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Impurity and doping effects on the pseudoenergy gap in CeNiSn: A Sn NMR study
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Measurements of''%Sn nuclear spin-lattice relaxation rate, T4/ and Knight shift,K, in the off-
stoichiometric compound CeNj;Sn and the substituted compounds GeNM,Sn (M=Cu,Co and
Ce,_,La,NiSn have been made in order to unravel the impurity and/or carrier doping effects on the V-shaped
gapped state in CeNiSn. From the detailed analysis offtdependence of T/, it is shown that the density
of states(DOS) is induced just at the Fermi level for CelNj;Sn, whereas the DOS increases progressively
with the dopant in a finite-energy range near the Fermi level for the substituted compounds. The respective
substitution of Co and La into Ni and Ce sites changes the gapped state into the nonmagnetic Fermi-liquid
state, whereas the replacement of Ni by Cu with 0.06 gives rise to the antiferromagnetit-) ground state.

It is suggested that the AF order is realized by the combined effect of the rapid collapse of the V-shaped gap

and the increase of the DOS at the Fermi level. It has been found to lead to the magnetic ground state and the
nonmagnetic Fermi-liquid state to dope electrons and holes into the renormalized conduction bands, respec-
tively.

I. INTRODUCTION any crystal direction, but, instead, a metallic beha¥ierom
this result, it has been suggested that impurities and/or im-

The gapped state is one of the ground states in heavyperfections present in less pure crystals are responsible for an
electron systems. In such compounds as gniB/kg~50 increase of the resistivity at low, making residual small
K),> YbB 1, (~70 K),2 gold SmS(~80 K),2 TmSe(~30 K),*  carriers localized. In this sense, CeNiSn should not be clas-
the presence of an activated energy gap was shown from trgified as a semiconductor but as a semimetal with a small
transport and the thermal measurements. The gap in thesarrier density.
compounds was generally argued to be formed by the hy- On the other hand, it is remarkable that thelependence
bridization between # and conduction electrons, whereas of 1/T; in CeNiSn and CeRhSb, which decreased largely
the inelastic neutron scattering experiment on Snedig-  over three ordersof magnitude below 10 K, provided firm
gested that the gap was associated with the local bound stag¥idence that the gap opens in the spin excitation spectrum at
between 4 holes and 8 electrons with an excitation energy least. Furthermore, the observation of hd =const behav-
of 14 me\® A picture that the gap is induced by the hybrid- ior at very lowT for both compounds has also demonstrated
ization has come into question at the present. the presence of a residual density of sta©S) at the

On the other hand, Ce-based compounds such as CeNigiermi level'>*'A prominent outcome from the NMR experi-
(Ref. 6, CeRhSh(Ref. 7, and CgBi,Pt; (Ref. 8 have been ment was thus that the overdlldependence of Tj for both
reported to possess a novel energy gap as well. The gap edmpounds was consistently explained by the pseudo-
Ce3Bi4Pt; is an activated one with the same order of mag-energy-gap model with a V-shaped structure and a small
nitude (~70 K) as in the compounds reported so far, DOS at the Fermi levelsee Fig. 1b)].'** A motivation to
whereas it has been argued from various measurements @pply such V-shaped structure of the energy gap came from
the magnetic susceptibility, the resistivity, and the ther-the observation that a decreasing rate df,1deemingly fol-
mopower on single-crystal CeNiSn and CeRhSb that a smalpwed aT? law at low T. Contrary to this, an exponential
gap opens in the quasiparticle band with the magnitude oflecrease of T, probed by?°Bi NMR in Ce;Bi4Pt; was
several kelvin that is by one order of magnitude less than theonsistent with anisotropic energy gap model X~180
activated gap of the compounds mentioned above. A newk).*? Thus it is clear that the nature of the gapped state is
type of gapped state in CeNiSn and CeRhSb, named Kondguite different between CeNiSn and £Bi,Pt; from the
semiconductors, has attracted much interest. NMR experimental point of view.

