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We have studied (Ge,U,)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 ty&0g63-18298)03021-5

I. INTRODUCTION With CeNiSn having no magnetic transition itself down to
11 mK (there are only small changes in the dynamical be-
Since the discovery of some strongly correlated electrofavior of mainly Ce moments according to muon spin-
systems of Ce or U intermetallics with apparently small-gap'elaxation resulfy, it was of primary interest what kind of
behavior, so-called tow-carrier-density Kondo systeris ~ effects short-range magnetic fluctuations, if any, have on
there has been renewed interest in small-gap, or pseudogdp€ opening of a partial gap below 6 K. Neutron studies on
materials with strong hybridization betwednand conduc- CeNiSn have found two different spin gaps, which are well
tion electrons. CeNiSn, initially studied by Takabatakedefined only in particular regions of momentum space. The
et al,! is exceptional among the low-carrier-density KondotWo spin gaps disappear upon heating the sample. The
systems in having thes-TiNiSi orthorhombic structure. Smaller gap of 2 meV is well defined arou(@0,1.3, while
There have since been many intensive studies of CeNiSn, ithe larger one witth =4 meV is seen only aroundh(3,1).’
particular of the low-temperature anomalgn increase in In contrast to CeNiSn, UNiS(Ref. § crystallizes in the
resistivity), that have been interpreted as a signature of a gapgAgAs cubic half-Heusler structure and has semiconduct-
opening at the Fermi surface at low temperatures. The gaipg properties at high temperatures with a gap value of about
parameters estimated from the resistivity data are 2.4, 5.8,000 K. Most interesting of all, UNiSn has an antiferromag-
and 5.0 K for thea, b, andc axes. The low-temperature netic transition at 47 K, and a semiconductor-metal transition
increase in the resistivity disappears completely when a magt the same temperature. There have been some unsuccessful
netic field of 14 T is applied along a magnetic easy axis, theattempt® to separate the magnetic transition from the
a axis? suggesting some correlation between the resistivitgemiconductor-metal transition. This failure suggests that the
increase and the low-temperature magnetic properties. Thevo transitions, one of electronic origin and the other of
resistivity increase also disappears with a pressure of 2fhagnetic origin, are coupled strongly. We may conjecture
kbar, and then the low-temperature resistivity becomes methat when UNiSn becomes antiferromagnetic below 47 K the
tallic, though like a very dirty metal, as the residual resistiv-Fermi surface becomes modified so much that it favors a
ity value is aroundp~70 «Q cm under high pressurfeln-  metallic state or vice versa. It has a fairly modest electronic
terestingly enough, it was shown recently that the low-specific heat ofy~28 mJ/mol K, but this is still large com-
temperature increase in the resistivity is very sensitive to th@ared with typical values for simple metals.
amount of impurities present in the samples: the more pure The present work was motivated by this conjecture of
the sample the less distinct the resistivity increase is at lowhe effects of magnetic order on the transport properties of
temperatures and it eventually becomes metélleverthe-  UNiSn and the unanswered guestion of the role of magnetic
less, it seems that a small amount of impurities does nofluctuations in CeNiSn. By studyin@Ce,UNiSn, we aimed
affect the gap opening behavior in general. to understand the role of magnetic fluctuations in CeNiSn
Regarding the nature of the gap, it should be noted thaand the unanswered relationship between the antiferromag-
the extrapolated electronic contribution to the heat capacityetic transition and the semiconductor-metal transition in
to T=0 is about 60 mJ/mol K? This excessive residual heat UNiSn. As it turned out, however, the solid solution of Ce in
capacity can be best understood in such a way that CeNiSUNiSn is very limited. We thus concentrate on the effects of
has some residual density of states at the Fermi level, sugd doping in CeNiSn in this paper except for some general
gesting that the gap in CeNiSn is a partial gap, or acomments on the metallurgical side of tt@e,UNiSn stud-
pseudogap in agreement with NMR data. ies.
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Il. EXPERIMENTAL DETAILS 3T

We have prepared, using an arc furnace,;(G8,)NiSn
with x=0, 0.016, 0.031, 0.05, 0.1, 0.15, 0.2, 0.3, 0.5, 0.75,
0.9, and 1. All samples witx=0.3 were annealed in
vacuum-sealed quartz at 750 °C for at least 26 days. The
remaining samples were annealed at 800 °C for 3 months.
Subsequently, most samples were subject to metallurgical
examinations and x-ray characterization usingkGu radia-
tion in a Phillips PW1700 diffractometer.

