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Thermal-transport properties of CeNiSn
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We present thermal-conductivityk and thermopowerS measurements on high-quality single crystalline
CeNiSn along the three crystallographic axesa, b, andc in the temperature range between 100 mK and 7 K
and in magnetic fields up to 8 T applied along thea axis. Bothk and S are highly anisotropic. However,
characteristic features that may be attributed to the opening of a pseudogap in the electronic density of states
~DOS! at the Fermi energyh below 10 K are seen forall three crystallographic directions. These features are
strongly suppressed by a magnetic field of 8 T applied along thea axis. At the lowest temperatures we have
evidence for the presence of a residual metallic DOS ath, again for all three directions. The saturation of the
reduced Lorenz numberL/L0 to a value distinctly higher than one is an interesting feature which deserves
further investigation.
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I. INTRODUCTION

Since the discovery of CeNiSn in 19841 and the claim2

that CeNiSn is one of the rare examples of valen
fluctuating cerium compounds with an energy pseudoga
the electronic density of states~DOS! at the Fermi levelh,
hundreds of reports on both experimental and theoretica
pects of this compound have appeared in the literature.
reason for the strong interest in CeNiSn is the special ro
was claimed3 to play among the so-called Kondo insulator3

systems in which the hybridization of a flat 4f band with a
broad conduction band is believed to lead, at half band
ing, to the formation of a narrow gap surrounded by sta
with predominant 4f character. CeNiSn was reported to ha
the smallest energy gap and to be, together with the isost
tural compound CeRhSb, the only noncubic representativ
this interesting class of strongly correlated semiconducto

According to a single-crystal x-ray diffraction study4

CeNiSn crystallizes in the orthorhombic non-centr
symmetric space groupPn21a. However, from neutron dif-
fraction experiments5 it was claimed that the structure o
CeNiSn is sufficiently well described by the centrosymme
space groupPnma. For both cases, the structure may
described as two-dimensional Ce-Ni-Sn networks paralle
theac plane stacked along theb direction. Alternatively, the
structure may be viewed as a stacking sequence of t
dimensional Ce networks parallel to thebc plane with a
Ni-Sn puckered network between them. This will result
anisotropic interactions of the almost localized 4f electrons
of Ce with the delocalized conduction electrons and the
fore in anisotropic magnetic and transport properties, as
already noted by Takabatakeet al.6

So far, most emphasis was put on the investigation of
pseudogap. Evidence for its opening at temperatures of
order of 10 K is, for example, derived from NMR measur
ments of the spin-lattice relaxation rate 1/T1,7 from tunneling
experiments,8 and from measurements of the ESR lin
width.9 Our main interest in the present work, however, co
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cerns a potential residual DOS within the pseudogap, in
mation on which may be obtained by measurements at v
low temperatures only. NMR measurements of 1/T1 vs T
revealed a Korringa law,10 and specific-heat measurements
linear temperature dependence,11 both below approximately
500 mK. This is evidence for a finite DOS at the Fermi lev
A more recent measurement of the specific heat gav
slightly different result.12 The ratio of the electronic specifi
heat to the temperature,Cel /T, was reported to slightly in-
crease with decreasing temperature below 500 mK. Fr
this it was inferred that the DOS of CeNiSn has a peak at
Fermi level inside the pseudogap. As we shall show bel
thermal-transport measurements at very low temperatures
a valuable tool for extracting additional information on th
residual DOS. In particular, measurements along the th
crystallographic axes provide information on the anisotro
of the residual charge-carrier density.

