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U doping effects in„Ce12xUx…NiSn
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We have studied (Ce12xUx)NiSn for 0<x<0.2 to investigate the effects of U doping on the low-
temperature anomalies seen in CeNiSn. From resistivity and thermopower results, we conclude that with as
small as 1.6% U doping the anomalies disappear. With further increasing U concentrations, the system be-
comes unstable towards a weakly antiferromagnetic transition. We discuss the effects due to small U doping at
low temperatures in the light of chemical pressure effects and Fermi-level tuning.@S0163-1829~98!03021-5#
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I. INTRODUCTION

Since the discovery of some strongly correlated elect
systems of Ce or U intermetallics with apparently small-g
behavior, so-called ‘‘low-carrier-density Kondo systems,’’
there has been renewed interest in small-gap, or pseudo
materials with strong hybridization betweenf and conduc-
tion electrons. CeNiSn, initially studied by Takabata
et al.,1 is exceptional among the low-carrier-density Kon
systems in having the«-TiNiSi orthorhombic structure.
There have since been many intensive studies of CeNiS
particular of the low-temperature anomaly~an increase in
resistivity!, that have been interpreted as a signature of a
opening at the Fermi surface at low temperatures. The
parameters estimated from the resistivity data are 2.4,
and 5.0 K for thea, b, and c axes. The low-temperatur
increase in the resistivity disappears completely when a m
netic field of 14 T is applied along a magnetic easy axis,
a axis,2 suggesting some correlation between the resisti
increase and the low-temperature magnetic properties.
resistivity increase also disappears with a pressure of
kbar, and then the low-temperature resistivity becomes
tallic, though like a very dirty metal, as the residual resist
ity value is aroundr;70mV cm under high pressure.3 In-
terestingly enough, it was shown recently that the lo
temperature increase in the resistivity is very sensitive to
amount of impurities present in the samples: the more p
the sample the less distinct the resistivity increase is at
temperatures and it eventually becomes metallic.4 Neverthe-
less, it seems that a small amount of impurities does
affect the gap opening behavior in general.

Regarding the nature of the gap, it should be noted
the extrapolated electronic contribution to the heat capa
to T50 is about 60 mJ/mol K2.2 This excessive residual hea
capacity can be best understood in such a way that CeN
has some residual density of states at the Fermi level,
gesting that the gap in CeNiSn is a partial gap, or
pseudogap in agreement with NMR data.5
570163-1829/98/57~21!/13706~6!/$15.00
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With CeNiSn having no magnetic transition itself down
11 mK ~there are only small changes in the dynamical b
havior of mainly Ce moments according to muon sp
relaxation results6!, it was of primary interest what kind o
effects short-range magnetic fluctuations, if any, have
the opening of a partial gap below 6 K. Neutron studies
CeNiSn have found two different spin gaps, which are w
defined only in particular regions of momentum space. T
two spin gaps disappear upon heating the sample.
smaller gap of 2 meV is well defined around~0,0,1.2!, while

the larger one withD54 meV is seen only around (h, 1
2 ,l ).7

In contrast to CeNiSn, UNiSn~Ref. 8! crystallizes in the
MgAgAs cubic half-Heusler structure and has semicondu
ing properties at high temperatures with a gap value of ab
1000 K. Most interesting of all, UNiSn has an antiferroma
netic transition at 47 K, and a semiconductor-metal transit
at the same temperature. There have been some unsucc
attempts9 to separate the magnetic transition from t
semiconductor-metal transition. This failure suggests that
two transitions, one of electronic origin and the other
magnetic origin, are coupled strongly. We may conject
that when UNiSn becomes antiferromagnetic below 47 K
Fermi surface becomes modified so much that it favor
metallic state or vice versa. It has a fairly modest electro
specific heat ofg;28 mJ/mol K2, but this is still large com-
pared with typical values for simple metals.