A standard four-probe technique has been used for resis-
tivity measurements from 300 to 2 K. Magnetization mea- 05 L v vl NN
surements have been made dowr2tK and up to 7 T using 1 10 100
a superconducting quantum interference device magnetome- ()
ter (Quantum Design MPMS7 The thermopower has been

R(T)/R(300K)

Temperature (K)

measuredn situ against a highf; YBaCuO compound T, 3
=82 K) up to 70 K, and against pure lead at higher tempera- i
tures. We used the thermopower data of lead measured by 25
Robertd® to determine the absolute thermopower values —~
above 70 K. For the experimental details of thermopower é 7 L
measurements, see Ref. 11. < N
&
c 15F
&
11l. DATA AND ANALYSIS |
Since our previous publicatiotfson x=0, 0.1, 0.15, 0.2, r
and 0.3, we have concentrated on samples with smaller U 05 L. Ci] el .
concentrations. We also measured the compositions of new 1 10 100
samples for consistency again. ®) Temperature (K)

After describing the characterization of all the samples,
we will restrict ourselves to studies of U doping on CeNiSn g, 1. Resistivity data from 30®t2 K for U-doped CeNiSn.
as Ce-doped UNiSn samples show significant foreign phases
even at 10% substitution of Ce for U. o
B. Resistivity
Since we have noticed some variations in the room-
A. Sample characterization temperature resistivity values among the samples, we present
Our x-ray-diffraction results showed that U-doped resistivity ratio data instead. The resistivity values at room
CeNiSn forms in a single phase over a wider range of contemperature are 191, 293, 253, 309, 220, 305, 155, and 196
centration than Ce-doped UNiSn. At up to 20% of U substi-u{2 cm for 0%, 1.6%, 3.1%, 5%, 10%, 15%, 20%, and 30%
tution in CeNiSn, all samples were found to be single phaseof U, respectively. The variations in the room-temperature
For (Cey Ay 9NiSn, there appear some foreign phases in theesistivity values probably arise from small cracks present in
x-ray-diffraction patterns, but we have included the ther-the samples. Our resistivity data are shown in Fig. 1, and the
mopower data of the 30% U-doped CeNiSn in the appropridata for CeNiSn are in good agreement with previously pub-
ate section to illustrate a structural transformation occurrindished results. It is noticeable that for CeNiSn there appear
between 20% and 30% U-doped CeNiSn. In contrast, théwo maxima around 100 and 15 K before a distinct upturn
solid solution region of Ce doping in UNiSn is limited to at below 5 K. Compared with the single-crystal resdlis,is
best 10% substitution of Ce, and ev&r, ;Uy g NiSn shows  suggested that the two maxima correspond to features ap-
signatures of foreign phases. pearing in the resistivity of tha- andb-axis CeNiSn. A fit
To summarize our findings, U-doped CeNiSn contractf our pure CeNiSn data belo5 K using an activation for-
with U concentrations whereas Ce-doped UNiSn appears tomula produces a gap value of 3 K, close to #iaxis value
expand with Ce concentrations. With 20% U doping, there iof 2.4 K.
about a 0.9% decrease in unit-cell volume. Relative reduc- For small U concentrations of 1.6%, the resistivity ratio
tions in lattice constants are 0.46% for thexis, 0.27% for increases, but now we do not have the small-gap behavior.
theb axis, and 0.18% for the axis, respectively. Compared The continuous increase in the resistivity ratio is seen up to
with around 0.18% volume change induced by 1 kbar 0f3.1% U doping. It is also noticeable that over the whole
pressuré? U substitution in CeNiSn thus seems to providetemperature range the resistivity ratio increases with U con-
significant effects on the lattice constants. We recall that theentrations. This overall increase in resistivity of slightly
low-temperature upturn in the resistivity disappears with 20doped samples may be due to nonresonant scattering from
kbar3 We will therefore consider this chemical pressure ef-impurities, which are dominant at low temperatures. As the
fect carefully when we discuss general effects of U dopingJ concentration increases above 5%, the resistivity ratio at
later in the discussion. low temperatures begins to fall.



