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Strong reduction of quasiparticle scattering rate with gap formation in CeNiSn
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We measured the temperature dependence of the surface impedanceZs5Rs1 iXs at 9.6 and 14 GHz in a
single crystal of the Kondo lattice compound CeNiSn, from which microwave complex conductivity
s(T)5s1(T)2 is2(T) was determined. Below about 10 K the imaginary parts2 increases rapidly and the real
parts1 is much lower than the dc conductivity. These results indicate a rapid decrease in the scattering rate of
the quasiparticles, whose excitation spectrum is drastically changed with the coherence gap formation at low
temperatures.@S0163-1829~97!04936-9#
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I. INTRODUCTION

Among Kondo-lattice compounds, which have local ma
netic moments due to 4f or 5f electrons at periodic sites
so-called ‘‘Kondo semiconductors’’ such as CeNiSn a
CeRhSb have attracted much attention. They show a cha
teristic crossover from metallic heavy-fermion to semico
ductinglike or semimetalliclike behavior with the formatio
of a small energy gap in the electronic excitation spectr
below about 10 K.1–4 The temperature dependence of t
NMR relaxation rate has been explained by a pseudo
with V-shaped structure, which is quite different from
usual activation type.3 This pseudogap is considered an a
isotropic gap, which vanishes in a direction in the mome
tum space. Tunneling spectrum measurements have als
vealed clearly the occurrence of a gap near the Fermi sur
of the order of 10 meV in CeNiSn.4 The magnetoresistanc
measurements have suggested that the gap is reduced b
plication of a magnetic field along thea axis of the
crystal.5–7 In addition, the inelastic neutron scattering stud
show the existence of anisotropic magnetic excitations.8,9

The transport properties of CeNiSn are somewhat con
ing. Clean CeNiSn single crystals recently obtained have
hibited completely metallic temperature dependence of re
tivity along the orthorhombica axis down to 1.4 K.5,6 Only
poor samples with some impurity phases become semi
ductinglike. For the latter, the magnitude of the Hall coe
cient was reported to be enhanced at low temperatu
which seemed consistent with a gap formation. Howev
such an effect occurs even in metallic samples.6,10 The ques-
tion is why the resistivity shows metallic behavior even if
gap is formed at low temperatures. In order to elucidate s
unusual transport properties, it is very important to extr
the scattering time of carriers, since in a simple model
resistivity is a function of the effective massm* , the carrier
560163-1829/97/56~13!/8277~5!/$10.00
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number n, and the ~renormalized! scattering time t ;
r(T)5m* /ne2t.

Measurements of microwave complex conductiv
s5s12 is2 are powerful to investigate the scattering tim
t.11–15The real and imaginary parts of the conductivity va
differently as functions oft. If we can determines1 ands2
simultaneously, a quantitative analysis oft becomes pos-
sible. In contrast to the optical reflectivity measuremen
which need Kramers-Kronig transformations to extracts1
and s2 , the microwave cavity perturbation technique c
directly determine these quantities at a fixed frequency.
have measured the surface impedance and determined
temperature dependences ofs1(T) ands2(T) at 9.6 and 14
GHz in a CeNiSn single crystal. Using the Drude model,
found that the scattering time of the carriers is drastica
enhanced below about 10 K. This result indicates a str
reduction of the scattering rate with the formation of the g
in the quasiparticle spectrum.

II. EXPERIMENT

The CeNiSn single crystal used in the present study w
grown from stoichiometric starting materials by a Czochr
ski method.5 Similar crystals were characterized previous
by magnetic susceptibility, transport, and thermodynam
measurements.5,6 The crystal used in this study is of rela
tively high purity. The impurity phases~Ce2O3 and
CeNi2Sn2! were found to be less than 0.2%. It shows meta
behavior along thea axis down to 1.4 K, and is semiconduc
tive in other directions@see Fig. 1~a!#. For the microwave
surface impedance measurements, the crystal was cut in
parallelepiped with the dimensions of 1.16, 1.03, and 1
mm along thea, b, andc axes, respectively.

