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Resistivity, Hall effect, and Shubnikow-de Haas oscillations in CeNiSn
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The resistivity and Hall effect in CeNiSn are measured at temperatures down to 35 mK and in magnetic
fields up to 20 T with the current applied along thexis. The resistivity at zero field exhibits a quadratic
temperature dependence belev.16 K with a huge coefficient of th&? term (54 cm/K?). The resis-
tivity as a function of field shows an anomalous maximum and dip, the positions of which vary with field
directions. Shubnikov—de Ha&SdH) oscillations with a frequency{ of ~100 T are observed for a wide
range of field directions in thaec andbc planes, and the quasiparticle mass is determined to (®-20)m,.

The carrier density is estimated to bel0~ 2 electron/Ce. In a narrow range of field directions in #teeplane,

where the magnetoresistance-dip anomaly manifests itself clearer than in other field directions, a higher-
frequency £=300-400 T) SdH oscillation is found at high fields above the anomaly. This observation is
discussed in terms of possible field-induced changes in the electronic structure.
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. INTRODUCTION conductivity exhibitsT-linear dependence below 0.3 'K,
which is characteristic of metallic systems&s>0. Analy-

Kondo semiconductors(or insulatory, e.g., SmRB, ses of C/T and 1T, suggest that the gap is a V-shaped
YbB,,, and CgBi,Pt;, are cousins of heavy-fermion pseudogap of width~10 K with finite density of states
compoundg:? Both classes of materials behave like Kondo-(DOS) at the Fermi leve?:*! Since the width of the gap is
impurity systems at high temperaturéglectron spins inde- small, the magnetic fiel@ may alter the electronic structure
pendently scattering conduction electrons. As the scatteringia the Zeeman splitting of the up- and down-spin energy
becomes coherent at low temperatures, the heavy-fermiopands. There are some experimental indications that the gap
compounds remain metallic, described as a Fermi liquid omay be suppressed by the field applied along the
heavy quasiparticles, while the Kondo semiconductors beaxis®**~*®which is the easy axis of magnetization.
come semiconducting with a small energy gap opening in the On the theoretical side, there are two contrasting ap-
excitation spectrum. Since the known Kondo semiconductorgroaches to CeNiSn. One is an anisotropic hybridization-gap
have an even number of electrons per unit cell, it has beemodel*”*®1t is argued that, if the lowest Kramers doublet of
suggested that, despite strong electron-correlation effectde Ce 4 state has special symmetry, the hybridization be-
they may be viewed as band insulatdidamely, if one oc- tween conduction and electrons and hence the gap may
cupiedf state hybridizes with a single half-filled conduction vanish in some directions in the Brillouin zone, leading to
band, a band insulator may result, with the lower hybridizedinite DOS at the Fermi level. The other approach takes the
band completely occupied. view of a two-fluid model, assuming the existence of neutral

CeNiSn, crystallizing in an orthorhombic structure, is aspin excitations that are decoupled from charged Fermi-
unique variety of the Kondo semiconductors, in which theliquid excitations(i.e., charge carriejs? It is claimed that
gap formation seems incomplételhe Kondo temperature the spin excitations dominate low-temperature thermody-
Tk of 51 K is deduced from specific heat data abovenamic properties and that a pseudogap opens only in their
~10 K, which is comparable td of 24 K in the repre- Spectrum.
sentative heavy-fermion compound CeRiy.* Although the In a previous paper, we have reported the first observation
semiconducting behavior of resistivity observed in earlyof Shubnikov—de Haa$SdH) oscillations in CeNiSRA? In
samples is completely suppressed as the quality of crystalghis paper, we present more extensive measurements of the
is improved® there is plenty of evidence for the gap forma- low-temperature resistivity and Hall effect as well as SdH
tion below ~10 K, e.qg., direct observations of the gap by oscillations in CeNiSn. We discuss the electronic structure
break-junction tunneling spectroscdpgnd the rapid sup- and the influence of the magnetic field on it.
pression ofC/T (Refs. 3 and Band 1T;,° whereC is the
electronic part of specific heal, temperature and’; the
nuclear spin-lattice relaxation time. However,T levels off
at ~40 mJ/mol ¥ below 1 K!°and 11, exhibits the Kor- Single-crystalline ingots of CeNiSn were grown by the
ringa law (T;T=const) below 0.4 K! Further, the thermal Czochralski method and were purified by a solid-state elec-