In contrast to previous results on the resistivity which  Furthermore, the spin correlation of CeNiSn was studied
indicated a significant increase at IoWy the T dependence by inelastic neutron scattering, which showed that two in-
of the resistivity for single-crystal CeNiSn, which was care-elastic peaks developed below around20 K at w=4 and
fully prepared and confirmed to have a better quality thar2 meV atQ=(Q,,1/2,Q.) and (0, 0, 1, respectively>'*
before, has not exhibited a semiconducting behavior alonghe Q dependence of the magnetic excitation at 4 meV was
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D pointed out that the effect of impurity scattering easily gives
(@) rise to a finite DOS in the gap, because the treatment in terms

% A of the unitarity limit is generic to the strongly correlated
% - systems, even though the impurity potential is not always

strong enough. Apart from a general argument on the Kondo
insulator in terms of the periodic Anderson model in which
the gap should be of activated type, some theoretical models
to explain the unique V-shaped gapped state in CeNiSn and
CeRhSb have been put forth so far. The point is that an
absence of the hybridization along a certain crystal symme-
try axis plays a central role. Actually, Ikeda and Miyake have
calculated that the hybridization gay, disappears at points
on the zone boundary, giving rise to a nearly V-shaped DOS,
in the case that the hybridization vanishes alongkthexis 1°
A Remarkably, they have shown that a small DOS exists in the
gaplike state even for a pure material and the impurity-
induced DOS increases in proportion to the square root of
impurity concentration abl,ed E¢) ~ vNimp-

It was reported that the gapped state in CeNiSn and
CeRhSb was sensitively affected by some impurities or im-
FIG. 1. () V-shaped density of stata®0S for the gapped perfections from the previous wotR.It was shown from the

state in the quasiparticle band of Lorentzian shape proposed previt@nsport and the thermal measurements that any type of al-

ously Ref. 10.(b) Modified V-shaped DOS where the flat DOS is 10ying by 10% into either a Ni or Ce sublattice destroyed the

added near the Fermi level to expldinT =const behavior at o~ €nergy gap!~*® Accordingly, it is an important way to in-

Ref. 11.(c) Intrinsic “gapless” V-shaped DOS, which possesses aVestigate the imperfection and/or the substitution effects of

finite DOS at the Fermi level to explain an enhancement®f df  the pseudogap in CeNiSn by the NMR method.

CeNiy o;Sn below 1 K. In this paper we deal with the off-stoichiometric com-
pound CeNj ¢;Sn and the substituted compounds such as

indicative of the dynamical antiferromagnetiaF) correla-  CeNi;,M,Sn (M=Co and Ciand Cq _LaNiSn. In the
tion with a quasi-one-dimensional character alongtfeis. ~ former, impurity scattering is a primary effect associated
The pseudo-spin-gap behavior probed by the NMR measuréVith the site disorder. A uniqu dependence of *{(1/T,)
ment is, however, not evident from the neutron scatteringllows us to deduce the characteristic change of the gap
experiment* structure by the impurity scattering. We note that the substi-
As a result, the gapped state, especially in CeNiSn, is ndution has two effects of doping carriers and acting as impu-
concluded yet from the transport, the thermal, and the neuity scatterers. The replacement of (8% by Co(3d") or
tron scattering measurements, whereas the pseudo-spin-g&g(3d®) results in doping holes or electrons into the conduc-
behavior is clear from th&, measurement, which identified tion band, respectively, since a photoemission study showed
the V-shaped structure of the gap commonly for both CeNisrthat the Ni 3 band is located close to the Fermi level and
and CeRhSB%! In spite of the recent extensive efforts of incompletely filled due to the hybridization with the unoccu-
improving the sample quality of CeNiSn, the NMR and thePied Sn | states® As a result through the hybridization
specific heat results have pointed to the presence of a r&etween 4 and conduction electrons, carriers are added into
sidual DOS, although the fractions of the DOS is not quanihe quasiparticle bands. By contrast, the replacement of
titatively consistent with one another. In this context, Ce4f') by La(4f% is believed to add “Kondo holes” and
CeNiSn and CeRhSb may not be classified as semiconduéestroy the coherence in the ground state.
tors but rather semimetals with very low carrier density, i.e., This paper is organized as follows. In Sec Il, we give a
Kondo semimetals in which the spin and the charge responddief description of the experimental procedures. In Sec lll,
functions possess different energy scales due to the strogPm the T dependence of the nuclear-spin lattice relaxation
electron correlation. rate '9(1/T,) and the Knight shift!*, we address the
Several models have been proposed to explain the origiihange of the pseudogap structure in CeNiSn brought about
of the Kondo insulator thus far. Based on the periodic Anderdy the presence of impurities or replacing Ce or Ni sites by
son model, the Kondo semiconductor or insulator is generother dopands. A summary is given in Sec IV.
ally argued as a filling of the Brillouin zone for the quasipar-
ticle barld _resulting from the weak. hybridization or the Il. EXPERIMENTAL DETAILS
Kondo-like interaction between localizédand conduction
electrons. Extensive studies have reported such effects that Polycrystal and the single-crystal CeNiSn, off-
(1) the addition of Kondo holes by replacing Ce by La de-stoichiometric CeNj;Sn, and the substituted compounds
stroys the coherence of the ground state of Kondo insulatorsuch as CeNi_,M,Sn (M=Co, CU and Cq_,La,NiSn
and introduces the bound state in the gapped s@jt&ondo  with x=0.01,0.03,0.06,0.10 were investigated by tHésn
holes with a finite concentration form an impurity band, andNMR measurement. The detailed procedures for preparing
(3) to dope carrier and the presence of ligand defects intropolycrystals and single crystals were reported elsewltere.
duce the impurity band in the gdp.Importantly, it was As reported in the previous work, the single crystals of