The temperature dependence of the surface impeda
was measured by using a superconducting cavity res
8277 © 1997 The American Physical Society
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8278 56T. SHIBAUCHI et al.
ator.13,15,16 The cavity is maintained at liquid He temper
ture, while the sample on a sapphire rod can be heated u
100 K. The sample is placed in the center of the cylindri
cavity, where the magnetic field componentHac of micro-
wave is maximum along the cavity axis for both TE011 and
TE013 resonance modes. Therefore, we can measure the
nant frequencyf andQ at two frequencies in one experime
tal run. The cavity showed sharp resonances (Q;106) at 9.6
GHz for the TE011 mode and at 14.1 GHz for the TE013
mode. The real and imaginary parts of the surface impeda
Zs5Rs1 iXs are determined by the change inQ21 and f ,
respectively.13,15,16 In the normal skin effect regime@where
the skin depthdcl5(2/m0vs)1/2 is much longer than the
mean free pathl #,17 the surface impedance is related to t
complex conductivitys5s12 is2 by

Zs5Rs1 iXs5S im0v

s12 is2
D 1/2

, ~1!

wherem0 is the permeability of the vacuum andv52p f .
Thus, at high temperatures where the Hagen-Rubens rela
holds ~s1@s2 ands1.sdc), we can derive

Rs5Xs5~m0v/2sdc!
1/2. ~2!

FIG. 1. ~a! Temperature dependence of 2Rs
2/(m0v) at 9.6 and

14 GHz along thea, b, and c directions in the CeNiSn single
crystal. The solid curves represent the temperature dependen
anisotropic resistivityrdc(T). ~b! Temperature dependence of Ha
coefficient in a crystal which shows similarrdc(T) ~after Ref. 7!.
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Using this equation, 2Rs
2/m0v should be equal to the d

resistivity rdc at high temperatures.
For the measurements of the anisotropy ofZs , the crystal

was oriented with thea, b, andc axes parallel toHac.
18–20

For example, in the configuration ofHacia the ac eddy cur-
rent flows in theb-c plane. In this case, the measured surfa
impedance is expressed as~LbZs

b1LcZs
c)/(Lb1Lc), where

Li is the appropriate dimension of the crystal and the sup
script i ~i 5a, b, or c! denotes the direction of the current.
we measure the three configurations, we can determ
Zs

i (T) ~i 5a, b, or c! and hences i(T) through Eq.~1!.

III. RESULTS AND DISCUSSION

Figure 1~a! shows the temperature dependence
2Rs

2/m0v with the currentj flowing along each direction in
the single crystal of CeNiSn. Also shown are the data
anisotropic dc resistivityrdc(T) measured by using crystal
from the same batch~No. 3 of Ref. 6!, and in Fig. 1~b! are
the Hall coefficient data for crystal No. 4 of Ref. 6 whic
shows similarrdc(T). At temperatures above 10 K, the d
data and the microwave data coincide with each other. T
means that the Hagen-Rubens relation@Eq. ~2!# holds in this
temperature range. At low temperatures, however, 2Rs

2/m0v
deviates from the dc resistivity~solid curves!. Except forj ic
at 14 GHz, higher frequency data show smaller values
Fig. 2, the surface resistanceRs below 20 K is compared
with the surface reactanceXs in a linear scale. It clearly
shows that below about 10 K the relationRs5Xs @Eq. ~2!#
breaks down, and the differenceXs2Rs increases as the tem
perature is lowered. These results indicate that at low te
peratures we cannot ignore the imaginary parts2 of the com-
plex conductivity in the denominator of Eq.~1! in this
microwave frequency range. These results are different fr
those of millimeter-wave measurements reported for Ce3
polycrystals,11,12 from which the authors claimed that th
contribution ofs2 was small.

Using Eq.~1!, we can directly determine the temperatu
dependence of the real and imaginary parts of the conduc
ity s5s12 is2 of our CeNiSn single crystal. Figure

of

FIG. 2. Temperature dependence of surface resistanceRs and
surface reactanceXs at 9.6 GHz. In all the directions,Xs ~open
symbols! deviates fromRs ~closed symbols! below about 10 K.



an
e

m
fo
n-

n
he
f

is,
w

ob
h
re

vit
g

d

r
t

n

t
th

tal
lain

the
e-

o
e,

hy
.
the
hen
is

pe-

tter-
a-
ther

at
lec-
ear

is in
tors.
y-
-

ce of
ity,
r

ak

Pt
a-

d in

e

this
ctiv-

in
ry

eas-
uct-

as

low

vity
on-
,

ity
Sn

56 8279STRONG REDUCTION OF QUASIPARTICLE . . .
shows the low-temperature data fors1(T) and s2(T) in
comparison with the dc conductivity. In this figure we c
see two interesting points. One is the anomalously large
hancement ofs2 ~open symbols!, which increases to the
same order ass1 ~closed symbols!. The second point is the
considerable deviation ofs1 from the dc conductivity at low
temperatures. These features can be interpreted by a si
analysis. Let us consider the single-band Drude model
low-frequency conductivity. In this model, the complex co
ductivity is expressed as

s12 is25
ne2t/m*

11~vt!2 2 i
vt•ne2t/m*

11~vt!2 , ~3!