II. SAMPLES AND EXPERIMENTAL SETUP

The single crystalline CeNiSn samples investiga
here were grown by a Czochralski method using a rad
frequency furnace and were subsequently purified by
technique of solid-state electro-transport~SSE!. Details of
the crystal growth and purification process have be
described in Refs. 13 and 14. Rods elongated along
a, b, andc axes were cut by spark erosion to the dimensio
4.730.9130.77 mm3, 5.3130.7830.65 mm3, and 5.45
30.8430.69 mm3, respectively. The thermal conductivit
and the thermopower were measured by the usual ste
state methods in the temperature range between 100 mK
7 K in magnetic fields up to 8 T. In all cases the magne
field was applied along thea axis, which is the easy axis o
magnetization.6 Further experimental details are given
Ref. 15. The electrical resistivity of thea-axis crystal was
measured by a standard low-frequency lock-in technique.
thea-axis crystal thermal conductivity and electrical resist
ity were measured with the same spot-welded conta
14 912 ©2000 The American Physical Society
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PRB 62 14 913THERMAL-TRANSPORT PROPERTIES OF CeNiSn
This is essential for a quantitative analysis of the redu
Lorenz number to be presented below.

III. EXPERIMENTAL RESULTS

In this section we present our data and compare them
data available in the literature. For more clarity our interp
tation and discussion is kept for the next section. The th
mopowerS of CeNiSn measured along thea, b, andc axes
is shown in Fig. 1 as a function of temperatureT between
100 mK and 7 K.S(T) is highly anisotropic. The larges
values are found forSa(T), which passes over a maximum o
48 mV/K at 4.4 K. This maximum is six times larger tha
the maximum observed forSb(T) at 3.5 K, and nine times
larger than the maximum ofSc(T) at 1 K. TheS(T) behav-
ior at the lowest temperatures is extremely rich, with seve
well-defined structures, particularly for thea- and b-axis
crystals, whereS(T) changes sign once and twice, respe
tively. Our data differ from the published data6,14,16–18on
other single-crystalline CeNiSn samples in several respe
First, all previous reports give a higher low-temperatu
maximum for thec axis than for thea axis. Our results,
however, yield the largest maximum for thea axis. In the
temperature range where the low-temperature maximum
Sc(T) is reported in the literature~2 to 3 K!, our Sc(T) data
display no maximum at all, but are small and vary smoot
instead. Secondly, the temperature of the maximum of
Sa(T) data is by at least 1 K higher than in all other repor
Thirdly, a maximum at approximately 3.5 K inSb(T) as seen
in our data was reported only in Ref. 14, while Refs. 6 a
18 report a minimum instead. Below 1.5 K, comparison c
be made only with the data of Ref. 16. Here,S(T) was
reported to be proportional toT below 1 K, in striking con-
trast with our findings. All these discrepancies are m
probably related to the differences in sample quality.
mentioned above, none of the single crystals on whichS(T)
measurements were reported so far6,14,16–18was purified by
the SSE technique but, as was shown by Nakamotoet al.,14

this treatment is crucial for improving the sample quali
The SSE-treated samples investigated here have by fa
lowest resistivity at 2 K and are the only ones with a positiv

FIG. 1. ThermopowerS of CeNiSn along the three crystallo
graphic axesa, b, andc vs temperatureT.
d

to
-
r-

al

-

ts.
e

in

y
r

.

d
n

t
s

.
he

slopedr/dT at 2 K, clear indications for the highest samp
quality.

Figure 2 shows semilogarithmic plots ofSa(T), Sb(T),
andSc(T) in magnetic fields of 0, 4, and 8 T applied along
thea axis. For all three directions a magnetic field affects t
thermopower drastically. ForSa(T), the maximum at 4.4 K
is reduced in size and shifted to lower temperatures. Also
shoulder at approximately 1 K is suppressed by the field. In
theb direction, the minimum at 1 K is already suppressed b
4 T. This leads to an increase of the maximum at 3.5 K,
a field of 8 T overcompensates this effect and clearly redu
the size of this maximum and shifts it to lower temperatur
as was also observed for thea direction. The behavior of
Sc(T), however, is completely different. Here, the maximu
at 1 K is strongly enhanced and shifted to higher tempe
tures by the magnetic field. Magnetic-field measureme
were done only in Refs. 16 and 18 where the field was
plied along and perpendicular to the heat flow, respectiv
The results forSa(T,B58 Tia) of Ref. 16 are in qualitative
agreement with our data. At 8 T, the maximum ofSa(T,B
50 T) at 3.5 K is reduced by 50% and shifted to low
temperatures by 1 K. TheSc(T,Bia) data of Ref. 18, how-
ever, are in striking contrast with our data. While the peak