N{E)et

N(E) et




53 IMPURITY AND DOPING EFFECTS ON THE PSEUDOENERG . . 6387

CeNiSn used here, which correspond to sample No. 4 in Rekince well-defined crystal field splittings are not observed by
9, were grown by the Czochralski method. The semiconductthe neutron scattering experiment due to the strong mixing
ing behavior at lowT was no longer observed in thede-  (c-f mixing) effect betweenf and conduction electrors.
pendence of the resistivity. Importantly, it has, however, beerfeven in the renormalized band picture, it is also possible that
confirmed from the present experiment thaf [Afor single  the g factors of quasiparticles near the Fermi level are
crystals undergoes almost the safeependence as in the strongly anisotropic due to the strong spin-orbit interaction.
previous polycrystals down to the lowest temperature, alAS far as the low-temperature properties are concerned be-
though the resistivity behaves differently at Idw From this 10w the characteristic temperature related to ¢h mixing
result, the bulk properties are expected to be affected by thgn€ray, the band picture is applied to CeNiSn by incorporat-
presence of foreign phases, one of which was actually iderind @ large anisotropy of thg factors. o
tified as CeNjSn,, or by microcracks, dislocations, lattice ”.‘ heavy ele(_:tron systems one °3“.°b$e“’e indirectly fiuc-
defects, etc., whereas the NMR result contrasts with the corﬁ[yatlons.Off spins through the hybridization petweénand
S ' . . conduction electrons. In general, one can wrif€,1ds
plication of the transport and the thermal properties. This
may be because the Sn NMR is observed at different reso-
nance fields for foreign phases like CeSh, and the total
fraction of Sn sites affected by such metallurgical imperfec-

tions is negligibly small. By contrast, the resistivity increases
with lowering temperature because the presence of impur\ivhere Imy, (q,@,,) is a perpendicular component of the

ties 'and imp.erfv'actions make ca.rriers localized due to a Sma”naginary part of the dynamical susceptibility aAd q(Aq)
carrier density inherent to CeNiSn. and w, is the g-dependent transferred hyperfine coupling