II. EXPERIMENTS
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trotransport techniqu&Two parallelpipedgsamples b1 and 54
b2) of ~0.5 mnf in cross section and-4 mm in length

along theb axis were cut from an ingot by spark erosion. -
Gold lead wires were spot welded. The resistivity and Hall g S0
effect were measured at temperatures down to 35 mK and ir% 8-
magnetic fields up to 20 T by a conventional four-terminal & 46

sample-b2

e 7] /A:S4u90m/l(2 7

method with a low-frequency ac excitation current ( 44
=17 Hz| =100 nA) applied along théy axis. The field was ol L 1 | | |
rotated in theac andbc planes, and the field angl&g, and 0 04 08 12 0 005 010 0.15 020
0., are measured from theaxis. Both samples were metal- 72 X 2)
lic down to the lowest temperature. : | |
500 (d) -
lll. RESULTS Za;‘/llc’lib;
| T=50mK

Figure Xa) shows the temperature dependence of the re- 400
sistivity, which is quite unusual. The resistivity is nearly con- _
stant around 1 K, as if a residual resistivity regime is g 3¢
reached, yet it starts to decrease again near 0.8 K. The resi&
tivity exhibits a quadratic temperature dependence at theg
lowest temperaturd$ig. 1(b)], which is a characteristic of a
Fermi liquid. The coherence temperaturg,—i.e., the up-
per limit of the T? behavior—is very low,~0.16 K. The 100
coefficientA of the T2 term is huge, 540 cm/K2. These
points may be illustrated by comparison with the correspond- 0
ing values found in CeR®i,—i.e., T¢~0.6 K and A
=0.4 uQ cm/K2.%1

Figure Xc) shows the magnetoresistance for selected field

200

60°
90° (// b)

directions in theac plane. The magnetoresistance Bfta 0 © ! I\ ! -
(0:2=90°) exhibits a broad maximum at 4.4 T and then = sample-bl
decreases, showing a bend near 9 T. This behavior is in ac E -100 B /fa, T=50mK
cordance with previous data at 0.45"KNote that the field = sample-b2
geometry is transverse. Since CeNiSn has an even number « T 200 Blfe.T=35mK+
electrons per unit cell and hence must be a compensate e \

metal, the negative magnetoresistance at high fields is unex -300 - ]
pected. The position of the magnetoresistance maximun |

moves to higher fields with decreasirty, (e.g., 7.6 T at o 5 10 15 20
6..=42°), going beyond the investigated field range near B(T)

0:2=8°, and then come§ baclf to 15_T fB'HC (0ca=0). FIG. 1. (a) Resistivityp in CeNiSn measured along theaxis as
The bend also shifts to higher fields with decreasiggand 5 function of temperaturg. (b) Low-temperature part of the same

