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Ce;Cu,Pt;_, Sh,: Modifying the properties of a Kondo insulator by substitutional doping
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The temperature dependence of the magnetic susceptibility, thermopower, and electrical resistivity were
explored for the solid solution GEu,Pt_,Sh,. The magnetic susceptibility varies from TeCurie-Weiss
behavior in CgCu;Sh, to almost C&" behavior(intermediate valenddn Ce,PSh,. All samples had semi-
conducting resistivities with decreasing activation energies for higher copper concentrations. The large positive
thermopower of CgPt;Shy is greatly affected by small concentrations of copper. The peak3ff0 «V/K at
approximately 110 K for C#tSh, changes to approximately 170 uV/K for Ce;Cuy 5Pt sShy at the same
temperature. For all the copper-doped samples, the thermopower changes from positive to negative values on
cooling.[S0163-18209)14831-9

[. INTRODUCTION that both the antimony and the platinum atoms are within a
bonding distance of the cerium atoms. Thus, it is important
CePt;Shy is a narrow gapf-electron system, often re- to emphasize that substitution on the platinum site is likely to
ferred to as a Kondo insulatdiMagnetic susceptibility mea- influence the intermediate valence nature of the cerium.
surements have shown that the cerium is in a valence fluc- The first report of CgCu;Sh, suggests that it does crys-
tuation or intermediate valence regime while the electricatallize in the expected Mus;Sh, structure type [a
resistivity displays activated semiconducting beha%idr. =9.721(1) A] and displays a full C¥ moment (o
Recently, we investigated the electrical resistivityther- =259 and 6=10K)! It also reports an almost
mopowerS and thermal conductivitk of Ce;PShy as a  temperature-independent resistivity on an arc melted sample
function of Nd doping on the Ce sifeOne of the interesting (~6.5 m(2 cm from 100—300 Kand a relatively large room
observations of this work was that the temperature depertemperature thermopowedr-60 uV/K) that decreases lin-
dence of the electrical resistivity changed dramatically withearly (and remains positiyewith decreasing temperatute.
neodymium dopin§.The neodymium-doped samples did not A recent and more comprehensive report on the thermoelec-
show semiconducting behavior but instead had large broattic properties of CgCu;Sh, obtained similar thermopower
peaks in the resistivities that resembled those of metallic cevalues!* The temperature dependence of the resistivity be-
rium intermediate valence compoun@gich as CeRgl’™'®  tween 100 and 300 K also looks similar to the original re-
The results also showed that the thermoelectric figure oport, except the over magnitude is lower2 mQ cm).'* Be-
meritZ=S?/p« could be increased with neodymium doping. low 100 K the resistivity increases until peaking at 48
However, the maximum value &T (approximately 0.12 at m(cm). These measurements were made on a sintered
T=230K) was still far below those of good thermoelectric pressed pellet and suggest, as inAlaSh, (Refs. 3 and 1p
materials ZT~1). Continuing this work, we have started to and CgPtSh, (Ref. 15, that the resistivities may be sample
investigate the effects of other chemical substitutions independent. The report also gives a slightly larger lattice con-
CePt:Shy. stant (9.765 A but similar magnetic moment u
As previously reported, substituting various elements on=2.50uz).*
the antimony site has proved diffictiland thus this paper Other previous reports suggest that;Ce;Sh, adopts a
explores doping on the platinum site. Boths8a;Sh, (Ref.  tetragonally distorted variation of the;Xu;Sh, structure
2) and CeCu;Sh, (Ref. 1) have been reported in the litera- typel®!” The evidence for this distortion appears to be only
ture while attempts here to form other £&;Sh, analogs one split peak in the powder x-ray diffraction pattern that
(with M=Ag, Pd, Ni, Co, and Fehave been unsuccessful varies in intensity with batch and heat treatm&nEurther
(see the experimental sectjorlthough the thermopower of analysis of CgCusSh, presented here suggests that the peak
the CeAu,Pt;_,Sh, series has not been investigated, thein the powder x-ray diffraction pattern is more likely caused
magnetic and transport properties have already been wedlly a substantial amount of CeCuyShmpurity phase.
explored®~® Thus, we focused on the magnetic and thermo-CeCuSh is a metallic phase that shows strong Kondo inter-
electric properties of the GEu,Pt;_,Sh, series. actions and antiferromagnetic ordering at low
CePt:Shy, has the complex, cubic, J8usSh, structure  temperature$®® Our attempts at  synthesizing pure
typet? well described as a filled variation of the Jfj  CeCusSh, suggest that some CeCuSb invariably present.
structuré® (the platinum atoms occupy the vacancies in theThis may explain some of the variability in the reported
ThgP, structurg. A polyhedral representation of the struc- properties of CgCusShy.
ture, depicted previousR/js useful in picturing this struc- Although pure CgCusSh, may be difficult to synthesize,
ture. However, this description does not necessarily describthe phase certainly exists and should allow for the formation
the cerium coordination well. In particular, it should be notedand study of the GE€uPt;_,Sh, solid solution. The nature
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be made single phase. Arc melting the elements to within 1%
o~ 3 of the stoichiometric massand annealing at 850 °C for 96 h,
" o 39 resulted in a sample with approximately 15% CeCuler-
‘)L ~ U7 centage based on peak heights in the powder x-ray diffrac-
M L e B S s S e S tion pattern, see Fig.)1 Several attempts at making pure
20 25 30 33 40 4 50 Ce;CusSh, with both arc melting and pressed pellet synthe-
20 ses were unsuccessful. Annealing conditions reported to
work in the literature(600 °C for 3 weekg>'* were also
FIG. 1. The powder x-ray diffraction patterns ®uv; andKa,  attempted for both synthetic methods. Unfortunately, these
radiation for selected members of the {ayPt; ,Sh, series. The samples had even larger amounts of CeGuBipurity. An-
Ce;Cu;Shy sample has a substantial CeCu8hpurity (arrows as  agjing the samples again at 850 °C or 1000 °C for 96 h did
well as a CeSb impurity*). The Miller indexes are shown on the o+ improve the quality of the samples. Fortunately, the other
Ce;PtSh, patter. CeCuPt;_,Sh, compounds X<2) showed no signs of