13708 J.-G. PARK, M. OV@(O, AND K. A. McCEWEN 57

With further increasing U concentrations, the low- 120 ¢
temperature resistivity flattens off. What is more interesting 110 :
with the relatively large U doping is that at 15% of U doping g
the resistivity shows a slight maximum around 2.5 K. In & 100 |
(Cey.gUg )NiSn, this maximum moves up in temperature and 3 90 |
is seen around 5 K. We will discuss the origin of the maxi- § .
mum later. £ 80 :

Finally, there is a broad hump around 100 K seen in the E 70 F
resistivity for all samples. That it appears in all samples = 60 F
points probably to a single-ion effect as its origin. This might g
be a reflection of crystal-field effects. However, no crystal- 50 ¢
field excitations have been observed so far in inelastic neu- 40 B

tron data at the expected energy range of 10—30 meV, except
for a very recent study of QHi,P)Sn by Adroja and
co-workerst* Their results show that two well-defined peaks (@

seen in CePtSn become broad with increasing Ni concentra- 300
tions. Eventually, the two excitations merge into a very r
broad hump centered at 28 meV for CeNiSn. This observa- 250 [
tion of crystal-field excitations in CeNiSn at appropriate o C
energies is certainly encouraging to our interpretation of = 200 t
the broad hump as arising from scattering from excited £ N
crystal-field levels. Our recent experim&hbn a single- g 150
crystal CeNiSn also supports the observation. Several other < .
measurementsave indicated single-ion effects over a simi- < 100 |
lar temperature range supporting our view about crystal = ;
fields being significant in CeNiSn. 50 :
A drastic change in the resistivity from 20% to 30% sub- 0 Bl
stitution of U, not shown in the figure, is in good agreement
with x-ray results that beyond 20% the samples are no longer 0 3 1015 20 25 30 35
single phase. (b) Temperature (K)

FIG. 2. dc susceptibility from measurements in a magnetic field
C. Magnetization of 1 T for pure CeNiSn and all U-doped samplé®. shows results
o ) . . for 20%, 15%, and 10% U substitution from top to bottom. A
The magnetization of CeNiSn has a modest Curie-Weisgpange in slope of the magnetization at low temperatures for 20%
behavior at high temperatures with some curvature aroung_doped CeNiSn is marked by an arrow. The insetbnpresents
between 100 and 150 Kot shown here The curvature may magnetization values for all U concentratiortslaT and 2 K(see
be due to crystal-field effects as in the resistivity discusseghe tex}, and the line is a guide to the eye.

above. Below 50 K, the magnetization begins to deviate from

a Curie-Weiss behavior and increases rather sharply. In oyje have seen a maximum in the resistivity at almost the
data for CeNiSn, we did not observe a peak previously see§ame temperaturésee Fig. 1 that naturally appears to be
around 12 K in thea-axis susceptibility of single-crystal related to the feature in the magnetization.

CeNiSn despite the fact that a gap value obtained in our Finally, magnetization measurements takerilal with
sample is close to that for tteaxis one. Instead, it contin- samples keptta2 K show a smooth increase with perhaps a
ues to increase down to lowest temperatures measured. faximum around 15% of U, which we interpret as an indi-
slight hint of the 12-K peak was seen in our previous accation that the transition toward an antiferromagnetic order is
susceptibility study? very gradualsee the inset in Fig.(B)].

Figure 2 shows that the magnetization increases with in-
creasing U concentration. We note that the Curie-Weiss tem-
perature decreases with U doping. We will interpret these
observations in the light of hybridization changes due to U Our results on polycrystalline (Ce,U)NiSn are presented
doping later in the discussion. in Fig. 3. When compared with results for single-crystal

It is noticeable that the magnetization f@e, gUg »)NiSn CeNiSn! our data on polycrystalline CeNiSn show three in-
shows a modest change in slope around 5 K, where previousresting features that we can correlate with those seen in
ac susceptibility measurements show a peak that led us ®ingle-crystal CeNiSn. The sharp pealat low temperatures
suggest that this compound undergoes an antiferromagnetiepresents features seen in the and c-axis data. The
transition at low temperaturé%. In fact, even rounded maximun€ at 150 K corresponds to a maximum in
(Cey gdJg 19NiISN also seems to show a similar behavior atthe b-axis data of single-crystal CeNiSn while the maximum
lower temperatures. Regarding the origin of the small featur® at around 20 K corresponds to shoulders in #heand
in the magnetization, we can rule out the possibility of theb-axis data.
effects of CgO; impurities present in the sample, which has  Surprisingly, the thermopower results show that with U
a magnetic transition temperature at 6KThe reason is that doping as small as 1.6% U the lowest-temperature p@ak (

