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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 impétianRe+iXg at 9.6 and 14 GHz in a
single crystal of the Kondo lattice compound CeNiSn, from which microwave complex conductivity
o(T)=0(T)—i0,(T) was determined. Below about 10 K the imaginary partncreases rapidly and the real
parto, 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
temperatureqd.S0163-182@7)04936-9

[. INTRODUCTION number n, and the (renormalizedl scattering time 7;
p(T)=m*/né?r.

Among Kondo-lattice compounds, which have local mag- Measurements of microwave complex conductivity
netic moments due tof4or 5f electrons at periodic sites, o0=o0,—i0, are powerful to investigate the scattering time
so-called “Kondo semiconductors” such as CeNiSn andr'"~"The real and imaginary parts of the conductivity vary
CeRhSb have attracted much attention. They show a charaglifferently as functions of. If we can determiner; ando,
teristic crossover from metallic heavy-fermion to semicon-Simultaneously, a quantitative analysis ofbecomes pos-
ductinglike or semimetalliclike behavior with the formation Sible. In contrast to the optical reflectivity measurements,
of a small energy gap in the electronic excitation spectrumvhich need Kramers-Kronig transformations to extragt
below about 10 K™ The temperature dependence of theand o, the microwave cavity perturbation technique can
NMR relaxation rate has been explained by a pseudogaﬁirectly determine these quantities at a fixed frequency. We
with V-shaped structure, which is quite different from ahave measured the surface impedance and determined the
usual activation typé.This pseudogap is considered an an-temperature dependencesaf(T) ando,(T) at 9.6 and 14
isotropic gap, which vanishes in a direction in the momen-GHz in a CeNiSn single crystal. Using the Drude model, we
tum space. Tunne“ng spectrum measurements have also ,f@und that the Scattering time of the carriers is drastically
vealed clearly the occurrence of a gap near the Fermi surfacdhanced below about 10 K. This result indicates a strong
of the order of 10 meV in CeNiShThe magnetoresistance reduction of the scattering rate with the formation of the gap
measurements have suggested that the gap is reduced by #pthe quasiparticle spectrum.
plication of a magnetic field along tha axis of the
crystal®™’In gddition, the i_nelastip neutron §catte_ring studies Il EXPERIMENT
show the existence of anisotropic magnetic excitatfohs.

The transport properties of CeNiSn are somewhat confus- The CeNiSn single crystal used in the present study was
ing. Clean CeNiSn single crystals recently obtained have exgrown from stoichiometric starting materials by a Czochral-
hibited completely metallic temperature dependence of resisski method Similar crystals were characterized previously
tivity along the orthorhombia axis down to 1.4 K® Only by magnetic susceptibility, transport, and thermodynamic
poor samples with some impurity phases become semicormeasurements® The crystal used in this study is of rela-
ductinglike. For the latter, the magnitude of the Hall coeffi-tively high purity. The impurity phases(Ce,0O; and
cient was reported to be enhanced at low temperature§€eNiLSn,) were found to be less than 0.2%. It shows metallic
which seemed consistent with a gap formation. Howeverpehavior along tha axis down to 1.4 K, and is semiconduc-
such an effect occurs even in metallic samfSI&sThe ques-  tive in other directiondsee Fig. 1a)]. For the microwave
tion is why the resistivity shows metallic behavior even if a surface impedance measurements, the crystal was cut into a
gap is formed at low temperatures. In order to elucidate sucharallelepiped with the dimensions of 1.16, 1.03, and 1.30
unusual transport properties, it is very important to extractnm along thea, b, andc axes, respectively.
the scattering time of carriers, since in a simple model the The temperature dependence of the surface impedance
resistivity is a function of the effective mass*, the carrier was measured by using a superconducting cavity reson-
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ok FIG. 2. Temperature dependence of surface resistBycand
] surface reactanc¥ at 9.6 GHz. In all the directionsXs (open
symbolg deviates fromRs (closed symbolsbelow about 10 K.
o
«E ] Using this equation, R%/uqw should be equal to the dc
S o1k o Hllajllb | resistivity pq. at high temperatures.
e . HIBb. ill For the measurements of the anisotropygf the crystal
o i a . : : i8-20
e Hilcillb was oriented with the, b, andc axes parallel tdH ..
. 2z ] For example, in the configuration &f,Jla the ac eddy cur-
! ] rent flows in theb-c plane. In this case, the measured surface
y impedance is expressed 6s°Z2+L°Z%)/(LP+L°), where
—0.2; 5 '1'0 B! L' i_s t_he_ appropriate dimension of _the c_:rystal and the super-
scripti (i=a, b, orc) denotes the direction of the current. If
Temperature (K) we measure the three configurations, we can determine