of the cerium changing from intermediate valence behaviorcecusb’ and had only trace amounts of RESb and REPtSb

0, i i -
in Ce;PSh, to normal valence behavior in Q@u,Sh, second phase&<2% by peak height in the powder x-ray

. ) . diffraction pattern.
should have interesting effects on the properties of the com- We also attempted to prepare £%Sh, analogs with

pounds. Additionally, the fact that geus;Shy is reported to M=Fe, Co, Ni, Pd, and Ag. Analyzed by powder x-ray dif-

have a moderately large positive thermopower suggests th'%‘rtaction all the samples were multiphase with CeSb being

w:}eorlzsggﬁggermoelectrlc behavior may be present across thoeominant in many of the sampledI(=Ni, Ag, Co, and F&

' Partial substitutions were also attempted:;\@gsPt sShy
with M=Ag, Ni, and Co. In all cases, @@tSh, was the
dominant phase but there were substantial impurity peaks

The CeCuPt;_,Sh, samples were synthesized using theSuggesting that th/ atoms were not alloying to a .signifi-
arc melting and annealing procedures described previduslycant extent on the Pt site. A gRh, 5Pt /Shy sample yielded
The samples were shaped into rectangular bamsghly 3 @ multiphase comppund with the predomlnant phase being
X 3% 7 mn?) by cutting with a diamond impregnated string CePtSb. The chemistry of the {RSh, phase is very spe-
saw. After cutting, the extra pieces of each sample weréific in that Cu and Au can alloy on the Pt site but Pd, Ag,
ground with a silicon standar(s.4301 A, and analyzed by a@nd Ni will not.
powder x-ray diffraction(Scintag 6-26 diffractometer with
_Cu I_(a radi_atior). The x-ray diﬁractio_n patterns are shown IIl. RESULTS AND DISCUSSION
in Fig. 1 (without the silicon and the intensities agree well
with simulated pattern® The lattice constants obtained  The lattice parameters for the {2,Pt;_,Sh, series are
from a least-square fitting of the powder diffraction peakshown in Fig. 2. The 9.814) A value for CgPtSh, agrees
positions are shown in Fig. 2. The magnetic susceptibilityreasonably well with the reported value of 9.820Ref. 2.
data was collected at high fieldsither 7500 G or 11600)G  The value for CgCu;Sh, [9.7504) A] in Fig. 2 is close to
using a Quantum Designs MPMS SQUID magnetometerthe values given in the literature: 9.721 (Ref. 11 and
The electrical resistivity and thermopower measurement9.765 A (Ref. 14. However, since G€u;Sh, was not pre-
were performed as described previouslFor low copper pared as a single phagsee Fig. 1, there is the possibility
concentrations X<2), indium could be used for electrical that the stoichiometry is not well defined. This could influ-
contacts. For higher copper concentrationsQ), silver ep-  ence the lattice parameters. It is important to note that the
oxy was used to make the contacts. Ce;CuPtSh, sample does not have any CeCySpurity