FIG. 2. Temperature dependence of the thermopowerS(T) of
CeNiSn along thea, b, andc axis in panels~a!, ~b!, and ~c!, re-
spectively, each in zero magnetic field and at 4 and 8 T. The fi
was applied along thea axis.
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14 914 PRB 62S. PASCHENet al.
Sc(T,B50 T) at 2.3 K is completelysuppressedby 8 T in
Ref. 18, in our sample the magnetic fieldcreatesa peak
centered at approximately 2 K. TheSb(T,Bia) data of Ref.
18 are difficult to compare with our data since already
zero-field data are very different from ours.

In Fig. 3 we present the thermal conductivityk of CeNiSn
measured along thea, b, andc axes as a function of tem
peratureT between 100 mK and 7 K. Similar toS(T), k(T)
is highly anisotropic. However, forall three directions
anomalous enhancements ofk are observed in the invest
gated temperature range. The highest values are found
kb(T), which shows a pronounced anomaly with a maximu
of almost 40 mW/Kcm at 3.8 K. Forkc(T) a very shallow
maximum of 20 mW/K cm is found at approximately 5 K
For ka(T) a plateau at 4.5 K is found. Again we compare o
data with publishedk(T) data on other CeNiSn single crys
tals in the temperature range 100 mK to 8 K~Ref. 16! (a and
c axis only!, 1.6 to 18 K,19 and 1.5 to 100 K.20 There is at
least qualitative agreement between all reports: The lar
anomaly is observed for theb direction, smaller anomalie
are found forka(T) and kc(T). A quantitative comparison
shows that for our sample the maximum ofkb(T) is almost
twice as high as for the previous samples. In addition,
maximum occurs at a temperature more than 1 K lower than
reported in the literature.16,19,20The higher thermal conduc
tivity confirms that among all samples studied so far,
SSE-treated ones are of the highest quality.

Application of a magnetic field parallel to thea axis leads
to a reduction of the above discussed enhancements ink(T)
for all three directions, as is shown in Fig. 4. The effect
strongest for theb direction, where a magnetic field of 8
reducesk at 3.8 K, the temperature of the maximum, b
almost 50%. The same field reduceska(T) andkc(T) by 30
and 35% at 4.5 and 5 K, respectively. This is in over
agreement with literature results on other CeNiSn sin
crystals. A field of 8 T applied along thea axis was found to
reduceka(T) by 25% at 5 K~Ref. 16! and by almost 30% a
4.3 K,20 in good agreement with our results. However, t
depression by about 30% ofkb(T) of the sample addresse

FIG. 3. Thermal conductivityk of CeNiSn along the three crys
tallographic axesa, b, and c vs temperatureT. The solid curve
represents the electronic thermal conductivity along thea axis ob-
tained from the Wiedemann-Franz~WF! law.
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in Ref. 20 by the same field is distinctly smaller than for o
sample.

The electrical resistivity of thea-axis crystal is shown in
the inset of Fig. 5 as a function of temperature between
mK and 7 K. As mentioned above, the sample and its e
trical contacts are the same as used for the therm
conductivity measurement. The metallic behavior down
the lowest temperatures confirms the high sample qua
The electrical resistivities of theb- andc-axis crystals in the
temperature range 400 mK to 300 K have been publis
previously.21

IV. ANALYSIS AND DISCUSSION

We begin with a discussion of the thermopower. Usua
distinction is made between the diffusion thermopowerSd
and several drag contributions. The phonon-drag th
mopower frequently leads to a maximum inS(T) at 0.1 to
0.23QD , where QD is the Debye temperature. From
specific-heat measurements on LaNiSn,QD of CeNiSn was