Z\(T) (i=a, b, orc) and hences'(T) through Eq.(1).
FIG. 1. (@) Temperature dependence d’R?(,uow) at 9.6 and s
14 GHz along thea, b, andc directions in the CeNiSn single

crystal. The solid curves represent the temperature dependence of Ill. RESULTS AND DISCUSSION
anisotropic resistivitypy(T). (b) Temperature dependence of Hall )
coefficient in a crystal which shows similag(T) (after Ref. 7. Figure Xa shows the temperature dependence of

2R§/,u0w with the currentj flowing along each direction in
ator’*'>1® The cavity is maintained at liquid He tempera- the single crystal of CeNiSn. Also shown are the data of
ture, while the sample on a sapphire rod can be heated up &nisotropic dc resistivity)q(T) measured by using crystals
100 K. The sample is placed in the center of the cylindricalfrom the same batctNo. 3 of Ref. §, and in Fig. 1b) are
cavity, where the magnetic field componét. of micro-  the Hall coefficient data for crystal No. 4 of Ref. 6 which
wave is maximum along the cavity axis for both gfEand ~ shows similarpy(T). At temperatures above 10 K, the dc
TEy; 3 resonance modes. Therefore, we can measure the res#ata and the microwave data coincide with each other. This
nant frequency andQ at two frequencies in one experimen- means that the Hagen-Rubens relafign. (2)] holds in this
tal run. The cavity showed sharp resonand@s-(LCF) at 9.6  temperature range. At low temperatures, howeves/ o
GHz for the Tk;; mode and at 14.1 GHz for the §  deviates from the dc resistivifolid curve$. Except forj|c
mode. The real and imaginary parts of the surface impedanat 14 GHz, higher frequency data show smaller values. In
Z.=Rs+iX, are determined by the change @ ® and f, Fig. 2, the surface resistané®, below 20 K is compared
respectively:>'>®In the normal skin effect regimpvhere  with the surface reactanck; in a linear scale. It clearly
the skin depthé,=(2/uowo)*? is much longer than the shows that below about 10 K the relati®y= X [Eq. (2)]
mean free path],}” the surface impedance is related to thebreaks down, and the differendg— R increases as the tem-

complex conductivityo= o1 —ic, by perature is lowered. These results indicate that at low tem-
peratures we cannot ignore the imaginary parof the com-
. inow |2 plex conductivity in the denominator of Edl) in this
Zs=RstiXs= ( =0 (1) microwave frequency range. These results are different from
! 2 those of millimeter-wave measurements reported for GePd
where u, is the permeability of the vacuum anad=2xf.  polycrystalst>? from which the authors claimed that the
Thus, at high temperatures where the Hagen-Rubens relati@ontribution ofo, was small.
holds (o> 0, ando1=0yJ), we can derive Using Eqg.(1), we can directly determine the temperature

dependence of the real and imaginary parts of the conductiv-
Re=Xs=(pow/20 402 (20 ity o=0,—i0o, of our CeNiSn single crystal. Figure 3
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— denominator of Eq(3) is not negligible. Particularly in tha
1 andb directions, the absolute values®@§ /(o w) at the two
frequencies coincide with each other within the experimental
errors. This means that the simple Drude model can explain
the microwave electrodynamics along theand b axes in
this material.
Turning to the transport properties, the resistivity and the

—
T T T

]

Conductivity (108 Q" 'm™)

- v Hall coefficient have completely different temperature de-
e st . pendencdsee Fig. 1. This simply can now be attributed to
. 9.6 GHz ] the fact thatr/m* is not constant in temperature. Therefore,
CeNiSn 1 the observed strong temperature dependenceisfconsis-
P — 1 tent with transport properties. Then the next question is why
% <o m——— T the scattering time grows up so rapidly below about 10 K.