_ Forthe NMR measurement, all the samples were crushegynsiant and the nuclear frequency, respectively. This general
into fine powder with diameter less than &bn to avoid the  {5rmula can be applied for both cases of metal and

skin-depth effect of radio frequency fields. TRESn NMR [ ,onmeta?? In the case that thg dependence of spin fluc-
experiment was carried out by using a laboratory-madg,stions is not so large, with the use of

phase-coherent pulsed NMR spectrometer at 20.7 and 3.5

MHz above and below 1.3 K, which corresponds to a mag-

netic field of about 12.7 and 2.2 kOe, respectively. In the

NMR experiment at very low temperatures down to 0.015 K,

it is necessary to avoid the eddy current heating up by radio

frequency excitation pulses. So the NMR frequency was set X{f(Ey,o) —F(Exr o)}

as 3.5 MHz for the experiment below 1.3 .Since the

magnetic susceptibilities are highly anisotropic with the easyand of a single-particle spectral function or an effective

a axis, each grain is oriented along the easgxis by giving  DOS, N«(E) for the renormalized quasiparticle band, fhe

mechanical vibrations in an external magnetic field. A nar-dependence of T/ is expressed as

row 1%Sn NMR spectrum for the oriented powder was thus

obtained with a full width of 20 Oe at half maximulrlng.SThe S (E)

spin-lattice relaxation timd; and Knight shiftk of n 2 J 2 _

were hence measured accurately. VT, AleT | N (E)[ JE ]dE’ 3.2
1/T, did not depend on the magnetic field in the range of

2.2 kOe—(3.5 MHz-) 12.7 kOe(20.7 MH2 down to 1.3 K where theq dependence of\, is averaged over whole
where 1T, experiences a large reduction due the opening o&pace on the Fermi surfacEE) is the Fermi function, and
the gap. Furthermore, the specific heat and the magnetoresig2 _— YA _Aga- In a simple metal where the Fermi
tance measured in smaller fields than 40 kOe does not indbnergyEF is much larger than the temperature, being an
cate any change as compared to the zero-field défa. order of 1 eV, andNy(E) is almost independent of the en-
Therefore we can safely ignore the magnetic field depenérgy arouncEg

dence of the gap in the present measurement. However, since

a preliminary measurement ofTl/ under a strong magnetic

field of 80 kOe shows a significant suppression, it may be T _ZAZ N2(E ) kT

possible that the pseudogap identified by the NMR is de- 174 THF F/h8

pressed by such a strong enough field. The magnetic and the

pressure dependences will be reported in a following Papety jeduced wher®l(Ep) is the DOS at the Fermi enerdy.

The T3-like dependence of T4 of CeNiSn in aT range of
0.4-2 K reported previously was consistent with the model

Im ,
1fr1:2y2kBT§ (A_qu)M, 3.0)

n

% ImXi(qvwn):ﬂ- E 5(Ek,0'_Ek',(r’_hwn)

k,ok' o’

IIl. EXPERIMENTAL RESULTS AND DISCUSSIONS that the gapped state possesses a V-shaped structure near the
Fermi level, i.e.Ng(E)~E, as shown in Fig. (). Subse-
A. Spin-lattice relaxation rate of 1%Sn, M1(1/T,) quently, 1T, below 0.4 K was found to be proportional to

the temperature as indicated by the open circle in Fig. 2,
probing the presence of the finite DOS. Eventually, in order

In CeNiSn, a crystal field scheme of the Tesingle ion  to interpret the overall relaxation behavior, we applied the
is inadequate to describe the anisotropy of the susceptibilitynodel with the following DOS:

1. Polycrystal and single-crystal CeNiSn
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the resistivity increases or decreases with lowering tempera-
oz for |[E—Eg[>4, ture. The metallic behavior of the resistivity at Ioly the
5) T,T=const law and the presence of the residuidinear
coefficient of the specific heaty,.s, at very low T are
IE—Ef| strongly indicative of the presence of residual carriers at the
5 Fermi level in CeNiSn. A fraction of the residual DOS,
E) A (¥ ed =Nied E)/Ng(E) is deduced fromy,es~40 mJ/mol
2 K? to be ~0.2, which is considerably larger than
a(NMR)=0.077. From the relation of T(T) 2/(T,T)o*
= a(yed?, Where [T;T), ! without any gap is indicated by
Ne(E)=a for |[E—Eg|<é. 3.3  the thick solid line in Fig. 2, Tl'_l')r’eé is calculated as indi-
cated by the thin solid line in Fig. 2. It should be noted that
Such agaplessV-shaped DOS is schematically indicated in the amount of the residual DOS deduced from Thelata is
Fig. 1(b). HereA and ¢ are a half width of the V-shaped gap smaller than that from the specific heat data involving all
and an energy plateau, aad=N,.{E)/Ng(E), a fraction of  low-lying excitations.
the residual DOSN,.{E) to the normal DOSN,, for a
simple Lorentzian band without the gap, amds a normal-
ization constant so thgiN«(E)dE=1.
The T dependence of T for the single crystal, which As indicated by an open square in Fig. 2, fhedepen-
undergoes no upturn of the resistivity at Iaw is shown by dence of 1II; in the off-stoichiometric compound
a solid circle in Fig. 2 together with the previous déspen  CeNip;Sn is enhanced belo 1 K as compared with the
circles for the polycrystalline sample. As seen clearly in theresults for both polycrystal and the single-crystal CeNiSn. A
figure, both results are almost the same down to 40 mKlarger value of IF; T at the low T regime is remarkable,
showing aT; T=const behavior down to about 15 mK below pointing to the increase of the DOS for CgNiSn. The
0.3 K for the single crystal. Both overall relaxation behaviorsmodel DOS shown in Fig. (b) does not reproduce the de-
have been consistently explained by thaplessV-shaped viation from theT® behavior of 1T, below 1 K?° A careful
model described abovisee Fig. 1b)] as indicated by the analysis has revealed that agreement with Thedata has
solid line in Fig. 2. From this fitting, we have estimated been obtained by the model DOS indicated not in Fitp),1
a=N{E)/Ny(E)=0.077, the band widthD =140 K, and  but in Fig. X(c) where the flat DOS is absenearthe Fermi
the magnitude of the pseudogap=14 K. It is found that level, but the DOS is enhancedst at the Fermi level.
single-crystal CeNiSn possesses nearly the same amount baimely, from a best-fitted curve indicated by the dashed line
the residual DOS as in the previous polycrystalline samplein Fig. 2, the same values od and A and a larger
Such unique relaxation behaviors, thafl;lis suppressed «=0.106 are deduced for CeNj,;Sn. The impurity scatter-
over three orders of magnitude below 10 K and follows theing introduced by the excess Ni atoms in CepiSn en-
T,T=const law at very lowT, are independent of whether hances the DOS jusit the Fermi level and as a result ob-
scures the flat DOS for the pure CeNiSn at the Fermi level
. . . — associated with residual carriers.

New(E) =

(E-Ep)*+

Cc

New(E) =

(E—A)2+

for |E—Eg|<A-4,

2. Impurity effect in CeNj ¢;Sn

1000

3. Ce substitution: Ce_,La,NiSn

E To substitute La into Ce sites decreases the numbér of
electrons and the occupation of renormalized quasiparticle
bands. Furthermore the nonmagnetic La impurities break the
translational symmetry of thé sites and gradually the co-
herence of the ground state itself. TRedependences of
1/T, in Ce;_,La,NiSn are indicated in Fig. 3 by an open
] triangle, solid circle, open square, and solid triangle for
i E x=0.01, 0.03, 0.06, and 0.10, respectively. It is remarkable
E 5 gezl_Sn-chz * ] that 1/T, abowe 8 K does not depend on the La concentration
001L" o0 ) X. By contrast, IT, is strongly enhanced belo8 K with
] increasingx and in proportion to the temperature at |dw
001 01 1 10 100 Interestingly, the data are well reproduced by the model DOS
Temperature ( K) similar to Fig. Xb) with the same parameters Bf=140 K
andA =14 K as in pure CeNiSn, but a larger fraction of the
FIG. 2. T dependence of T of %n in polycrystal(open residual DOSx=0.365, 0.576, and 0.749 far=0.01, 0.03,
circle) and single-crystal(solid circle CeNisn and CeNig,sn ~ and 0.06, respectively. T{ for x=0.10 exhibits, however, a
(open square Solid and dashed lines are best fits based on the Dogroad hump around 2.5 K, which cannot be reproduced by
in Figs. 4b) and Xc) for CeNiSn and CeNig;Sn, respectively. such the model DOS. Different from Cel\j;Sn where the
Thin line is T;T=const law calculated from the residugls (see ~ DOS increaseat the Fermi level, to dope Lé&Kondo hole
the texy. The thick line isT,; T=const law for the quasiparticle band into Ce sites increases the flat DOS in a finite energy region
of Lorentzian shape without the V-shaped gap. near the Fermi level.