As already mentioned, the g@usSh, sample could not and still has a reduced lattice constant in comparison to
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FIG. 3. The field cooled inverse magnetic susceptibilitpl-
lected at 7500 G or 11 600)Gas a function of temperature for 0.01 -
selected members of the x4 Pt; ,Sh, series. ]

CesPt;Shy. Thus, the nonlinear behavior seen in Fig. 2 sug-
gests that the intermediate valence nature of the cerium is
changing throughout the geu,Pt; ,Sh, series. This is what

one might expect from the magnetic properties of the two 0001 ' ' i ' '

end members: GPSh, is intermediate valence and 0 50 100 150 200 250 300
Ce;CusShy displays Curie Weiss Gé behavior(described in T (K)

detail latej. However, this trend in lattice constants is unlike

what has been reported for the Be,Pt;_,Sh, series where FIG. 4. The electrical resistivitie®n a log scalpas a function

a reasonably linear variation was observékhe 0.0646) A~ ©Of temperature for the GEu,Pt_,Sh, compounds. The anomalous
difference in lattice parameters between the two end memPehavior of thex=0.25 samplégray ling is discussed in the text.
bers here is much smaller here than in the gold séfiex!

A)S be greatly affected by a small deviation from stoichiometry

The inverse magnetic susceptibilities of some of the comer small concentrations of impurities or defects. Because of
pounds are shown as a function of temperature in Fig. 3. Ththe synthetic methods, the antimony concentration is not pre-
susceptibility for CePtSh, agrees well with previous cisely controlled. The presence of a few percent of second
reports>* The data presented here shows a smaller low temphase, such as the metallic phase RERE&f. 21), might
perature Curie tail in comparison to the literature data, resultalso contribute to differences. Upon further examination of
ing in a slightly different peak shape of theyIglot. A minor  the arc-melted samples it was also observed that small inter-
amount of CePtSb impurity is the most likely cause for anal voids were occasionally present, presumably created by
paramagnetic Curie tail. GEu;Sh, shows Curie-Weiss be- the sublimation of antimony during the arc-melting process.
havior [ue=2.39(2)ug and 6=1(1) K] and agrees well These voids would cause the calculated resistivities to be too
with previous reports!*41®"Ferromagnetic ordering at ap- high.
proximately 10 K has also been previously reportetf:*’ As shown in Fig. 4, the resistivities tend to decrease with
The critical temperature and nature of the magnetic orderinghe addition of copper. Unlike the neodymium-doped
here is questionable because of the presence of substanti@mples, the resistivities remain semiconducting at all cop-
CeCuShimpurities(the Curie-Weiss parameters are also notper concentrations. This is similar to the behavior of the
corrected for this impurity Nevertheless, the low- CeAu,Pt_,Sh, solid solution series. For interest, one
temperature behavior is very similar to the previous reporneodymium-doped sample of gauPtSh, was prepared.
that suggested a tetragonal distortion in the structlfeor ~ Only 5% of the Ce was replaced by Nd to see if small
intermediate copper concentrations=0.5 and 1.5 the = amounts of Nd could have the same dramatic effect on the
magnetic susceptibilities fall between those of the end memresistivity as with the pure GBSh, compound(i.e., would
bers and do not follow simple Curie-Weiss behavior. Therghe resistivity look like that of an intermediate valence
appears to be no magnetic ordering at low temperatures faneta). Interestingly, the resistivity of Ng=Ce, g£CuPtShy
these compounddor T>2 K). Overall, the trends are simi- maintained a semiconducting temperature dependence and
lar to those for the G@Au,Pt;_,Sh, solid solution series. was nearly identical to that of QBuPtSh,.

The resistivities of the GE€uPt_,Sh, samples are The resistivities of the G€u,Pt;_,Sh, samples plotted as
shown in Fig. 4. The resistivity for GBtSh, is slightly  a function of 1T (Fig. 5) clearly show that the band gap of
smaller in magnitude than for our previously reportedCePt:Sh, decreases with increasing concentrations of cop-
sample, but the temperature dependence is very siftilae  per. The high-temperature resistivity data can be fit to an
magnitude of the resistivities are likely to be sample depenactivation lawp=pyexpE,/ksT), and the activation ener-
dent for a variety of reasons. First, since these compoundgies are listed in Fig. o an estimated 5% errpfThe fit for
are semiconducting there is a possibility that the values coul€e;Pt;Sh, agrees well with our previous report over the 190
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FIG. 5. The CgCu/Pt_,Sh, electrical resistivitiesion a log FIG. 6. The thermopower as a function of temperature for the

scalg as a function of . The high temperature data agrees well Ce;Cu,Pt;_,Sh, compounds.
with the fit: p=py expE,/ksT). The anomalous behavior of the