When we look at the quasiparticle excitation spectrum, the
density of states near the Fermi level decreases rapidly when
the gap is formed.Such a decrease in the density of states is
FIG. 3. Real and imaginary parts of complex conductivity also confirmed in pure metallic samples by the recent spe-
o=o0,—i0, at 9.6 GHz as functions of temperature in the CeNiSncific heaf and NMR measurements.If the system has a
single crystal. The solid curves are the data of dc conductivity.  strong electron-electron correlation, the quasiparticle scatter-
ing rate 1# should be strongly reduced with the gap forma-
shows the low-temperature data for(T) and o»(T) in tion, because the amount of scattering decreases. In other
comparison with the dc conductivity. In this figure we canords, the observed enhancement-éfeduction of the scat-
see two interesting points. One is the anomalously large enering rate 1#) of the quasiparticles strongly suggests that
hancement ofo, (open symbols which increases to the the scattering of the quasiparticles has some kind of elec-
same order as; (closed symbols The second point is the tronic origin, and is reduced when the density of states near
considerable deviation ef, from the dc conductivity at low  the Fermi level decreases due to the gap formation. This is in
temperatures. These features can be interpreted by a simpdear contrast to the case of usual band-gap semiconductors.
analysis. Let us consider the single-band Drude model for An enhancement of has been also reported in the heavy-
low-frequency conductivity. In this model, the complex con- fermion superconductor UPtnd in the intermediated va-
ductivity is expressed as lence compound CeRdy using a Drude analysi$:*? In
these compounds, however, the temperature dependence of
_ i 3) 1/7 at low temperatures is the same as that of the resistivity,
1+ (w7)? 1+(wr)? indicating thatn/m* is independent of temperature. In our

h - th b d f1h . ase, the scattering raterlin CeNiSn shows much more
wheren andm® are the number and mass ot the CAITErs, anty ,qic reduction below 10 K while the resistivity has weak
7 is the scattering time. In this heavy-fermion material, the

. . temperature dependence. This shawm* also decreases
simple Drude model cannot be a complete expression fo

high-frequency(optica) response. In experimental analysis, trapldly at low temperatures in contrast to the case of;UPt

however, the Drude model can be a good description of IowEind CePd The above difference can support the gap forma-

. L . . 'tion in the CeNiSn quasiparticle spectrum, as discussed in
frequency(microwave conductivity particularly for metallic :

o the previous paragraph.

samples. In other words, we can replace conductivity prob-

; : : It is very interesting to point out that a reduction of the
lem wr_[h th_e sc_attermg_ rate using the Drude model. If thescattering rate ¥/ has been report&d™ also in highT, su-
scattering time is drastically enhanced at low temperatures d h h ducti in thi
the observed enhancement®f and the suppression of; perconductors when the superconducting gap opens in this

are naturally consistent with Eq3). Since we did not use case. In the superconducting state, the microwave conductiv-
y : o ity o1(T) is enhanced below, showing a broad maximum

exactly the same crystal in the microwave and dc re5|st|V|tyand then decreases Asgoes to zero. This enhancement in

measurements, the quantitative comparison might be danger- (T) is much larger than that prédicted by the ordinary

ous at low temperatures. Nevertheless, we can estimate t :
scattering time at the fixed frequencies without using the dc S theory, and has been attributed to the effect of decreas-

Temperature (K)

ne’s/m* w7 -nefr/m*

o1—ioy

; : ing scattering rate of the quasiparticles in the superconduct-
data. From Eq(3) one can easily derive ing state. At low temperatures;(T) does not show acti-
=0y l(0y0). (4) vated behavior, which is inconsistent with an isotropic gap as

it exists in the ordinarys-wave superconductof$?? In
The right-hand side of Eq4) is the measured quantity in our CeNiSn,o1(T) shows a similar broad maximufhand non-
microwave experiment. Thus, the observed enhancement afctivated behavior at low temperaturege Fig. 3. This re-
o, indicates a rapid increase in scattering time sult implies that this material has an anisotropic gap and low
The temperature dependenceaf/(o,w) at 9.6 and 14 energy quasiparticle excitations just likewave supercon-
GHz is plotted in Fig. 4. For all the directions, /(o) is  ductors. Another similarity between CeNiSn and highsu-
drastically enhanced below about 10 K, indicating a strongoerconductors can be seen in the thermal conductivity
increase in the scattering time in a single-band Drude data®*?® The temperature dependence of the thermal con-
model. The magnitude aér becomes of the order of unity at ductivity in CeNiSn shows a maximum at around 5K,
low temperatures, which means that the contribution of thesimilar to the maximum observed fdr less thanT, in the
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thermal conductivity of highF, cuprate$® Although the