The present work was motivated by this conjecture
the effects of magnetic order on the transport properties
UNiSn and the unanswered question of the role of magn
fluctuations in CeNiSn. By studying~Ce,U!NiSn, we aimed
to understand the role of magnetic fluctuations in CeN
and the unanswered relationship between the antiferrom
netic transition and the semiconductor-metal transition
UNiSn. As it turned out, however, the solid solution of Ce
UNiSn is very limited. We thus concentrate on the effects
U doping in CeNiSn in this paper except for some gene
comments on the metallurgical side of the~Ce,U!NiSn stud-
ies.
13 706 © 1998 The American Physical Society
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57 13 707U DOPING EFFECTS IN (Ce12xUx)NiSn
II. EXPERIMENTAL DETAILS

We have prepared, using an arc furnace, (Ce12xUx)NiSn
with x50, 0.016, 0.031, 0.05, 0.1, 0.15, 0.2, 0.3, 0.5, 0.
0.9, and 1. All samples withx<0.3 were annealed in
vacuum-sealed quartz at 750 °C for at least 26 days.
remaining samples were annealed at 800 °C for 3 mon
Subsequently, most samples were subject to metallurg
examinations and x-ray characterization using CuKa radia-
tion in a Phillips PW1700 diffractometer.

A standard four-probe technique has been used for re
tivity measurements from 300 to 2 K. Magnetization me
surements have been made down to 2 K and up to 7 T using
a superconducting quantum interference device magneto
ter ~Quantum Design MPMS7!. The thermopower has bee
measuredin situ against a high-Tc YBaCuO compound (Tc
582 K) up to 70 K, and against pure lead at higher tempe
tures. We used the thermopower data of lead measure
Roberts10 to determine the absolute thermopower valu
above 70 K. For the experimental details of thermopow
measurements, see Ref. 11.

III. DATA AND ANALYSIS

Since our previous publications12 on x50, 0.1, 0.15, 0.2,
and 0.3, we have concentrated on samples with smalle
concentrations. We also measured the compositions of
samples for consistency again.

After describing the characterization of all the sampl
we will restrict ourselves to studies of U doping on CeNi
as Ce-doped UNiSn samples show significant foreign pha
even at 10% substitution of Ce for U.

A. Sample characterization

Our x-ray-diffraction results showed that U-dope
CeNiSn forms in a single phase over a wider range of c
centration than Ce-doped UNiSn. At up to 20% of U subs
tution in CeNiSn, all samples were found to be single pha
For ~Ce0.7U0.3!NiSn, there appear some foreign phases in
x-ray-diffraction patterns, but we have included the th
mopower data of the 30% U-doped CeNiSn in the appro
ate section to illustrate a structural transformation occurr
between 20% and 30% U-doped CeNiSn. In contrast,
solid solution region of Ce doping in UNiSn is limited to
best 10% substitution of Ce, and even~Ce0.1U0.9!NiSn shows
signatures of foreign phases.

To summarize our findings, U-doped CeNiSn contra
with U concentrations whereas Ce-doped UNiSn appear
expand with Ce concentrations. With 20% U doping, there
about a 0.9% decrease in unit-cell volume. Relative red
tions in lattice constants are 0.46% for thea axis, 0.27% for
theb axis, and 0.18% for thec axis, respectively. Compare
with around 0.18% volume change induced by 1 kbar
pressure,13 U substitution in CeNiSn thus seems to provi
significant effects on the lattice constants. We recall that
low-temperature upturn in the resistivity disappears with
kbar.3 We will therefore consider this chemical pressure
fect carefully when we discuss general effects of U dop
later in the discussion.
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B. Resistivity

Since we have noticed some variations in the roo
temperature resistivity values among the samples, we pre
resistivity ratio data instead. The resistivity values at roo
temperature are 191, 293, 253, 309, 220, 305, 155, and
mV cm for 0%, 1.6%, 3.1%, 5%, 10%, 15%, 20%, and 30
of U, respectively. The variations in the room-temperatu
resistivity values probably arise from small cracks presen
the samples. Our resistivity data are shown in Fig. 1, and
data for CeNiSn are in good agreement with previously p
lished results.1 It is noticeable that for CeNiSn there appe
two maxima around 100 and 15 K before a distinct uptu
below 5 K. Compared with the single-crystal results,1 it is
suggested that the two maxima correspond to features
pearing in the resistivity of thea- andb-axis CeNiSn. A fit
of our pure CeNiSn data below 5 K using an activation for-
mula produces a gap value of 3 K, close to thea-axis value
of 2.4 K.