wheren andm* are the number and mass of the carriers, a
t is the scattering time. In this heavy-fermion material, t
simple Drude model cannot be a complete expression
high-frequency~optical! response. In experimental analys
however, the Drude model can be a good description of lo
frequency~microwave! conductivity particularly for metallic
samples. In other words, we can replace conductivity pr
lem with the scattering rate using the Drude model. If t
scattering time is drastically enhanced at low temperatu
the observed enhancement ofs2 and the suppression ofs1
are naturally consistent with Eq.~3!. Since we did not use
exactly the same crystal in the microwave and dc resisti
measurements, the quantitative comparison might be dan
ous at low temperatures. Nevertheless, we can estimate
scattering time at the fixed frequencies without using the
data. From Eq.~3! one can easily derive

t5s2 /~s1v!. ~4!

The right-hand side of Eq.~4! is the measured quantity in ou
microwave experiment. Thus, the observed enhancemen
s2 indicates a rapid increase in scattering timet.

The temperature dependence ofs2 /(s1v) at 9.6 and 14
GHz is plotted in Fig. 4. For all the directions,s2 /(s1v) is
drastically enhanced below about 10 K, indicating a stro
increase in the scattering timet in a single-band Drude
model. The magnitude ofvt becomes of the order of unity a
low temperatures, which means that the contribution of

FIG. 3. Real and imaginary parts of complex conductiv
s5s12 is2 at 9.6 GHz as functions of temperature in the CeNi
single crystal. The solid curves are the data of dc conductivity.
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denominator of Eq.~3! is not negligible. Particularly in thea
andb directions, the absolute values ofs2 /(s1v) at the two
frequencies coincide with each other within the experimen
errors. This means that the simple Drude model can exp
the microwave electrodynamics along thea and b axes in
this material.

Turning to the transport properties, the resistivity and
Hall coefficient have completely different temperature d
pendence~see Fig. 1!. This simply can now be attributed t
the fact thatt/m* is not constant in temperature. Therefor
the observed strong temperature dependence oft is consis-
tent with transport properties. Then the next question is w
the scattering timet grows up so rapidly below about 10 K
When we look at the quasiparticle excitation spectrum,
density of states near the Fermi level decreases rapidly w
the gap is formed.4 Such a decrease in the density of states
also confirmed in pure metallic samples by the recent s
cific heat6 and NMR measurements.21 If the system has a
strong electron-electron correlation, the quasiparticle sca
ing rate 1/t should be strongly reduced with the gap form
tion, because the amount of scattering decreases. In o
words, the observed enhancement oft ~reduction of the scat-
tering rate 1/t! of the quasiparticles strongly suggests th
the scattering of the quasiparticles has some kind of e
tronic origin, and is reduced when the density of states n
the Fermi level decreases due to the gap formation. This
clear contrast to the case of usual band-gap semiconduc

An enhancement oft has been also reported in the heav
fermion superconductor UPt3 and in the intermediated va
lence compound CePd3 by using a Drude analysis.11,12 In
these compounds, however, the temperature dependen
1/t at low temperatures is the same as that of the resistiv
indicating thatn/m* is independent of temperature. In ou
case, the scattering rate 1/t in CeNiSn shows much more
drastic reduction below 10 K while the resistivity has we
temperature dependence. This showsn/m* also decreases
rapidly at low temperatures in contrast to the case of U3
and CePd3. The above difference can support the gap form
tion in the CeNiSn quasiparticle spectrum, as discusse
the previous paragraph.