FIG. 4. Temperature dependence of the thermal conducti
k(T) of CeNiSn along thea, b, andc axis in panels~a!, ~b!, and
~c!, respectively, each in zero magnetic field and at 4 and 8 T.
field was applied along thea axis. The insets show closeups at lo
temperatures. The lines are best linear fits to the data.
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PRB 62 14 915THERMAL-TRANSPORT PROPERTIES OF CeNiSn
estimated22 to be 230 K. Thus, the phonon-drag peak inS(T)
is expected to lie outside the temperature range investig
here. Since spin fluctuations are believed to be importan
CeNiSn, a paramagnon-drag thermopower may be expe
In many paramagnetic spin-fluctuation systems extrema
S(T) have been observed near the spin-fluctuat
temperature.23 Inelastic neutron-scattering measurements24,25

revealed two excitations at 2 and 4 meV below appro
mately 20 K. These were interpreted as three-dimensio
and quasi one-dimensional dynamic antiferromagnetic co
lations, respectively. It may well be possible that at least p
of the anomalies found in the thermopower at approxima
20 K ~Refs. 6, 13, 17, and 18! is due to the paramagnon dra
from these fluctuations. Since there is no obvious reaso
assume that drag contributions are important at much lo
temperatures, i.e., below 7 K, we restrict ourselves to
interpretation of our data in terms of a diffusion the
mopower.

For a degenerate Fermi gas the diffusion thermopowe
in the Sommerfeld derivation, given by the so-called M
expression26 Sd5p2kB

2/(3e)T(] ln s/]e)e5h , wheres is the
electrical conductivity,h the Fermi energy,e the elementary
charge including sign, and the other symbols have their u
meaning. AtT50, Sd50. If (] ln s/]e)e5h is temperature
independent,Sd is linear inT. In heavy-fermion systems, th
electronic quasiparticles defined in a one-band model of i
erant fermions are complex objects, i.e., they are domina
by the localf degrees of freedom, with an admixture of itin
erant conduction-electron contributions.27 In a few heavy-
fermion metals, both ‘‘heavy’’ and ‘‘light’’ charge carrier
have, in fact, been identified via low-temperature de Ha
van Alphen measurements on different parts of the renorm
ized Fermi surface.28 As was shown by Zwicknagl,27 the
largeT2 term in r(T) found in the low-temperature regim
of ‘‘heavy Fermi liquids’’ like CeCu6

29 leads to the follow-
ing scenario: While ‘‘light’’ charge carriers provide the ele
trical current, their main scatterers are the ‘‘heavy’’ on

FIG. 5. Reduced Lorenz numberL/L0 of CeNiSn along thea
axis as a function of temperatureT. The inset shows the temperatu
dependence of the electrical resistivityr(T) of the same crysta
measured along thea axis.
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Adopting this point of view in analyzing the transport pro
erties of CeNiSn which behaves like a heavy fermion abo
the characteristic~Kondo! temperatureT* , one may consider
a two-band model.26 In this model the thermopower is we
represented by the ‘‘light’’ carriers~or ‘‘conduction elec-
trons’’! with the DOSNs being scattered from the ‘‘heav
carriers’’ ~or ‘‘4 f electrons’’! with a relaxation ratet f

21 .
Thus, s}Nst f . In a first approximation, we may se
t f

21(e)}Nf(e), whereNf is the resonant 4f -electron DOS,
and obtainSd5p2kB

2/(3e)T(] ln Ns/]e2] ln Nf /]e)e5h . The
term (] ln Nf /]e)e5h may reach very large absolute valu
compared to the corresponding expression ind-band metals.
Pronounced temperature dependences of this term, leadi
nonlinearities inSd(T), are expected at two temperatu
scales: at temperatures aboveT* '50 K,22 where the so-
called Abrikosov-Suhl resonance,Nf(e), becomes strongly
reduced, and at temperatures below 10 K where a gap o
within Nf(e). It is known from Hall-effect measurements11