phonon and the electron contributions to the thermal conduc- WOt T
tivity cannot be separated, this maximum could be attributed I8 9.6 14GHz
simply to an increase in phonon conductivity. However, it i ® . o jlla
may be due also to the interplay of decreasing scattering rate %u\-, . o  jllb

and decreasing number of carriers. S . s jlle
5— ‘A ol I

Now the transport propertig&° can be tentatively ex-
plained as follows. As mentioned above, the specific heat
result$’® show a strong decrease 67T below about 6 K,
suggesting a strong decrease in carrier number with the gap
formation. If the decrease in the scattering rate is larger than
the change in carrier number, the resistivity may exhibit me-
tallic behavior as observed in clean samples. In a dirty
sample, however, the scattering rate remains high by a con-
tribution from impurity-scattering X, at low temperatures, Temperature (K)
and the resistivity shows semiconductive upturn mainly due

to the decrease in carrier number. Recently, s_uch impurity- FIG. 4. Temperature dependence f/ (o) at 9.6 and 14

dependent transport properties were theoretically investiyz along thea, b, andc directions in the CeNiSn single crystal.

gated by Ikeda and Miyak®, considering the momentum |, the single-band Drude modgEq. (3)], the vertical axis corre-

dependence of the hybridization betweemnd conduction  sponds to the scattering timeof the carrierdsee Eq(4)].

electrons. They claimed that an anisotropic hybridization gap

is formed by the highly renormalized quasiparticles near thdhe increase in the scattering rate with increasing frequency.

Fermi level, which is consistent with the experimental inves-Such an anisotropy of(w,T) can be a reflection of the

tigations. anisotropy of the coherence g&Quantitative analysis in-
There still remain, however, some open questions on theluding higher-frequency measurements may help to eluci-

transport properties of CeNiSn. One needs to explain théate the frequency-dependent and anisotropic scattering

complex behavior of the magnetoresistanééclosing of the ~ mechanism in this compound.

gap by a magnetic field along tleeaxis) and whether these

effects are related to the occurrence of dynamical antiferro- V. SUMMARY

magnetic correlations at low temperatufésthe Hall effect

should be measured below 1.5 K and in high field, in order to n summary, we he}ve measqred the tempergture depen-
X : dence of the anisotropic surface impedadge R+iX of a
check whether there could be any simple relation betwee

the carrier number and the value |6 CeNisn single crystal at 9.6 and 14 GHz. At Iqw tempera-
Next let us discuss the freqlaéncy dependence Ohures, we found th"?“ the Hagen-Rubens relatlﬁg:('xs)
I ) in the ¢ direction. As seen in Fig. 4, higher fre- reaks down even in the microwave frequency region. The
g2/ @ : 9. % g temperature dependence of complex conductivity was deter-

guency data show smaller values alongcatexis. This result . . ; :
is related to the fact that in this direction the surface resis—mlnecj from the surface impedance data without using the

) . Kramers-Kronig transformations. The real patt is much
tanceR, at 14 GHz is greater than that at 9.6 GHz in the low o : ] -~
temperature regioffFig. 1(a)]. This situation is similar to the lower than the dc conductivity, and the imaginary part in

millimeter-wave report of CeRdbolycrystal by Beyermann creases drastically at low temperatures. These results indicate
) . O . . that the scattering rate of the quasiparticles is rapidly reduced
et al!! They claimed that it originated from high-energy in- 9 quasip PIcy

o : ) below 10 K in this system. The gap formation in this system
11,12
terbe_md contr|but|0_n tar. However, th_|s_explanat|on reduces both the number and scattering rate of the carriers,
requires a large dielectric constahtThus, it is not clear

. S . which manifests itself as the metallic temperature depen-
whether such a h|gh—energy_ c_onjcr|but|on affects the MICrOyance of the resistivity in clean samples.
wave (low-frequency conductivity in CeNiSn. Another pos-
sible explanation can be derived from the consideration of
the frequency dependence of the scattering time. When the
Drude model is generalized to allow the free carriers to have We wish to thank T. Hiraoka for sending the data of Hall
frequency-dependent scattering r&té? the observed in- coefficient. We are also grateful to H. Fujii and A. Maeda for
crease in thec-axis surface resistance can be explained bythe encouraging discussion.

CeNiSn

oo/ (0q0) (10712 s)
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