evolves into a dip ford.,<~60°, as seen at 13.5 T &,  data as a function of2. The dashed line shows a fit jo=p,
=42°. As the field is further rotated, the dip is preceded by+ AT? pelow 0.16 K.(c) and (d) p vs field B for selected field
an extended region where the resistivity exhibits rapid dedirections in theac and bc planes, respectively. The field angles
crease; ab.,=27°, the rapid decrease starts at 15.5 T, butg,, and 6., are measured from the axis. Note that the field ge-
the dip is not reached up to 20 T. FBf|c, the oscillatory  ometry is always transverse o), while it changes from transverse
behavior below 15 T is due to the SdH effect and will beat 6.,=0 to longitudinal atd.,=90° in (d). (e) Hall resistivity p,
described in more detail below. vs B for B|la andB||c.
Figure Xd) shows the magnetoresistance for selected field
directions in thebc plane. The field geometry changes from at low fields and then bends near 15 T in line with the
transverse a¥.,=0 to longitudinal atd.,=90°. Although anomaly in the magnetoresistance. The oscillatory behavior
this leads to a much suppressed magnetoresistance for largelow 15 T is ascribed to the SdH effect. Although CeNiSn
0., the position of the magnetoresistance maximum can benust have both electron and hole carriers because of the
traced. As the field is tilted from the axis with increasing charge compensation, the large negative Hall resistivity sug-
0.,, the maximum position first moves to slightly lower gests that electron carriers dominate the electrical conduc-
fields, then goes up, and appears to go out of the field rang@n. Accordingly, if we assume a single-carrier model, the
nearf.,=60°. Hall coefficient at 2 T—33x 10 2 cm®/C, corresponds to a
The Hall resistivity forB| a is also anomalouFig. 1(€)];  carrier concentration of 1:210 2 electron/Ce.
it exhibits a negative peak at 2.5 T and takes small positive In Fig. 2(a), we show the oscillatory part of the magne-
values at high fields. Similar behavior was previously ob-toresistance measured wilc for the two samples. We see
served at 1.5 K2 For B||c, the Hall resistivity is linear iB  that both samples exhibit essentially identical SdH oscilla-
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(©) 8OF T T T T T —H FIG. 3. (a) Resistivity p in CeNiSn for the field angled,,
75 sample  _| =60° and its oscillatory panp,s. as functions of the inverse field
S 8 O bl 1/B. (b) The Fourier transform gp,s.. Spectra at higher tempera-
=) 0= EEU B O b2 tures are also shown. The inset shows the temperature dependence
& 65 8o o g - of SdH oscillation amplitude#,... The effective massn* is de-
60 - a g 1 termined to be (1&2)m,.
551 ] | ] | ] +H
6 7 8 9 10 11 12 to peak or valley to valleyas a function of field. We find that
B (T)

the frequency changes from 70 to~60 T with increasing
FIG. 2. (a) Resistivityp in CeNiSn for the field parallel to the field. We also examined the possible fieI(_j dependence of the

. i . . : ) effective mass for sample bl by measuring a peak-to-valley
axis and its oscillatory parp,s. as functions of the inverse field height of each oscillation. The masses thus determined are
1/B. To obtainp.s, a polynomial was fitted to the smoothly vary- )
ing background op(1/B) and subtracted from it. The two samples 12.3m,, 13.2m, ' 14.2ne, and 13.9n, at 7.4, 8.4, 96 and_
bl and b2 give essentially identical results) The Fourier trans- 11-> T, respectively. It appears that the mass slightly in-
form of pe in the sample bl. Spectra at higher temperatures ar§'€aSes v_wth l_‘leld. However, since th(_a errors associated with
also shown. The inset shows the temperature dependence of SdAese estimations arelm,, more precise measurements are
oscillation amplituded.... The solid curve is a fit to the Lifshitz- Necessary to conclusively state the field dependence of the
Kosevich formula(Ref. 23, which yields an effective mass* of mass.
13+1 in units of the free electron mass,. (c) The frequency SdH oscillations of this frequency branch are observed in
determined from each one oscillation perig¢deak-to-peak or a wide range of field directiongl., up to 60° andd., up to
valley-to-valley width as a function of the field for the two 36°. For instance, we show the oscillatory part of the mag-
samples. netoresistance measuredéat,=60° as a function of B in

Fig. 3(@). The Fourier spectrum indicates a frequency of 77

tions. The Fourier transform of the oscillations indicates a+=5 T [Fig. 3(b)], and the effective mass is determined to be
single frequency at 665 T [Fig. 2(b)], where the error is 19%=2m, (insed. We plot the angular dependence of the SdH
simply set by the inverse of the B/width of the original frequency in Fig. 4. Here the frequencies were determined
data. The corresponding orbit area is 0.5% of the cross sefrom Fourier transforms of the data in the same field interval
tion normal to thec axis of the Brillouin zone. Fitting the from 5.56 to 14.3 T for allé.,'s and for 6.,<26°. For 6.,
temperature dependence of the oscillation amplitude to the=26°, a narrower window from 5.56 to 10.9 T was used so
Lifshitz-Kosevich formuld® (inse}, we find the associated that the magnetoresistance maximum and bemdiip) will
effective mass to be (31)m,, wherem, is the free elec- not affect the Fourier transforms. The frequency increases
tron mass. faster than 1/cod., in the ac plane, while the angular de-