that the effective charge-carrier concentration decrea
steeply upon cooling below 5 to 10 K. In the two band mod
this means that also in the conduction-electron DOS,Ns(e),
a gap opens in this temperature range. Thus, below 10 K
term (] ln Ns/]e)e5h may contribute non-negligibly toSd .
The interpretation of theS(T) data below 10 K first given by
Takabatakeet al.6 and quoted by most authors of later pu
lications is the following. Upon cooling, the increase
Si(T) below 5 to 10 K was claimed to result from the ope
ing of a pseudogap whereas the maxima observed at leas
Sa and Sc in the vicinity of 3 K were said to suggest a
residual DOS with a temperature-dependent structure.
believe that our data show that this interpretation has to
slightly modified. We shall start with the features related
the opening of the pseudogap. While bothSa andSb increase
below 8 K, Sc decreases. An increase ofSc sets in only at
approximately 4.5 K. According to the above interpretati
this would mean that the pseudogap inc direction opens at
lower temperatures than the ones ina and b direction.
Thermal-conductivity measurements,20 however, indicate
that the pseudogap opens at the same temperature fo
three directions. Thus we propose that it is the slight
crease ofSc when cooling below 8 K which reflects the onse
of the gap opening inc direction. The extrema in the vicinity
of 4 K, i.e., the maxima ofSa(T) and Sb(T) and the mini-
mum of Sc(T) might correspond toNs(e) and/or Nf(e)
reaching the steepest slopes at this temperature. The res
DOS, on the other hand, becomes apparent only at lo
temperatures. The features at 1 K, i.e., the shoulder inSa(T),
the minimum inSb(T), and the maximum inSc(T) indicate
that very narrow features in the DOS show up at this te
perature, in agreement with the specific-heat results12 men-
tioned above. We propose two explanations for this to h
pen. Firstly, the above-mentioned (T* '50 K) Abrikosov-
Suhl resonance has very narrow ‘‘side features,’’ which ex
at the Fermi level already well above 1 K but become appar
ent only at 1 K when they cease to be smeared out by
Fermi function. Secondly, a second extremely narrow ma
body resonance that forms within the pseudogap of the
~wide! Abrikosov-Suhl resonance,Nf(e), starts to develop
only at 1 K. Finally, the appearance of a minimum inSa(T)
and a maximum inSb(T) at T<200 mK suggest that the
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residual DOS at the Fermi level is temperature depend
even far below 1 K. The features inS(T) associated with the
gap opening, which were described above, are strongly
pressed by a magnetic field applied along thea axis. In the
Kondo lattice model a destruction of the coherence gap
expected at low magnetic-fields if the RKKY and the Kon
interaction are of similar strength.30 That this is indeed the
case for CeNiSn was very recently shown by experime
under uniaxial stress.31 At pressures of only 0.1 GPa applie
along theb or c axis, CeNiSn orders antiferromagneticall
The unusual magnetic-field dependence of the feature
S(T) at approximately 1 K, i.e., the suppression of the sho
der in Sa(T) and of the minimum inSb(T) and the strong
enhancement of the maximum inSc(T) would, in our above
interpretation, indicate that the magnetic field leads to a
distribution in k space of the charge-carrier density givin
rise to the residual DOS.

We now turn to the discussion of the thermal-conductiv
data. According to the high-temperature data of Ref. 20,
thermal conductivity of CeNiSn decreases continuou
when cooling from 100 K to approximately 10 K. Below th
temperature unusual enhancements ofk(T), most pro-
nounced for theb axis, are observed~Fig. 3!. As the authors
of previous reports,16,19,20 we believe that these enhanc
ments result from the opening of a pseudogap. The me
nism for the enhancements will be discussed below. In a
tion to ourk(T) data as measured, we have plotted in Fig
the electronic contribution to the thermal conductivity alo
thea axis,ka

el,WF(T), calculated from the electrical resistivit
along thea axis under the assumption that the Wiedema
Franz~WF! law is valid. According to this estimate the ele
tronic contribution is negligible above approximately 1 K.
Fig. 6 we replot the data of Fig. 3 on a double-logarithm
scale. Between 600 mK and 2 K, thek i(T) data are reason
ably well approximated byk}T2. A quadratic temperature
dependence ofk(T) is commonly attributed to a phononi
thermal conductivity with predominant scattering of phono
from charge carriers. One assumption made in the deriva
of the quadratic temperature dependence32 is that the charge-
carrier concentration is temperature independent. Accord