It is very interesting to point out that a reduction of th
scattering rate 1/t has been reported13,14 also in high-Tc su-
perconductors when the superconducting gap opens in
case. In the superconducting state, the microwave condu
ity s1(T) is enhanced belowTc showing a broad maximum
and then decreases asT goes to zero. This enhancement
s1(T) is much larger than that predicted by the ordina
BCS theory, and has been attributed to the effect of decr
ing scattering rate of the quasiparticles in the supercond
ing state. At low temperaturess1(T) does not show acti-
vated behavior, which is inconsistent with an isotropic gap
it exists in the ordinarys-wave superconductors.14,22 In
CeNiSn,s1(T) shows a similar broad maximum23 and non-
activated behavior at low temperatures~see Fig. 3!. This re-
sult implies that this material has an anisotropic gap and
energy quasiparticle excitations just liked-wave supercon-
ductors. Another similarity between CeNiSn and high-Tc su-
perconductors can be seen in the thermal conducti
data.24,25 The temperature dependence of the thermal c
ductivity in CeNiSn shows a maximum at around 5 K24

similar to the maximum observed forT less thanTc in the
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thermal conductivity of high-Tc cuprates.25 Although the
phonon and the electron contributions to the thermal cond
tivity cannot be separated, this maximum could be attribu
simply to an increase in phonon conductivity. However,
may be due also to the interplay of decreasing scattering
and decreasing number of carriers.

Now the transport properties5,6,10 can be tentatively ex-
plained as follows. As mentioned above, the specific h
results5,6 show a strong decrease ofC/T below about 6 K,
suggesting a strong decrease in carrier number with the
formation. If the decrease in the scattering rate is larger t
the change in carrier number, the resistivity may exhibit m
tallic behavior as observed in clean samples. In a d
sample, however, the scattering rate remains high by a
tribution from impurity-scattering 1/t imp at low temperatures
and the resistivity shows semiconductive upturn mainly d
to the decrease in carrier number. Recently, such impu
dependent transport properties were theoretically inve
gated by Ikeda and Miyake,26 considering the momentum
dependence of the hybridization betweenf and conduction
electrons. They claimed that an anisotropic hybridization g
is formed by the highly renormalized quasiparticles near
Fermi level, which is consistent with the experimental inve
tigations.

There still remain, however, some open questions on
transport properties of CeNiSn. One needs to explain
complex behavior of the magnetoresistance5–7 ~closing of the
gap by a magnetic field along thea axis! and whether these
effects are related to the occurrence of dynamical antife
magnetic correlations at low temperatures.8,9 The Hall effect
should be measured below 1.5 K and in high field, in orde
check whether there could be any simple relation betw
the carrier number and the value ofuRHu.

Next let us discuss the frequency dependence
s2 /(s1v) in the c direction. As seen in Fig. 4, higher fre
quency data show smaller values along thec axis. This result
is related to the fact that in this direction the surface re
tanceRs at 14 GHz is greater than that at 9.6 GHz in the lo
temperature region@Fig. 1~a!#. This situation is similar to the
millimeter-wave report of CePd3 polycrystal by Beyermann
et al.11 They claimed that it originated from high-energy i
terband contribution tos2 .11,12 However, this explanation
requires a large dielectric constant.27 Thus, it is not clear
whether such a high-energy contribution affects the mic
wave~low-frequency! conductivity in CeNiSn. Another pos
sible explanation can be derived from the consideration
the frequency dependence of the scattering time. When
Drude model is generalized to allow the free carriers to h
frequency-dependent scattering rate,28,29 the observed in-
crease in thec-axis surface resistance can be explained
p
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the increase in the scattering rate with increasing frequen
Such an anisotropy oft(v,T) can be a reflection of the
anisotropy of the coherence gap.8 Quantitative analysis in-
cluding higher-frequency measurements may help to el
date the frequency-dependent and anisotropic scatte
mechanism in this compound.

IV. SUMMARY

In summary, we have measured the temperature de
dence of the anisotropic surface impedanceZs5Rs1 iXs of a
CeNiSn single crystal at 9.6 and 14 GHz. At low tempe
tures, we found that the Hagen-Rubens relation (Rs5Xs)
breaks down even in the microwave frequency region. T
temperature dependence of complex conductivity was de
mined from the surface impedance data without using
Kramers-Kronig transformations. The real parts1 is much
lower than the dc conductivity, and the imaginary part
creases drastically at low temperatures. These results ind
that the scattering rate of the quasiparticles is rapidly redu
below 10 K in this system. The gap formation in this syste
reduces both the number and scattering rate of the carr
which manifests itself as the metallic temperature dep
dence of the resistivity in clean samples.
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FIG. 4. Temperature dependence ofs2 /(s1v) at 9.6 and 14
GHz along thea, b, andc directions in the CeNiSn single crysta
In the single-band Drude model@Eq. ~3!#, the vertical axis corre-
sponds to the scattering timet of the carriers@see Eq.~4!#.
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