=025 sampldgray ling is discussed in the text. at lower temperatureor the x=0 sampl¢ has been inves-

tigated more thoroughly here and suggests a0 for T
to 300 K temperature randeFitting to lower temperatures <300K. The other end member, §R,LSh, has a ther-
(i.e., 100-300 K shifts the derived=,/kg value somewhat mopower that is roughly linear with temperature reaching 20
lower® The values in the literature range from approximately uV/K by 300 K. This is lower than previous reports of ap-
500735 to 760 K™ At higher concentrations of copper, the proximately 60.V/K (Ref. 11, 14; however, the metallic
interpretation of the derivel, /kg value is questionable be- CeCuSh impurity present in this sample will likely lower
causeE,~kgT and the range over which the linear region the thermopower values.
extends is small. The fit for GEuShy is also highly ques- As seen from Fig. 6, small concentrations of copper in
tionable because of the CeCySimpurity. However, it is CePtSh, certainly make large differences to the ther-
interesting to note that the literature report suggesting thenopower. With 16% Cu on the Pt sitex£0.5), the
tetragonal distortion in GEusSh, also reports an activation Ce;Pt;Sh, thermopower peak changes from approximately
energy of 40 K:® Overall, it does appear that with increasing +300 xV/K to a minima of —170 uV/K. Interestingly, the
copper concentration the gap decreases, becoming almdsfature remains near the same temperat+l0 K), a char-
semimetallic atx=3. Recently, a zero-gap semiconductor acteristic common for all the copper-doped samples. The sig-
model has been proposed to explain the properties of theificance of this temperature is not yet clear. It may reflect a
isoelectronic CgAusShy. 15 characteristic energy for the interaction between thekc-

In both Figs. 4 and 5, the data for {&y -4t 7,550, does  trons and the conduction electrons. It is surprising that this
not fit with the apparent smooth evolution of properties seerinteraction does not change since the lattice constant, and
in the other samples. When cut in half, the arc-melted bapresumably the Kondo temperature, are changing with the
used in the resistivity had a large number of internal voidschemical substitution.

Further powder x-ray characterization of that sample also The change from positive to negative thermopowers in
revealed larger amounts of CePtSb impurity than originallythese copper-doped ¢R#;Sh, samples suggests the presence
determined(up to 15% based on peak heightShis prob-  of both carrier types. The large changes in magnitude also
ably explains the anomalous low temperature resistivity osuggest that the holes and electrons may have considerably
that sample. The activation energl¢(/kg) is also low but different mobilities. Both end members have positive ther-
reasonable considering the5% error. mopowers and thus would seem to be dominated by holes.

The thermopowers of the géu,Pt;_,Sh, compounds are Hall effect measurements on these compounds would be in-
shown in Fig. 6. The values for GR&:Sh, agree well with  teresting and may help explain the significance of the 110 K
our previous report: the peak is slightly lower in magnitude,peak temperature. However, if two carrier types are indeed
probably resulting from different concentrations of impuri- present this data may be difficult to interpret. The semicon-
ties within the sample$The rapid decrease in thermopower ducting properties of these compounds make comparisons to
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other cerium intermetallics difficult. There are other cerium-studied. The magnetic susceptibility displayed the expected

based intermetallics that show thermopower sign changes a®nds for intermediate concentrations of copper. All samples

a function of temperaturé& however, these features are often had semiconducting resistivities with decreasing activation

related to antiferromagnetic ordering or other features in thenergies for higher Cu concentrations. These magnetic and

transport properties that are not apparent here. In additiorelectrical properties are very similar to the 8a,Pt_,Sh,

the thermopower values here are roughly an order of magniolid solution series previously reportetinfortunately, the

tude larger than in these other compouffds. thermoelectric properties of that series were not studied.
Overall, the changes in sign upon cooling result in theHere, the large positive thermopower of £&Shy is greatly

thermopower becoming zero at some intermediate temperaffected by small concentrations of copper. The peak of

ture. This precludes these compounds from being considered300 uV/K at approximately 110 K for C#£tSh, changes

as useful thermoelectric materials over a large temperatur® about—170 uV/K for CesCuy 5Pt sShy at the same tem-

region below 300 K. Additionally, the semiconducting re- perature. For all the copper-doped samples, the thermopower

sistivities that increase exponentially as the temperature ishanges from positive to negative values on cooling. This

lowered, also prevent these materials from having a BiGh  suggests that these compounds are unlikely to be useful ther-

It is interesting to speculate what would happen if a transimoelectric materials since at some intermediate temperature

tion metal with one less electron than platinum could bethe thermopower is zero.

substituted into C#,Sh,. Here with coppefone extra elec-

tron), the thermopower values are driven substantially nega- ACKNOWLEDGMENTS
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