FIG. 6. Thermal conductivityk data of Fig. 3 replotted on a
double-logarithmic scale. The straight lines at low temperatu
have slope one, the lines at higher temperatures slope 2.
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to Hall-effect measurements this is, however, not entir
true for CeNiSn. At least for thea axis, for which the Hall
coefficientRH was measured down to 500 mK,33 uRHu does
not cease to increase even at 500 mK. IfRH is temperature
dependent, one expects32 k(T)}T23„RH(T)…2/3 which, with
the RH(T) data of Ref. 33, does indeed give a better agr
ment with ourka(T) data than the purek(T)}T2 law. Since
our kb(T) and kc(T) data follow thek(T)}T2 law better
than our ka(T) data do, we predict that, below 2 K,RH
should show a weaker temperature dependence both a
the b and c axis than along thea axis. The dominant hea
carriers being phonons between 600 mK and 2 K is in agree-
ment withka

el,WF!ka , as was shown in Fig. 3. The phono
mean free pathl may be estimated from the relationk
5Cv l /3, whereC is the lattice specific heat andv the mean
phonon velocity. Using the phonon contributionC5bT3

with b50.49 mJ/K4mol of LaNiSn,22 the sound velocities
calculated from the elastic constantsC11, C22, andC33 of
CeNiSn,34 and our k(T) data, we obtainl a531 mm, l b
566 mm, andl c535 mm at 1 K and values approximatel
one order of magnitude smaller at 4 K. From these valu
which are much smaller than the smallest sample dimen
of 0.65 mm, and from the quadratic temperature depende
of k(T) it is clear that the regime of boundary scatteri
(k}T3) is not reached at these temperatures. Instead,
phonons are strongly scattered from charge carriers. Fur
evidence for this scenario comes from the data below
mK. Here,k is a linear function ofT for all three directions.
The linear-in-T dependence ofk below 300 mK suggests
that in this temperature range the heat is predomina
transported by charge carriers. The existence of this e
tronic contribution is strong evidence for a residual char
carrier density at the Fermi level for all three crystall
graphic directions. The magnetic-field dependence of
low-temperature thermal conductivity is shown in the ins
of Fig. 4. Whileka(T) andkc(T) are reduced by the mag
netic field, a field of 8 T clearly enhanceskb(T). Next we
discuss the temperature range between 2 and 7 K, where
unusual enhancements ink(T) related to the opening of the
pseudogap are observed. First we argue that, as between
mK and 2 K, also in this temperature range the thermal c
ductivity is dominated by the phonon contribution. Eve
though the effective charge-carrier concentration increa
strongly from 2 to 7 K,33 the electrical conductivity
decreases,33 which must be due to a strongly decreasing m
bility. Thus the strong increase of the charge-carrier conc
tration is not expected to translate into a strong increase
the electronic thermal conductivity between 2 and 7 K.
fact, the electronic thermal conductivity estimated with t
help of the WF law,kel,WF, is only weakly temperature de
pendent and small compared to the phonon thermal con
tivity in the temperature range under discussion~Fig. 3!. At
higher temperatures,kel,WF was estimated20 to increase con-
tinuously and to reach about 25% of the total thermal c
ductivity at 100 K. Our second claim is that also the dom
nating scattering mechanism is the same in the tempera
range from 600 mK to 2 K and, at least, up to 7 K, namel
phonon scattering from charge carriers. This is plausible
cause, as mentioned above, the number of charge car
and therefore the number of phonon scatterers increases
increasing temperature. With these two assumptions