100k

10¢

1/Ty (sec™)

CeNiSn

o
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FIG. 5. T dependence of Tj of '°%Sn in CeNj_,Cu,Sn
S (x=0.01,0.03,0.06,0.20S0lid lines are best fits based on the DOS

in Fig. 1(b).

FIG. 3. T dependence of T, of *%n in Cg_,La,NiSn
(x=0.01,0.03,0.06,0.20S0lid lines are best fits based on the DO
in Fig. 1(b).

A=14 K, the progressive increase of the fraction of the
DOS, «a, is obtained to be 0.336, 0.528, and 0.672 for

number ofd electrons in the conduction band. Thedepen- X~ 0-01, 0.03, and 0.06, respectively. Remarkably, the effect
dences of IV, in CeNi;_,Co,Sn are indicated by an open to fill up the V-shaped gap _by replacing Ni by Co is almost
triangle, solid circle, open square, and solid triangle forth® Same as that by replacing Ce by La. For both cases, the
x=0.01, 0.03, 0.06, and 0.10 in Fig. 4, respectivelji,lis  flat DOS increases near the Fermi level with increasing La
largely enhanced belo8 K with increasing Co content. For and Co content. By contrast, the DQSt atthe Fermi level
x=0.03, theT3 dependence disappears and 'ﬂh@':const increases in CeNiOlsn as mentioned above. This SuggeStS
behavior holds down to 40 mK. T{ for x=0.10 starts to that La and Co atoms not only act as impurity scatterers, but
deviate downward as compared with thakef0 below 25 K also work as hole suppliers into the coherent band formed by
and show & ; T=const behavior below 10 K. A systemafic  the hybridization betweeh and conduction electrons.
variation of 1T, is well fitted based on the same model b. M=Cu. Contrary to the La or the Co substitution, the
applied to the La substituted systefitsg. 1(b)] as indicated Cu substitution increases the numberdglectrons in the
by the solid line in Fig. 4. Without any appreciable change ofconduction band. TheT dependences of T{ for
CeNi; _,Cu,Sn withx=0.01, 0.03, 0.06, and 0.10 are shown
in Fig. 5, respectively. It is notable for the Cu substitution
o ] that theT dependence of T deviates from that in CeNiSn

3 below 30 K which is considerably higher than b&l8 K for

the La and the Co substitution. F&=0.01 and 0.03, the
- T,T=const behavior is valid below 1 K, whereas for
E x=0.06, aT,T=const behavior is no longer observed below
0.5 K and, furthermore, as indicated in Fig. 6, the full width
at half maximum of the NMR spectrum begins to broaden
] progressively below 1.3 K, whereas that for the La substitu-
- tion stays constant. Foxk=0.10, the NMR spectrum is
] largely wiped out below 1.3 K, which prevents us from mea-

4. Ni substitution: CeNj_,M,Sn
a. M =Co. Substitution of Co into Ni sites decreases the

CeNi 1 _XCOXSn

1000}

100

-
o

1/Ty (sec™)

-
LRAALL mm

x=0.01

e
=

FIG. 4. T dependence of T; of '°%n in CeNj_,Co,Sn

[o
0.01}

[e)
8o
> Oe boO

x=0.03
x=0.06
x=0.10

Temperature (K)

suring 1m,. Such a broadening of the NMR spectrum pro-
vides a signature of an AF ordering. As a matter of fact, it
was reported that the AF ordering takes placé& gt 2.6 K
for x=0.13 from the magnetic susceptibility measurentént.
Since we failed to apply the V-shaped model with the flat
DOS as in Fig. (b) for the Cu substitution, we have tried to
make the magnitude of the gap) reduce with increasing
Cu content, keepindd =140 K constant. The solid line in
Fig. 5 indicates a best fit with to be 12, 11, 7, and 0 K for