D. Thermopower



57 U DOPING EFFECTS IN (Cg_,U,)NiSn 13709

60 to impurity effects. In searching for explanations for the dis-
I appearance of the peak by small U doping, we conclude that
there is a sudden change by doping in the density of states
very near the Fermi surface, probably in the regionepf
+10 K. Whether the substitution of 1.6% U leads to a com-
plete collapse of the low-temperature partial gap structure in
CeNiSn is difficult to tell. However, it is clear that the low-
temperature feature is severely modified by as small as 1.6%
U doping.
With further U doping, the maximunB now begins to
move up in temperature and grows with U doping up to 3.1%
. before diminishing significantly for more U concentrations.
1 10 100 In fact, it is hardly noticeable in 15% U-doped CeNiSn. At
the same time, the thermopower results show a negative
maximum at lower temperatures. Between 10% and 15% U
doping, the most dramatic changes occur to the low-
temperature negative maximum and the maxinBimApart
. i C from the maximunB becoming very attenuated with U sub-
L oge® X stitution, the magnitude of the negative maximum for 15%
20 . ..;ﬁ@q@% (Uédoped CeNiSn is reduced to about half the value for
& Ug.0NiSn. Increasing U concentrations to 20% makes
the overall magnitude of the thermopower even smaller. For
CeNiSn comparison, results fofCe, Uy 9NiSn illustrate a drastic
10% U change between 20% and 30% U-doped CeNis® Fig.
3(b)]. Despite the changes seen in the thermopower from
30% U pure CeNiSn to(Ce, /Uy z)NiSn, peakC does not change
g0 L v i R e . much in temperature, in accord with the feature seen in the
10 100 resistivity at high temperatures. This again supports our view
that crystal-field effects are significant at high temperatures.

40 |

20 |

S (UV/K)

40 |

S (W/K)

> m O e O
(=]
e}
R
c

(b) Temperature (K)

FIG. 3. Thermopower data are presented for all samples. Three IV. DISCUSSION
features marked, B, andC are described in the text. Data for pure
CeNiSn are shown in both figures for comparison. The arrow indi- TO discuss the effects of U substitutions on the low-
cates a kink-type structure seen in dilute U-doped CeNiSn. temperature partial gap in CeNiSn, we examine the changes

to the system induced by U doping. First, we recall that in

disappears almost completely. This is a very drastic effect20% U-doped CeNiSn there is about 0.9% reduction in unit-
considering that the rest of the features seen in CeNiSn recell volume compared with CeNiSn. From chemical pressure
main intact. In fact, it is the first time, to our knowledge, that effects alone U doping is thus expected to enhance signifi-
such a small concentration of doping brings about such viscantly the hybridization between tHfeand the conduction
ible effects on the thermopower results of CeNiSn. electrons; the value of compressibility is around 1.8

Further U doping makes the low-temperature tail becomex 10~ m?N in CeNiSn** As 20 kbar of pressure was seen
negative until it reacheS~—35 uV/K at 2 K for 3.1% U-  to destroy the low-temperature upturn in the resistivitye
doped CeNiSn. Compared with results for 3.1% U dopingcan expect that 20% U doping may have sizable effects on
the thermopower data for 5% U-doped CeNiSn are somethe low-temperature anomaly on the ground of volume re-
what attenuated. It is also noticeable that with U doping eduction alone(The cell volume changes about 3.6% by a
small kink-type of structure appears at low temperatures inpressure of 20 kbarRegarding this chemical pressure effect,
stead of the peak seen in CeNiSn. This feature moves tove recall that Pt-doped CeNiSn stabilizes antiferromagnetic
wards higher temperatures in the dilute U-doped samples b@rder below 7.5 K in CePtSH, as Pt doping increases the
fore disappearing above 10% U doping. cell volume, thus reducing the hybridization betwdeglec-