s
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PRB 62 14 917THERMAL-TRANSPORT PROPERTIES OF CeNiSn
enhancements20 observed ink upon cooling below 10 K can
be explained as follows. When the gap starts to open, ch
carriers start to freeze out which reduces the phonon-elec
scattering rate and leads to the observed enhancemen
k i(T). This mechanism was already proposed by Ishika
et al.19 from the similarity of the gap-related features
CeNiSn with those in high-Tc cuprates. Our analysis pro
vides strong evidence for this scenario. Also the field dep
dence is well understood in this picture. Application of ma
netic fields along thea axis suppresses the pseudogap a
thus the decrease of the charge-carrier concentration u
cooling below 10 K. Therefore the enhancements ink i(T)
observed in zero field are reduced at 4 and 8 T.

It is not obvious to establish a relation between the anis
ropy in our data and the crystal structure of CeNiSn.4,5 The
following structural information might be relevant in th
sense. The shortest Ce-Ce distances occur almost pa
(10° out of thea direction! to the a axis, such that the Ce
atoms form only slightly ragged zig-zag chains in theac
plane alonga. The shortest Ce-Ni distances occur in t
sameac plane. Taking also the second and third short
Ce-Ni distances, which are only by 1.9% and 2.3% long
zig-zagged Ce-Ni planes are formed which are stacked a
the a axis. Some of the properties observed in the literat
are at least plausible with these structural consideratio
While uniaxial pressurep applied along theb or c direction
drives CeNiSn antiferromagnetic,pia does not.31 One can
imagine thatpib or c disturbs the hybridization in the Ce-N
planes whilepia only brings the planes closer to each oth
Disturbing the hybridization may lead to the RKKY intera
tion winning over the Kondo interaction and may thus dri
the system antiferromagnetic. A study of thermal transp
under uniaxial pressure would be of great interest. Anot
very interesting observation was made by a polarized n
tron study.5 In applied magnetic fields a small magnetizati
has been observed at the Ni site, in addition to the one on
Ce sites. In magnetic fields applied along thea axis this
magnetization is displaced towards the nearest-neighbo
atom. The authors ascribed this to an anisotropic and fi
dependent hybridization between Ce and Ni. This might a
be the origin of the unusual anisotropic field dependence
the thermopower~Fig. 2! and of the low-temperature therm
conductivity ~insets of Fig. 4!.

In the following we compare our data to theoretical p
dictions for CeNiSn available in the literature. Ikeda a
Miyake35 ~IM ! describe CeNiSn in the framework of the p
riodic Anderson model at half filling, with a hybridizatio
matrix element that vanishes along thea axis, supposing a
special symmetry of the crystal field ground state. The th
mal conductivity resulting from the IM DOS was calculate
by Moreno and Coleman36 for the a axis and for thebc
plane. ka(T) has a pronounced maximum at 0.0023D,
where 2D is the bandwidth of the conduction band.kbc(T)
displays only a very moderate enhancement at this temp
ture, with ka /kbc52.3. Moreno and Coleman propose th
the anisotropic hybridization leading to the IM state is n
driven by a particular crystal field symmetry but rather
Hund’s interaction acting on virtual 4f 2 configurations of the
Ce ions. Besides the IM state, Moreno and Coleman fin
quasioctahedral state~which we shall call MC state! for
which the hybridization vanishes exactly along thea axis and
ge
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vanishes almost along the (1,1) and (1,21) directions in the
bc plane. The thermal conductivity for this MC state is al
given in Ref. 36. Here, it iskbc(T) that has a maximum a
0.0033D, while ka(T) decreases continuously at this tem
perature. The anisotropy is withkbc /ka51.5 at 0.0033D
less pronounced than for the IM state. Our data~cf. Fig. 3!
favor the MC scenario in thatkb(T) andkc(T) show more
pronounced enhancements thanka(T). The agreement be
tween the MC state and our data~cf. Fig. 3! is even better
than the agreement between the MC state and the dat
Ref. 20 whereka(T) and kc(T) showed similar enhance
ments. A serious shortcoming of both the IM and the M
state is, in our opinion, that they yield transport propert
which are isotropic in thebc plane, which is clearly not the
case~cf. Figs. 1 and 3!. The major open problem, howeve
is the discrepancy between our interpretation of the enha
ments ink(T) as phonon-dominatedfeatures and the theo
retical calculations yielding similar enhancements for t
purely electroniccontribution tok(T).