(x=0.01,0.03,0.06,0.20Solid lines are best fits based on the DOS x=0.01, 0.03, 0.06, and 0.10 and=0.269, 0.461, and 0.653

in Fig. 1(b).

for x=0.01, 0.03, and 0.06, respectively. Remarkably, the
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FIG. 6. T dependence of the full width at half maximum

(FWHM) in Cu and La substituted CeNiSn fa=0.06. A signifi- FIG. 8. T dependence of th&%n Knight shift of CeNiSn along
cant increase of the FWHM for Cu substitution gives evidence fora,b,c axes.(Ref. 10.
the onset of AF order. In Cu substituted compounds wittd.1, the
Sn NMR spectrum is wiped out below 1.5 K. in proportion to x in ligand-substituted systems,

Ce;Bi, (P _,Au,) 3.2 From theoretical points of view, the
effect to fill up the V-shaped gap by replacing Ni by Cu is \/x dependence of the DOS was argued from a general con-
more substantial than for the La and the Co substitution. Theaxt of the doping effect in Kondo insulator by Schlottm&hn
Cu substitution induces not only the DOS, but also reducegngd from a different context in CeNiSn and CeRhSb by
the magnitude of the energy gap. This suggests that to doReda and Miyakd® In the former, for a finite content of
electrons by the Cu substitution suppresses more markedlyondo holes by the La substitution, tfederived DOS of
the gapped state than to dope holes by either the La or the GRe impurity band is proportional tex at the Fermi level,
substitution does. , whereas for ligand impurities such as Co and Cu, the tails of
_ Figure 7 shows the concentration(dependence of rela- j 5 ity states develop close to the gap edge. The latter has
tive fraction of the DOS,a=[N{E)/No(E)], estimated ghown that even for pure CeNiSn a small DOS exists in the
from the value of I, T for x<0.10. Independent of the ,se,dogap state caused by the highly anisotropic hybridiza-
dopant, all the data are fitted by the formula of tjon and, furthermore, the induced DOS increases in propor-
[Nred E)/No(E)]=AVx+0.077. Solid, short-dashed, and tjon 10 Jx. In CeNiSn, a primary cause to suppress the
long-dashed lines are the fits with=2.27, 2.49, and 2.80 for - \/ghaped gap is not due to the impurity scattering, but to the
the Cu, the Co, and the La substituted systems, respectiveliycrease of carrier density by the substitution, because the

On the other hand, thex dependence of,.s has been ob-
served in (Ce;_,La,) 3Bi,Pt;, whereas y,s increases

N(EF)res / No(EF)

0.8

0.6

0.4

0.2/

CeNiy_Cu,Sn :0
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Cej4LayNiSn : O

Cu content x

0.03 0.06 0.09 0.12

0.0

1
0.02 0.04

1
006 008

dopant content x

0.10

impurity scattering as shown in CeNj;Sn gives rise to only
a small amount of the residual DOS at the Fermi level.

B. 11%Sn Knight shift

In order to confirm a validity of the V-shaped model of
the gap structure in the undoped CeNiSn, Thdependence
of the Knight shift has been measured. As reported previ-
ously, the magnetic susceptibility of CeNiSn shows a Curie
tail at low T, whereas the Knight shifts parallel & b, and
¢ axes reflect the intrinsic susceptibility of CeNiSn without
any influence by a small amount of magnetic impurities. Fig-
ure 8 shows the highly anisotropit dependence of the
11%Sn Knight shift. The Knight shift along the axis under-
goes a rapid drop below 12 K associated with the opening of
the gap. By contrast, the shift along thexis stays constant,
dominated by the Van Vleck contributidfi.

