24O41), 1D model with fixed spin gap#.
Insets: Arrhenius representation ofk and fit results.
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obtained with our two-parameter fit. However, the deviatio
are slightly larger at lowT where our assumption of a con
stantl mag is more reasonable.

We conclude that the thermal conductivity does not all
one to determine the spin gap with extremely high precis
due to the uncertain phonon background. However, it is
parent that our theoretical model and the assumption o
constantl mag yield a good description of the data for reaso
able values of the spin gap as long as one considers loT.
The deviations occurring at higherT, i.e., for T*100 K, in
both compounds signal a significant temperature depend
of the mean free path.

Based on the preceding analysis of the low-tempera
behavior ofkmag we determined the temperature depende
of the mean free pathl mag ~see Fig. 6!. At low temperatures
we find a very largel mag of several thousand angstrom
Within the experimental uncertainty due to the phonon ba
ground we cannot resolve differences of the low-T saturation
values ofl mag for the two compounds containing spin la
ders with different hole content. There are, however, una
biguous and drastic differences at higher temperatures
Sr14Cu24O41, which contains spin ladders with a rather lar
hole doping, the magnon mean free path is much smaller
we find a rather strong temperature dependence betwee
K and 220 K. According to our analysisl mag saturates for
higher temperatures and atT5300 K the mean free path i
about 60 Å. While the saturation ofl mag above 220 K is
clearly extractable from our data, the absolute values ofkmag
and l mag strongly depend on the choice of the backgrou
i.e., the extrapolation ofkph , and, therefore, a much smalle
l mag at 300 K is also compatible with the raw data
Sr14Cu24O41. For the second crystal with nearly undop
spin ladders a very largel mag at room temperature is out o
question. Our analysis yields a magnetic mean free p
larger than 500 Å at 300 K. Moreover, the overa
temperature-dependent decrease ofl mag is less pronounced
and deviations from the constant low-T value start at higher
temperatures than in Sr14Cu24O41. Further, the magnon mea
free path in Ca9La5Cu24O41 is also distinctly larger than in
other one-dimensional spin systems like the spin-chain c
pounds SrCuO2 and Sr2CuO3.12,13

Our results for l mag in Sr14Cu24O41 are in qualitative
agreement with the findings reported by Sologubenkoet al.17

FIG. 6. Magnon mean free paths of Ca9La5Cu24O41 ~open sym-
bols! and Sr14Cu24O41 ~full symbols! as a function of temperature
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There are, however, quantitative discrepancies due to the
ferent theoretical description: for a givenkmag our analysis
leads to a smaller value ofl mag, mainly due to the more
realistic distribution function for the magnetic excitation
that we use in our approach@Eq. ~2!#. Yet, the mean free
paths that we extract from the analysis of our data are v
large. In Ref. 17 it was speculated that holes are the m
scatterers in the doped spin ladders of (Sr,Ca)14Cu24O41.
This speculation is only partially supported by our results
a crystal with undoped spin ladders. At lowT, our data do
not show a significant difference between the two cryst
indicating that the very largel mag at low temperature doe
not depend strongly on the hole content of the ladders. I
likely that the maximum magnon mean free path is det
mined by defects. Note, however, that one has to discri
nate between crystal defects and ‘‘magnetic defects,’’ si
there is no correlation between the maximuml mag and the
maximum phonon mean free path. The latter is much sma
in Ca9La5Cu24O41, which is obvious from the damping o
kph at low T.

In contrast to the results at lowT, we do find a pro-
nounced doping dependence of the magnon scattering at
T. The magnon mean free path is much smaller for the do
spin ladders of Sr14Cu24O41 and of the order of the mean hol
distance in the ladders ('25 Å) at 300 K.19 In the same
crystal resistivity shows a pronounced change of its temp
ture dependence atT'220 K. This anomaly, which is fre-
quently interpreted in terms of charge ordering, is absen
Ca9La5Cu24O41. Thus, one might argue that instead of t
hole content, the hole mobility is crucial for the scattering
magnons, in order to explain the weak doping dependenc
l mag at low T and the strong differences at highT. Yet, holes
and their mobility are not the only source of temperatu
dependent magnon scattering as demonstrated by our
for the crystal with undoped spin ladders. In this crystal
find a less pronounced, but qualitatively similar decrease
l mag for T.100 K. At room temperature the number o
both, thermally excited magnons and phonons is alre
rather large. For example, the inverse density of magnon
300 K as calculated forD ladder5430 K can be interpreted
as the ‘‘mean distance’’ of magnons and is already one or
of magnitude smaller thanl mag. Further experimental and
theoretical studies are necessary in order to determine
importance of magnon-defect, magnon-phonon and magn
magnon scattering.

In summary we have measured the thermal conducti
of hole doped and undoped spin ladders realized in the c
pounds Sr14Cu24O41 and Ca9La5Cu24O41. In both cases we
find a huge contribution tok due to magnon heat transpor
We have applied a simple kinetic approach to describe
contribution and have obtained the spin gaps of the ladd
and the temperature dependence of the mean free path
our analysis. Obviously, at lowT, scattering of magnons on
holes is rather ineffective since in this temperature reg
kmag of doped ladders is almost identical tokmag of the
undoped ladders. For both we find a very large mean f
path of magnons of several thousand angstrom. At highT,
increased mobility of holes causes a strong damping of m
non heat transport in the hole-doped ladders due to incre
5-5
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magnon-hole scattering, whereaskmag in the undoped lad-
ders only decreases slightly. This is reflected in the mean
path that in the former case at 300 K reduces tol mag

'60 Å that is in the same order of magnitude as the me
hole distance ('25 Å). For undoped laddersl mag

'500 Å at 300 K. This large value is one order of mag
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tude larger than the inverse density of magnons at this t
perature and might indicate only weak magnon-magnon s
tering effects.
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