Although the Fourier transforms show a single peak, gpendence in thbc plane is weak. As a rough approximation,
closer examination of the oscillations reveals that the frethe shape of the Fermi surfa¢ES) seems to be a concave
guency actually changes with field. FigurécRshows the lens the axis of which is parallel to theaxis.
frequency determined from each one oscillation pe(mehk We here note evidence that the observed SdH oscillations
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FIG. 4. The field-direction dependence of the SdH frequency in g g0.1 | | |
CeNiSn. The frequencies were determined from Fourier transforms< | < 0.00 L 500 L .08 : oL L
of oscillations in the following field interval88=5.56—-14.3 T for Y ’ ’ T(i() ’
all 6.,'s and for 6.,<26° andB=5.56-10.9 T forf.,=26°. For | | g _ o A
the ac plane, the measurements on the two samples yielded identi 00 200 400 660 80(; 10&) = 1200 1400
cal results within experimental erroicompare the circles and F D)
squares The effective mass is also shown for selected field direc-
tions. FIG. 5. (a) Resistivity p in CeNiSn for the field angled.,

=42° and its derivative with respect to the inverse fiel@ Hs
functions of 1B. The magnetoresistance decreases fairly sharply

are intrinsic to high-quality single crystals of pure CeNiSn,
gh-q y g y b from 12 T and exhibits a dip at 13.5 T. The derivative curve indi-

nor dute o .;mpl:.rl’ilgs(l)lWe perf(;rm>eg rge?SLljremtents not cates the existence of SdH oscillations above this @ipThe Fou-
O_n y at positive field anglesé., or fcy . ) but also at nega- rier spectra for field ranges aboysolid curve and below(dashed
tive ones @, or 6c,<0). It was verified that the angular g the magnetoresistance dip. The inset shows the temperature

dependences of the SdH frequency and amplitude were symgependence of the amplitud,s, of SdH oscillations observed
metric with respect to the axis. Namely, the SdH oscilla- above the dip.

tions exhibit the appropriate symmetry of the crysta).The

angular dependences in the plane determined for the two IV. DISCUSSION

samples are identical within errdFig. 4).

For a limited range of field directions, we have observed
another frequency branch at high fields above the aforemer%-h
tioned magnetoresistance dip. Figu@5hows the magne-
toresistance and its derivative with respect t8 I6r the
field angled.,=42° as a function of B. The magnetoresis- . o4 with an extremal cross section of the FS:
tanqe decreases fairly shar_ply from12 T and exhibitls a = Fyye— B(dF yyo/dB).2* This means thatl) a linear varia-
minimum at 13.5 T. In the field range higher than this d'p'.tion in F . does not affeck,, and that(2) whenF . has a

the magnetoresistance exhibits oscillatory behavior, which is " . i L
o . S . __honlinear field dependence, the variationFp may be en-
more clearly visible in the derivative curve. The Fourier

transform of the magnetoresistance in the field range abo af?ced over that iffye. A linear Z_eeman shift (.)f a para-
the dip [Fig. 5b), solid curvd shows a clear peak at bohq energy band leads only to a Imegr chapge ina FS Cross
~380 T, while the spectrum for the field range below theS€ction and hence does not affégt; i.e., Fy's of oscilla-

dip (dashed curvedoes not show any peak. The effective tions from up- and down—s.pln electrons remr.:un.the same and
mass for the orbit is determined to be (22)m, (insed. For constant. The observed field dependence indicates that the
the nearby field directions.,=48° and 55°, SdH oscilla- €nergy band shifts nonlinearly with fields and/or that the en-
tions with a frequency of-300 T appear similarly on the €rgy dispersion in the vicinity of the Fermi level strongly
high-field side of the magnetoresistance dip. For still largedeviates from quadratic. When theoretical models become
field anglesd.,>55°, no oscillations are observed. This may available for comparison, further information can be ex-
be attributed to the fact that the resistivity at high fields andracted from the present observation.

hence its oscillatory part are so small for field directions We next discuss the FS responsible for the frequency
close to thea axis[see Fig. 1c)]. branch shown in Fig. 4. The size of the observed SdH fre-