In general, the Knight shift for ligand sites inf £om-
pounds is dominated by tledependent spin pald,(T) and
the T-independent Van Vleck paK,, as

FIG. 7. Dopant dependences of the flat DOS at the Fermi level.

Solid, short-dashed, and long-dashed lines are least squares fits to

K(T)=K¢T)+Kyy . (3.9

the data for Cu, Co, and La substituted systems, respectively.

The inset shows the dependence of the gap valuexom

CeNi;_,CuSn.

Here, the contribution from conduction electrons is negli-
gible. Concomitantly, the magnetic susceptibility has two
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contributions of the spin pats(T) and the Van Vleck part - T - . : T
Xvy as

3.0F CeNiSn

X(T)=xs(T) + xwv - (3.5

The spin Knight shift of*1%Sn, K(T), is dominated by the
f-derived susceptibility through the transferred hyperfine in-
teraction originated from the hybridization betwetrelec-
trons at Ce sites angl or p electrons at Sn siteX4(T) is
related toy(T) by the transferred hyperfine coupling con-
stantAye as follows:

Ka-Kw (%)

Anr

= NAMBXS(T), (36) . | . | . |

0.0 50 100 150 200
Temperature ( K)

Ks(T)

where Ny and ug are Avogadoro’s number and the Bohr
magneton, respectively. Based on the quasiparticle band pic-
ture, x<(T) is evaluated as follows: FIG. 9. T dependence of th&%Sn spin Knight shift of CeNiSn
along thea axis, whereKy,,=0.8% is assumed to be the same as
of(E) for the ¢ axis. Solid and dashed lines are calculations based on the
Xs,i(T)ocgi:U«Bf Neﬁ(E)[ - f] dE, (3.7 model DOS in Fig. (b) with D=200 K, A=5 K, anda=0.451 and
with D=140 K, A=14 K, anda=0.077, respectively.

wherei denotes the crystal direction amNi4(E) the effec- IV. SUMMARY
tive DOS defined by3.3). The anisotropy originates from

that of theg factors. As seen in Fig. 8, the Knight shifts CeNiSn and the substituted systems, it has been deduced that

remain finite atT=0 along all crystal directions. The spin L d . :
and the Van Vleck contributions are difficult to separate, pelNe intrinsic DOS at the Fermi level exists even in the better

cause thef-derived moment induced by the maanetic field single-crystal CeNiSn, which should be hence classified as
; . e v 9 he semimetal with very low carrier density. It has been clari-
contributes to the spin shift with increasing temperature. |

; . ied that the DOS inside the V-shaped pseudogap is induced
Kyy along thea axis at lowT is assumed to be nearly the j st 4t the Fermi level by adding impurities as in the off-

same aX.=0.8% dominated b,y (see Fig. § the spin  ggichiometric compound CeNj,Sn, whereas the flat DOS
Knight shift K ,(T) along thea axis is roughly estimated as s induced over a finite energy rangearthe Fermi level by

indicated in Fig. 9. Front3.3) and (3.7), the relativeT de-  substituting La and Co into Ce and Ni sites, respectively.

pendence of the spin Knight shift is calculated with the pa-Furthermore, the La and the Co substitution do not change

rameters oD =140 K, A=14 K, anda=0.077 as indicated the magnitude of the energy gap with=14 K, whereas the

by dashed line in Fig. 9. In & range higher than the tem- Cu substitution reduces the gap in addition to the increase of

perature 12 K at the peak of the shift, the agreement seems the DOS. In the latter case, AF ordering takes place for the

be satisfactory, but the decrease of the shift below 12 K i€u substitution with more thax=0.06. Namely, depending

not reproduced. Rather a better fit is obtained with a differenon whether holes or electrons are doped into the renormal-

set of parameters db =200 K, A=5 K, and «=0.451 as ized conduction bands, the V-shaped gapped state changes

indicated by the solid line. into either a normal Fermi liquid state or the antiferromag-
Apparently, theT dependence of T4 and the spin Knight ~Netic ground state.

shift are not consistently reproduced with the same effective

DOS. Therefore an estimation ¢f,,,=0.8% along thea ACKNOWLEDGMENTS
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