Finally, we discuss the temperature dependence of
reduced Lorenz numberL/L0 of CeNiSn, whereL is the
Lorenz numberk/(sT) and L0 its Sommerfeld value 2.45
31028 WV/K22. s is the electrical conductivity. For a
simple metalL/L051 at low temperatures where the therm
conductivity is entirely electronic in nature and charge ca
ers are scattered~elastically! from static lattice defects. In
Fig. 5 we plotL/L0 of our a-axis CeNiSn crystal as a func
tion of temperature between 100 mK and 7 K.L/L0 de-
creases from 18 at 7 K to 1.48 at 100 mK. The large value
at high temperatures are in agreement with our prior in
pretation that in this temperature rangek is phonon domi-
nated. The saturation below 200 mK to a constant value
dicates that, below 200 mK, the thermal conductivity
entirely electronic in origin, confirming that there is a fini
metallic DOS at the Fermi level. However, the value 1.48
which L/L0 saturates, is distinctly enhanced over 1. The
are several possibilities for such an enhancement to occu
first interpretation uses the apparent semimetal-like chara
of CeNiSn. In an intrinsic semiconductor, generation
electron-hole pairs at the hot sample end and recombina
~with emission of an energy of the order of the gap energy! at
the cold sample end lead to an additional contribution to
thermal conductivity and therefore to enhancedL/L0 values.
As indicated in Ref. 37 one expects an analogous effec
semimetals. A second explanation considers the many-b
interactions in CeNiSn. In the framework of the Anderso
impurity model, Cox38 has calculatedL/L0 and found values
between 1.2 and 2 at temperatures above the coherence
peratureT0. Below T0, however,L/L0 tends to the value 1
For the scattering time figuring in the expressions for
transport coefficients, Cox used the Abrikosov-Suhl re
nance lacking ‘‘fine structure,’’ as typical for a single impu
rity. This is, of course, only a very rough approximation
the real situation in CeNiSn, especially at low temperatu
where the pseudogap is believed to open in the quasipar
DOS. It would be of great interest to calculate the tempe
ture dependence ofL/L0, possibly for all three crystallo-
graphic directions, using the more realistic quasiparti
DOS ~Refs. 35, 36, and 39! proposed for CeNiSn.
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V. SUMMARY

Our low-temperature measurements of the thermopo
and the thermal conductivity along thea, b, andc axes of
high-quality CeNiSn single crystals are in agreement with
energy pseudogap opening along all three directions so
what below 10 K and being strongly reduced by magne
fields applied along thea axis. Below 300 mK, the therma
conductivity along all three directions is a linear function
temperature providing strong evidence for a residual cha
carrier density existing within the pseudogap, for all thr
directions. The large anisotropic structures in the tempe
ture dependence of the thermopower suggest that the ch
carrier distribution around the Fermi level is anisotropic a
has sharp temperature-dependent features, even at the lo
temperatures where the pseudogap is believed to have
pletely opened. The unusual field dependences of the s
tures in S(T) at approximately 1 K and of the low-
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temperature thermal conductivity might indicate that t
magnetic field leads to a redistribution of the residual char
carrier density ink space. The relation between this possib
charge redistribution and the suppression of the pseudo
remains to be established. Calculations of the transport c
ficients using the existing models for CeNiSn would de
nitely further enhance the current understanding of CeNi
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