We begin with the field dependence of the SdH frequency
own in Fig. 2c). When a SdH frequency depends on the
field, the momentary frequencly,, that is experimentally
measured differs from the true frequeriey,. that is directly
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guencies, the order of 100 T, is compatible with the carrier magnitude smaller because of the larger mass. The suppres-
concentration estimated from the Hall coefficient with asion of T.., probably relates to these fine energy scales. The
single-carrier model; a spherical FS enclosing 30 hugeA does not conform to the Kadowaki-Woods relation
electron/Ce would give a SdH frequency of 190 T. The com-A/¥*~1X 10> cm (mol K/mJ}, which is observed in
patibility supports that what we have found from the SdHmMany heavy fermion In the theoretical derivation of this
oscillations is not small structures of a large FS but the majofelation’ metals with large carrier ~concentration
portion of a small but dominant FS. Since the Hall resistivity(~1 electron/Ce) are assumed. This is, however, not the
is negative, the observed FS is an electron pocket. Note thet@Se with CeNiSn, in which the formation of the pseudogap
even if the measured Hall resistivity contains some contribuSUPPresses, while it enhances resistivity through reduced
tion from hole carriers, the above line of argument is still C&/Tier number. Thus the anomalously lalgean be quali-
valid. In that case, the true carrier number is smaller than théatlvely explained.

single-carrier-model estimation, and hence it becomes even One mlghtzargue t_hat_ electrc_)n—phonon scattering could
: , . also lead toT“ behavior in semimetals. For example, the
more unlikely that larger FS’s are hidden.

L . . N resistivity of bismuth varies a$? between 0.3 and 1 &
It is interesting to estimate the contribution 3¢=C/T) The essgnce of the electron-phonon scenario oftheesis-

