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Impurity-induced localization of quasiparticles in the presence of a pseudogap in CeNiSn
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The effect of doping in CeNiSn has been studied by the measurements of electrical resistivity, Hall coeffi-
cient and magnetic susceptibility for single crystals of GeNT,Sn (T=Co, Cu, and Btand Cg_,La/NiSn
(x,y=0.01 and 0.0b All these impurities are found to increase the residual resistivity by several times up to
1 mQ cm forx or y=0.01, while forx or y=0.05 the resistivities along the orthorhombiandc axes saturate
to values smaller than those for 0.01. Furthermore, the low-temperature increase in the Hall mobility of
CeNiSn was found to be strongly suppressed in a similar way by all the impurities. These results indicate that
residual carriers in CeNiSn with an anisotropic gap are immobilized by any impurity substituted either in the
4f site or the non-# site.[S0163-182609)04121-1

A class of strongly correlatedfdelectron compounds ex- to doping a hole and an electron, respectively. The NMR and
hibiting a small (pseuddgap in both the charge and spin specific-heat measurements of CgNiT,Sn (T=Co,Cu
excitations is often referred to as Kondo insulator or Kondoand Ce_,LayNiSn indicated that the density of states at the
semiconductot 3 It is generally accepted that hybridization Fermi level increases in proportion t\& or \/9, leading to
of the 4f states with a conduction band plays the central rolehe gap closure aroundor y=0.15"*"Provided that filling
in the gap formation. Howeve_:r, there are 5|gr_1|f|cant dn‘fer-of the pseudogap could be controlled by carrier doping, the
ences in the transport properties between cubic Kondo SeMéystem would change into a good metal. On the contrary, our

conductors and orthorhombic ones. Cubic ones ¥d  5rejiminary experiments showed that Co and Cu substitution
Ce;BisP show semiconducting behavior in both the resis-5; 104 |eads to very strong increase in the residual

tivity and Hall coefficient which increase by 2-4 orders of joqisivity 18 The rate of increase in resistivity, 1rem/1%,
magnitude as temperature is decreased from 300 to £ K. is extremely large compared with &0 cm/1% reported for

.F‘?f. the orthorhombic compounq Q§N|Sn, on the other han({a substitution in a metallic Kondo system CeCu This
initial measurements of the resistivity also showed semicon;

ductorlike behavior below 10 KHowever, it has been found fact invoke; an ung(')nvc'antiona'l scattering mechanism from
that thea-axis resistivity of a purified crystal shows metallic "°"Magnetic impurities in CeNiSn. _
behavior with a residual value of 260 cm? although the Non.magnetlc La |mpqr|t|es withoutfdelectron in the Ce
absolute value of the Hall coefficient increases by a factor ofuPlattice in Kondo semiconductors are theoretically treated
25 on cooling from 4 to 0.5 K.Therefore, the semiconduc- asKondo holeswhich give rise to a bound state in the gdp.
torlike resistivity of early samples was attributed to localiza- This idea of Kondo hole has been proved by the observation
tion of residual carriers by impuriti€sTo explain this un-  of large enhancement of both the resistivity and magnetic
usual property of CeNiSn, an anisotropic hybridization gapsusceptibility induced by La substitution in Cefd For
model has been proposed by consideringddependence of Ce,_,La,NiSn, the\/y dependence of the induced density of
the hybridization matrix element which vanishes alongahe states is also consistent with this modeOn the other hand,
axis® This model shows that a finite density of states remainsubstitution of Pt for Ni may not dope carriers because of the
at the Fermi level but the metallic conduction along the isoelectronic nature of these two atoms. It is therefore impor-
axis is easily lost by impurity scatterifgMeasurements of tant to investigate whether La and Pt substitutions in CeNiSn
complex conductivity indeed revealed that the metallic beincrease the residual resistivity as strongly as Co and Cu
havior is realized as the result of strong reduction of quasisubstitutions do. In this paper, we report and compare the
particle scattering rate with the gap formatidhBand results of transport and magnetic measurements on single
calculation$!"*2 and studies by photoemissidrand polar-  crystalline alloys of Ce yLa,NiSn and CeNi_,T,Sn (T
ized neutron diffractiotf suggested that the hybridization =Co, Cu, and Pt
between Ce fland Ni 3d states is fundamental in the forma-  Single-crystalline samples witlk or y=0.01 and 0.05
tion of the renormalized band at low temperatures. were prepared by a Czochralski method using a radio fre-
Substitution studies of CeNiSn have been extensively carguency induction furnace with a hot tungsten crucible as was
ried out to understand the anomalous ground state. It wagescribed elsewhefeCe metal was supplied by Ames Labo-
expected that the substitution of Co and Cu for Ni gives riseratory. Electron-probe microanalysis of the crystals with
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FIG. 1. Temperature dependence of the magnetic susceptibility ) T
for single crystals of Ce yLa,NiSn and CeNi_,T,Sn (T=Co, Cu, i 10 100
PY for x or y=0 and 0.05. T (K)