For small U concentrations of 1.6%, the resistivity ra
increases, but now we do not have the small-gap behav
The continuous increase in the resistivity ratio is seen up
3.1% U doping. It is also noticeable that over the who
temperature range the resistivity ratio increases with U c
centrations. This overall increase in resistivity of slight
doped samples may be due to nonresonant scattering
impurities, which are dominant at low temperatures. As
U concentration increases above 5%, the resistivity ratio
low temperatures begins to fall.

FIG. 1. Resistivity data from 300 to 2 K for U-doped CeNiSn.
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With further increasing U concentrations, the low
temperature resistivity flattens off. What is more interest
with the relatively large U doping is that at 15% of U dopin
the resistivity shows a slight maximum around 2.5 K.
~Ce0.8U0.2!NiSn, this maximum moves up in temperature a
is seen around 5 K. We will discuss the origin of the ma
mum later.

Finally, there is a broad hump around 100 K seen in
resistivity for all samples. That it appears in all samp
points probably to a single-ion effect as its origin. This mig
be a reflection of crystal-field effects. However, no cryst
field excitations have been observed so far in inelastic n
tron data at the expected energy range of 10–30 meV, ex
for a very recent study of Ce~Ni,Pt!Sn by Adroja and
co-workers.14 Their results show that two well-defined pea
seen in CePtSn become broad with increasing Ni concen
tions. Eventually, the two excitations merge into a ve
broad hump centered at 28 meV for CeNiSn. This obser
tion of crystal-field excitations in CeNiSn at appropria
energies is certainly encouraging to our interpretation
the broad hump as arising from scattering from exci
crystal-field levels. Our recent experiment15 on a single-
crystal CeNiSn also supports the observation. Several o
measurements1 have indicated single-ion effects over a sim
lar temperature range supporting our view about cry
fields being significant in CeNiSn.

A drastic change in the resistivity from 20% to 30% su
stitution of U, not shown in the figure, is in good agreeme
with x-ray results that beyond 20% the samples are no lon
single phase.

C. Magnetization

The magnetization of CeNiSn has a modest Curie-We
behavior at high temperatures with some curvature aro
between 100 and 150 K~not shown here!. The curvature may
be due to crystal-field effects as in the resistivity discus
above. Below 50 K, the magnetization begins to deviate fr
a Curie-Weiss behavior and increases rather sharply. In
data for CeNiSn, we did not observe a peak previously s
around 12 K in thea-axis susceptibility of single-crysta
CeNiSn despite the fact that a gap value obtained in
sample is close to that for thea-axis one. Instead, it contin
ues to increase down to lowest temperatures measure
slight hint of the 12-K peak was seen in our previous
susceptibility study.12

Figure 2 shows that the magnetization increases with
creasing U concentration. We note that the Curie-Weiss t
perature decreases with U doping. We will interpret the
observations in the light of hybridization changes due to
doping later in the discussion.

It is noticeable that the magnetization for~Ce0.8U0.2!NiSn
shows a modest change in slope around 5 K, where prev
ac susceptibility measurements show a peak that led u
suggest that this compound undergoes an antiferromag
transition at low temperatures.12 In fact, even
~Ce0.85U0.15!NiSn also seems to show a similar behavior
lower temperatures. Regarding the origin of the small feat
in the magnetization, we can rule out the possibility of t
effects of Ce2O3 impurities present in the sample, which h
a magnetic transition temperature at 6 K.16 The reason is tha
g

-

e
s
t
-
u-
pt

a-

a-

f
d

er

l

-
t
er

s
d

d

ur
n

r

A
c

-
-

e

us
to
tic

t
re

we have seen a maximum in the resistivity at almost
same temperature~see Fig. 1! that naturally appears to b
related to the feature in the magnetization.

Finally, magnetization measurements taken at 1 T with
samples kept at 2 K show a smooth increase with perhaps
maximum around 15% of U, which we interpret as an in
cation that the transition toward an antiferromagnetic orde
very gradual@see the inset in Fig. 2~b!#.

D. Thermopower

Our results on polycrystalline (Ce,U)NiSn are presen
in Fig. 3. When compared with results for single-crys
CeNiSn,1 our data on polycrystalline CeNiSn show three i
teresting features that we can correlate with those see
single-crystal CeNiSn. The sharp peakA at low temperatures
represents features seen in thea- and c-axis data. The
rounded maximumC at 150 K corresponds to a maximum
theb-axis data of single-crystal CeNiSn while the maximu
B at around 20 K corresponds to shoulders in thea- and
b-axis data.