of th'§ electron FS. 95'”9 an _|sot_rop|c threg-glmensmnalﬂvity is that, if the FS is small and anisotropic, large-angle
effective-mass approxmatn;ny is given by m°Kgn/2er,  gcattering(i.e., scattering angle-180°) by phonons may
where ez =7’kz/2m* and ki=3m’n/v. Here, e¢ is the  syurvive down to very low temperaturéAt a low tempera-
Fermi energyke the Fermi wave numbeg unit volume, ture T, most excited phonons have wave numbers smaller
and other symbols as usual. Assumimgto be 10°  thanq;=kgT/%s, wheresis the sound velocity. If a minimal
electron/Ce aneh* to be (10—20n,, we haveer of 26-13  caliper of a FS is smaller thag,, appreciable large-angle
K and y of 1.5—-3 mJ/mol K. The estimatedy is one order scattering can still occur and the temperature dependence of
of magnitude smaller than the experimental value ofresistivity remains weaker thafP, which is expected from
40 mJ/mol K. 1° the Bloch-Grneisen law?® Specifically, in the case of a cy-
Having discussed the experimental estimations of the catindrical FS, it can be shown that the resistivity exhibits
rier number andy, we here compare the two theoretical dependence in an extended temperature range befofethe
models of CeNiSn. The considerable discrepancy betweedependence appedisThis scenario, however, does not ap-
the estimated and measurgdalues may be a support to the ply to CeNiSn. The sound velocity in CeNiSn is 2—-4
two-fluid model*® since it claims that the specific heat is x10° cm/s?'%? vyielding q;=1-2x10*A~! at T
dominated by neutral spin excitations. However, it does not=0.035 K, the lowest temperature of the measurements. The
seem to provide clear explanation for the largely reducedbserved SdH frequencies; 100 T, correspond to a FS
carrier number. On the other hand, in the case of the anis@ross section of~1x10"? A~2. For simplicity, let us as-
tropic hybridization-gap model, small FS’s are expected tasume the cross section to be rectangular. The shorter sides of
appear around the nodes in the Brillouin zone where thehe rectangle must be comparabledgp so that large-angle
hybridization gap vanishes, if small dispersion of renormal-scattering can be effective. Accordingly, the longer sides will
ized f-electron levels is taken into accoddtThus, the ob- be 100-50 A1, Such extremely anisotropic FSi@spect
servation of the FS does not conflict with the model. Theratio >10°) can never be compatible with the anisotropy in
measured largey may be accounted for if we assume thatthe resistivity: the ratio of the resistivities along the most
hole carriers have effective mass-e200m,. This assump- resistivec and least resistiva axes is~4 at most
tion is not so unlikely as it may, at first sight, appear. It is  Last, we discuss magnetic field effects on the electronic
known that the many-body mass enhancement in Ce-basegructure. The negative magnetoresistance and nonlinear Hall
heavy fermions varies from FS to FS and hence that light angesistivity for B||a [Figs. 1c) and Xe)] suggest that the elec-
heavy carriers often coexist in one compound. Indeed, effearonic structure changes with the field, as was previously
tive masses in CeR8i, found by de Haas—van Alphen mea- pointed out:®?2 Although the magnetoresistance maximum
surements range from 1m, to more than 108, .°If Tcis  and bendor dip) cannot necessarily be identified with phase
a measure of the possible mass enhancement factor, the axansitions, it seems reasonable to regard them as character-
istence of carriers with mass ef200m, in CeNiSn cannot istic fields of the field-induced change. The magnetoresis-
be ruled out, sincd is comparable in the two compounds. tance maximum probably signals the onset of substantial
We now turn to theT? dependence of resistivity observed changes. This view is supported by the fact that the Hall
below 0.16 K[Fig. 1(b)]. We attribute it to quasiparticle- resistivity for B|c deviates from nearly linear field
quasiparticle collisions. Namely, we regard it as a low-dependence—i.e., normal behavior—at the field of the mag-
temperature limiting behavior of a Fermi liquid. The two netoresistance maximum. On the other hand, it is not clear
peculiarities in theT? dependence—i.e., the relatively low what underlies the bengr dip). These characteristic fields
Teon and anomalously largd—cannot be taken as indica- increase as the field is tilted away from thexis. This may
tions of exceptionally strong many-body effects in CeNiSn,be related to the fact that the magnetic susceptibilities along
but rather seem to be connected with the extremely low carthe b andc axes are less than half of that along thaxis>®
rier concentration of 10° electron/Ce. The Fermi energy of  The sudden appearance of the high-frequency oscillations
the electron carriers is estimated to b&0 K as described above the magnetoresistance difig. 5 suggests that a
above, while that of the hole carriers could be one order ofarger FS appears at high fields as a result of the changes in
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the electronic structure. The quasiparticle mass associated CeNiSn. The resistivity exhibits @2 dependence below
with the high frequency is no smaller than those found forT_,,=0.16 K. Viewing this dependence as a Fermi-liquid be-
the low-frequency branch. These are basically consisteriavior, we have argued that the 6l and hugeA associ-
with the fact thaty is enhanced in fields along tleaxis®'*  ated with it may be related to the extremely low carrier con-
The variation ofy is gradual and featureless, compared tocentration.
the sudden appearance of the high-frequency oscillation. The \we have observed that the high-frequency SdH oscilla-
d?scre.pancy could be ascribed to the difference in the fieldjgng appear above the magnetoresistance-dip anomaly for
direction and/or the fact thay was measured on an early certain field directions and have discussed these observations
semlcgnductlng samplor at a much higher temperature of i, tarms of field-induced changes in the electronic structure.
3.3 K. We note that the Zeeman energy at 20 T~R0 K for a
V. CONCLUSION moment of ~1ug and is comparable tgor much larger
than the Fermi energy of the electrdhole) carriers derived
We have established that a small number of intrinsiGn the present work. This suggests that competition between

charge carriers with enhanced mass do exist in the grounghese energies may lead to fundamental change of the elec-
state of CeNiSn. The carrier concentration is estimated to bggnic structure. Therefore field effects on the electronic

~102% electron/Ce, while the quasiparticle mass iSstrycture deserve further studies.
~(10-20)m,. Combining these two parameters, we have
estimated the contribution of the observed FSytto be a
few mJ/mol K, which is one order of magnitude smaller
than the experimentay. Thus, the essential question raised
by the two-fluid model still remains to be solved: whether or  Work at the Hiroshima University was supported by a
not neutral spin excitations, besides charge carriers, are neGrant-in-Aid for Scientific Research(COE Research
essary to explain low-temperature thermodynamic propertie$3CE2002 of MEXT, Japan.
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