nominally 5 at. % Co, Cu, and La proved the concentrationto FIG. 2. Temperature dependence of the electrical resistivity for
be homogeneous within 4 and 5 at. % in the whole crystalsingle crystals of Ce yLa,NiSn and CeNj_,T,Sn (T=Co, Cu, P}
However, a significant gradient in Pt concentration was defor x or y=0, 0.01, and 0.05.
tected, which changes from 4 to 8 at. % on scanning from the
tail end to the seed end of the crystal. Therefore, the middlaffectsp(T) only below 30 K but not above. The most dra-
part with 5 at. % was used for the measurements. It was alsgatic change occurs in(T) for x=0.01 Cu, which exceeds
found that all the as-grown crystals contain an impurity1100 u{)cm at 1.4 K and is still rising. This curve is fol-
phase of CéNi;Sr, at approximately 0.2%. Nevertheless, we lowed by those withk=0.01 Co andy=0.01 La, which are
did not remove this impurity phase by using the solid-statemost identical. Wherx or y is further increased to 0.05, the
electron transport technigfibecause the partially substituted upturn of p.(T) occurs at higher temperatures, but the value
impurities would also be removed. of p. saturates to a value smaller than thatxXar y=0.01.

The electrical resistivity was measured by a standard dc Similar trends are observed fbtb. Forllla, in contrast, the
four-probe method in the temperature range 1.4—300 K. Theaturated value for x oy=0.05 is larger than that fox or
Hall coefficientRy was measured from 1.6 to 20 K by using y=0.01 except foil = Cu. We note the close resemblance in
a four-wire ac resistance bridge operating at 16 Hz. Thehe behavior between La substituted samples and the Co sub-
magnetic susceptibility(T) was measured in a field of 1 T stituted ones. As was observed fg(T), the effect of Pt
by using a commercial SQUID magnetometer. substitution orp(T) is most weak among these substitutions,

The temperature dependence yofor samples withx or  reflecting the isoelectronic nature of Pt with Ni.
y=0.05 and of a pure CeNiSn sample is compared in Fig. 1. To obtain a clue to understand the anomalously strong
The a-axis susceptibility of CeNiSn decreases below thescattering from impurities fox or y=0.01, we have mea-
maximum at 13 K, which is thought to be a result of the gapsured the Hall coefficient. A magnetic field d T was ap-
formation in the density of states at the Fermi level. Thisplied parallel to the axis and the current flowed along the
maximum is maintained fox=0.05 Pt but smeared out by axis. For this configuration, the Hall voltage is linear with
the substitution of Co and La. The large enhancement ifield up to 5 T2 In Fig. 3, R,(T) for CeNiSn exhibits a
xa(T) for x=0.05 Cu suggests that the pseudogap is fillednaximum at 8.4 K, changes sign at 5.5 K and dramatically
up by doping of 8 electrons. Indeed, it has been observeddecreases with decreasing temperature as a pseudogap is
that the specific-heat coefficient of this sample rises to 0.8ormed. The carrier density at 1.7 K is estimated to be
J/mol K? with decreasing temperature down to 0.025%4t 1.3x 102 per formula unit, assuming a single type of car-
temperatures above 150 K, the effect of all the substitutionsier. For x or y=0.01, both the temperatures wheRg(T)
at 5 at. % ony(T) becomes rather weak. From the Curie- has the maximum and wheRy,(T) becomes negative shift
Weiss behavior foBlla, the minimum and maximum values to lower temperatures. The absolute valueRpfat 1.7 K is
of the effective magnetic moment are estimated to be 2.6%educed most strongly by the substitution of Cu and to a
and 2.73ug/f.u., respectively, for 5% Cu and 5% Co. Thus, lesser extent for those of La and Co, and least that of Pt, as in
the valence of Ce ions stays close to three in these alloys.the sequence of the effect r(T). This reduction igRy|