Surprisingly, the thermopower results show that with
doping as small as 1.6% U the lowest-temperature peakA)

FIG. 2. dc susceptibility from measurements in a magnetic fi
of 1 T for pure CeNiSn and all U-doped samples.~b! shows results
for 20%, 15%, and 10% U substitution from top to bottom.
change in slope of the magnetization at low temperatures for 2
U-doped CeNiSn is marked by an arrow. The inset in~b! presents
magnetization values for all U concentrations at 1 T and 2 K~see
the text!, and the line is a guide to the eye.
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disappears almost completely. This is a very drastic eff
considering that the rest of the features seen in CeNiSn
main intact. In fact, it is the first time, to our knowledge, th
such a small concentration of doping brings about such
ible effects on the thermopower results of CeNiSn.

Further U doping makes the low-temperature tail beco
negative until it reachesS;235mV/K at 2 K for 3.1% U-
doped CeNiSn. Compared with results for 3.1% U dopi
the thermopower data for 5% U-doped CeNiSn are so
what attenuated. It is also noticeable that with U doping
small kink-type of structure appears at low temperatures
stead of the peak seen in CeNiSn. This feature moves
wards higher temperatures in the dilute U-doped samples
fore disappearing above 10% U doping.

In the previous single-crystal studies,1 the increase in
thermopower at lower temperatures was interpreted as
ing from the opening of a pseudogap in the density of sta
and the peak at lower temperatures was ascribed to the
fects of small density of states within the gap with
temperature-dependent structure. Unlike the resistivity d
whose low-temperature anomaly is much affected by sam
quality, it was previously shown that the low-temperatu
features in thermopower are not so sensitive to the qualit
single crystals.4 With these previous interpretations and r
sults in mind, we therefore can rule out the possibility th
what we observe in thermopower with small U doping is d

FIG. 3. Thermopower data are presented for all samples. T
features markedA, B, andC are described in the text. Data for pu
CeNiSn are shown in both figures for comparison. The arrow in
cates a kink-type structure seen in dilute U-doped CeNiSn.
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to impurity effects. In searching for explanations for the d
appearance of the peak by small U doping, we conclude
there is a sudden change by doping in the density of st
very near the Fermi surface, probably in the region of«F
610 K. Whether the substitution of 1.6% U leads to a co
plete collapse of the low-temperature partial gap structure
CeNiSn is difficult to tell. However, it is clear that the low
temperature feature is severely modified by as small as 1
U doping.

With further U doping, the maximumB now begins to
move up in temperature and grows with U doping up to 3.1
before diminishing significantly for more U concentration
In fact, it is hardly noticeable in 15% U-doped CeNiSn.
the same time, the thermopower results show a nega
maximum at lower temperatures. Between 10% and 15%
doping, the most dramatic changes occur to the lo
temperature negative maximum and the maximumB. Apart
from the maximumB becoming very attenuated with U sub
stitution, the magnitude of the negative maximum for 15
U-doped CeNiSn is reduced to about half the value
~Ce0.9U0.1!NiSn. Increasing U concentrations to 20% mak
the overall magnitude of the thermopower even smaller.
comparison, results for~Ce0.7U0.3!NiSn illustrate a drastic
change between 20% and 30% U-doped CeNiSn@see Fig.
3~b!#. Despite the changes seen in the thermopower fr
pure CeNiSn to~Ce0.7U0.3!NiSn, peakC does not change
much in temperature, in accord with the feature seen in
resistivity at high temperatures. This again supports our v
that crystal-field effects are significant at high temperatur

IV. DISCUSSION

To discuss the effects of U substitutions on the lo
temperature partial gap in CeNiSn, we examine the chan
to the system induced by U doping. First, we recall that
20% U-doped CeNiSn there is about 0.9% reduction in u
cell volume compared with CeNiSn. From chemical press
effects alone U doping is thus expected to enhance sig
cantly the hybridization between thef and the conduction
electrons; the value of compressibilityk is around 1.8
310211 m2/N in CeNiSn.13 As 20 kbar of pressure was see
to destroy the low-temperature upturn in the resistivity,3 we
can expect that 20% U doping may have sizable effects
the low-temperature anomaly on the ground of volume
duction alone.~The cell volume changes about 3.6% by
pressure of 20 kbar.! Regarding this chemical pressure effe
we recall that Pt-doped CeNiSn stabilizes antiferromagn
order below 7.5 K in CePtSn,17 as Pt doping increases th
cell volume, thus reducing the hybridization betweenf elec-
trons and conduction electrons.