In the previous single-crystal studibsghe increase in trons and conduction electrons.
thermopower at lower temperatures was interpreted as aris- A second point of consideration is that U is not isoelec-
ing from the opening of a pseudogap in the density of stategronic with Ce. The substitution of U is thus expected to add
and the peak at lower temperatures was ascribed to the gfore f electrons, and probably an additional conduction
fects of small density of states within the gap with aelectron also as U in UNiSn hast4valence'® This kind of
temperature-dependent structure. Unlike the resistivity datahange in the number of conduction electrons, namely,
whose low-temperature anomaly is much affected by sampl&ermi-level tuning, was seen to be of primary importance in
guality, it was previously shown that the low-temperaturedecreasing the hybridization ify,U)Pd; with U doping®®
features in thermopower are not so sensitive to the quality oflere we recall the case of 0,Co)Sn(Refs. 3 and 2 Co
single crystalé. With these previous interpretations and re- has one less electron than Ni. Because of the one fewder
sults in mind, we therefore can rule out the possibility thatelectron, Co doping on CeNiSn brings the Fermi surface
what we observe in thermopower with small U doping is duecloser to the localized-electron states and thus increases the
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hybridization between conduction aridelectrons, which is sign of the magnetic ordering for 20% U. The resistivity
the exact opposite of the effects of U doping. With increas-behaves also similarly with the most dominant changes due
ing hybridization, Co-doped CeNiSn is subsequently driverio doping occurring below 20 K. This kind of behavior to-
towards a valence fluctuation regime. In contrast, Cu dopin@ethel’ with previous measurements indicates that there are
in Ce(Ni,Cu)Sn (Ref. 21 increases the number of conduc- two energy scales in CeNiSn; one is the coherence energy of
tion electrons as well as expanding the lattice, thus reducin§ize 20 K and the other is probably the crystal-field splitting
the hybridization between conduction ahelectrons. Hence €nergy, and U doping with one mofeelectron than Ce, i.e.,
Cu doping stabilizes an antiferromagnetic ordering at 130dncreasing spin fluctuation affects the lower-energy scale
Cu. most. It may be rather surprising that the cohe(encg energy
There are therefore two competing effects of the U dopin eems to exist even after the pseudogap behavior dls_appears
on the hybridization strength. On balance, an increase in th most measurements. In this context, we WOL;LO' like 10
number of conduction electrons by U doping, i.e., Fermi-reca!I recent. melastlc_ heutron date_x On(N?CO).S”'. A.C'.
level tuning, seems to be more instrumental in deciding th ording to this, the spin gap found in CeNiSn is still visible

low-temperature properties ¢€e,UNiSn, thus driving the 0" 10% Co-doped CeNiSn although the Co-doped sample

system towards a magnetic ordering, not a charge fluctuatioﬂOes hot shqw_ the 9ap fee_lture In ther_modynamlc data as
noted. What is interesting with our data is that the magnetic

regime as in the case of @¢,Co)Sn>?° Such an interpre- ering devel for th H "
tation of the effect of U doping helps us also to understand grderning develops after the coherence energy, not the
Hseudogap feature, is more or less removed.

decrease in the Curie-Weiss temperature. It was showh > : X . . .
previously? that Kondo temperatures can be estimated from Finally, we discuss the antl_ferromagneUc ordering seen in
susceptibility data a¥ =0 /4. So, a decrease in Curie- (CQ)-SQO-»N'SH' As we have indicated, t_h_e weak magnetic
Weiss temperature with U doping agrees well with the idedransition is I|I_<ely to arise from less hybr_|d|zed Ce_ moments
of hybridization being reduced due to U doping. due to U doping. From recent muon splr!—relglexatlon experi-

With this change of Fermi level due to U doping, we areMents on 3|m|!ar 'composmons g(Ce,LJ)N|Sn, we have
also able to understand the marked change in the thermoelef und Othat the 'U'“e%' asym_met_ry_mdeed decreases m_arkedly
tric power with small U concentrations. After all, Cu doping or 20 /°_ U substitution, which is in good agreement with the
with one more electron than Ni is seen to have more substar?—ondus'on expressed hefe- From the_a_naIyS|s of the data us-
tial effects on the low-temperature pseudogap behavior if'9 & st_retched exponentlal fqnqtlon, it is suggested that the
recent NMR experimentd than an equivalent concentration hucleation of magnetic order is inhomogeneous.
of Co or La.

It is to be noted that significant doping effects are visible
below about 20 K, which is the coherence temperature of We acknowledge the late Professor B. R. Coles for useful
pure CeNiSn. Although the low-temperature peak in the therdiscussions and Dr. D. T. Adroja for sending us his neutron
mopower data collapses easily with 1.6% U doping, therresults on C&Ni,P)Sn. We are also grateful to Dr. P. Haen
mopower data below 20 K continue to change markedly eveffor bringing Ref. 13 to our attention. Work at Inha Univer-
until 10% of U substitution(Similarly strong alloying effect sity was financed by the Ministry of Educati¢idRA-96-04-
in thermopower was found for another Ce low-carrier sys-D-0206 and the ICNSRF, Korea. Work at Birkbeck College
tem, CeRhSB% Simultaneously, the magnetization in- was supported by the UK Engineering and Physical Sciences
creases with doping at low temperature before showing th®esearch Council.
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