In Fig. 2, we compare thg(T) data for current along the indicates a significant decrease in the concentration of elec-
three principal directions. Note that the substitution gratelytronlike carriers. Foix or y=0.05, howeverRy(T) gradu-
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FIG. 3. Temperature dependence of the Hall coefficient for
single crystals of Ce ,LayNiSn and CeNi_,T,Sn (T=Co, Cu, Pt FIG. 4. Temperature dependence of the Hall mobiliy,
for x or y=0, 0.01, and 0.05. =Ry /p for single crystals of Ce ,La/NiSn and CeNji_,T,Sn
(T=Co, Cu, Pt for x ory=0, 0.01, and 0.05.

ally increases with decreasing temperature and stays positive _ . .
as if holelike carriers are predominant. purities at 5%, then the doped carriers can be scattered in

The most notable in Fig. 3 is that the temperature variay"ider directions and thus the residual resistivity may de-
tion of Ry is controlled systematically by the increasexadr crease. :
y, but does not largely depend on the sort of substitutes. This Itis noteworthy that the charge number of substitutes con-

fact contradicts the idea of carrier doping into a rigid band!°!S the strength of impurity effects. In fact, we found that

with a pseudogap, thereby the Fermi level might shift lowerth€ effect of substitution op(T), R.(T), andx(T) is stron-

or higher with respect to the center of the gap by electrorfest for Cu, then La and Co, and least for Pt. In particular,

doping with Cu or hole doping with Co, respectively. There_substitution of La for Ce and that of Co for_Ni give rise to
fore, we need to consider the impurity effect on the carrieVerY similar effects. This close resemblance implies that both
lifetime 7. If we assume one type of carrier for simplicity, La and Co introduce a Kondo hole into the renormalized

o ; .~ band which is formed by hybridization of Cef 4tate with
then the Hall mobilityx,, can be estimated by the relation -° .
m#u=Ry/p. The results obtained from the data #Biic and S“ 3q stgte.COn ths qthgr hand,I;[he |ntcr:]reahsebq(1;§3e<t:.tron q
llb are shown in Fig. 4. For CeNiStu,| increases to a hensgy yh usu bSt'tt#t'on We?b.(i?s ; y r.'f. 'Zr? |otn ?In
large value of 3700 cAVs as temperature is decreased toneredy enhances both susceptibility and specific heat at low

1.7 K. Such a strong increaseliny| due to gap formation in temperatures. . for the first ti

the electronic density of states mimics that reported for th? In summary, we have carried out for the first tml;e a sys-
CDW gap opening in a quasi-two-dimensional condufor. €matic study of the effect of doping in CeNiSn by using
The relationuy=er/m*, wherem* is the effective mass of well characterized single-crystalline samples

guasiparticles, translates the above result to a significant inc—:e'\“1*><T><'\IIsn (T=Co, Cu, and Btand Ce_,LaNiSn (x,

crease in7/m*. This interpretation is consistent with the y=0.01 and 0.05 The combined results of magnetic suscep-

variation of 7(T) derived from the complex conductivity tibility, electrical resistivity gnd I_—IaII coefficients demon

A0 ) strate that the residual carriers in the pseudogap state are
measuremertt. The values of uy| at 1.7 K for alloys withx iy opilized by any impurity irrespective of the charge num-
ory=0.01 are reduced by approximately one order of magper ang of the substitution site in the lattice.
nitude. Hence, the drastic change in the resistivity from the

metallic behavior for pure CeNiSn to the semiconducting We are thankful to K. Miyake, D. T. Adroja, Y. Isikawa,
one forx or y=0.01 should be caused by the strong decreas¥. Kitaoka, and P. Coleman for useful discussions and Y.
in 7. Shibata for EPMA done at the Instrument Center for Chemi-

We have shown, so far, that any substitution either in thecal Analysis of Hiroshima University. The Hall effect was
Ce sublattice or the Ni sublattice of CeNiSn at a low con-measured by using superconducting magnets at the Cryo-
centration as small as 1% acts as very strong scatterer for thyenic Center of Hiroshima University and the High-Field
residual carriers. This result is consistent with the model oLaboratory of Institute for Materials Research, Tohoku Uni-
anisotropic hybridization gap of heavy fermichAccording  versity. We wish to thank T. Fujita and T. Suzuki for their
to this model, the residual carriers can be scattered only iwaluable advice and the generous use of their SQUID sus-
the gapless region along tleeaxis of CeNiSn, so that the ceptometer. This work was supported in part by a Grant-in-
scattering from impurities may reach to the unitarity limit. Aid for Scientific Research from the Ministry of Education,
When the pseudogap is smeared by a larger amount of inScience, and Culture of Japan.
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