A second point of consideration is that U is not isoele
tronic with Ce. The substitution of U is thus expected to a
more f electrons, and probably an additional conducti
electron also as U in UNiSn has 41 valence.18 This kind of
change in the number of conduction electrons, nam
Fermi-level tuning, was seen to be of primary importance
decreasing the hybridization in~Y,U!Pd3 with U doping.19

Here we recall the case of Ce~Ni,Co!Sn ~Refs. 3 and 20!; Co
has one lessd electron than Ni. Because of the one fewerd
electron, Co doping on CeNiSn brings the Fermi surfa
closer to the localizedf -electron states and thus increases
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hybridization between conduction andf electrons, which is
the exact opposite of the effects of U doping. With incre
ing hybridization, Co-doped CeNiSn is subsequently driv
towards a valence fluctuation regime. In contrast, Cu dop
in Ce~Ni,Cu!Sn ~Ref. 21! increases the number of condu
tion electrons as well as expanding the lattice, thus redu
the hybridization between conduction andf electrons. Hence
Cu doping stabilizes an antiferromagnetic ordering at 1
Cu.

There are therefore two competing effects of the U dop
on the hybridization strength. On balance, an increase in
number of conduction electrons by U doping, i.e., Fer
level tuning, seems to be more instrumental in deciding
low-temperature properties of~Ce,U!NiSn, thus driving the
system towards a magnetic ordering, not a charge fluctua
regime as in the case of Ce~Ni,Co!Sn.3,20 Such an interpre-
tation of the effect of U doping helps us also to understan
decrease in the Curie-Weiss temperature. It was sh
previously22 that Kondo temperatures can be estimated fr
susceptibility data asTK5QCW/4. So, a decrease in Curie
Weiss temperature with U doping agrees well with the id
of hybridization being reduced due to U doping.

With this change of Fermi level due to U doping, we a
also able to understand the marked change in the thermo
tric power with small U concentrations. After all, Cu dopin
with one more electron than Ni is seen to have more subs
tial effects on the low-temperature pseudogap behavio
recent NMR experiments23 than an equivalent concentratio
of Co or La.

It is to be noted that significant doping effects are visi
below about 20 K, which is the coherence temperature
pure CeNiSn. Although the low-temperature peak in the th
mopower data collapses easily with 1.6% U doping, th
mopower data below 20 K continue to change markedly e
until 10% of U substitution.~Similarly strong alloying effect
in thermopower was found for another Ce low-carrier s
tem, CeRhSb.24! Simultaneously, the magnetization i
creases with doping at low temperature before showing
v

T

f
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sign of the magnetic ordering for 20% U. The resistiv
behaves also similarly with the most dominant changes
to doping occurring below 20 K. This kind of behavior t
gether with previous measurements indicates that there
two energy scales in CeNiSn; one is the coherence energ
size 20 K and the other is probably the crystal-field splitt
energy, and U doping with one moref electron than Ce, i.e.
increasing spin fluctuation affects the lower-energy sc
most. It may be rather surprising that the coherence en
seems to exist even after the pseudogap behavior disap
in most measurements. In this context, we would like
recall recent inelastic neutron data on Ce~Ni,Co!Sn.25 Ac-
cording to this, the spin gap found in CeNiSn is still visib
for 10% Co-doped CeNiSn although the Co-doped sam
does not show the gap feature in thermodynamic data
noted. What is interesting with our data is that the magn
ordering develops after the coherence energy, not
pseudogap feature, is more or less removed.

Finally, we discuss the antiferromagnetic ordering see
~Ce0.8U0.2!NiSn. As we have indicated, the weak magne
transition is likely to arise from less hybridized Ce mome
due to U doping. From recent muon spin-relaxation exp
ments on similar compositions of~Ce,U!NiSn,26 we have
found that the initial asymmetry indeed decreases mark
for 20% U substitution, which is in good agreement with t
conclusion expressed here. From the analysis of the data
ing a stretched exponential function, it is suggested that
nucleation of magnetic order is inhomogeneous.
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