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Low-temperature properties and magnetic ordering in CeT,In (T =Cu,Au,Pt)

S. Mock, A. Faisst, and H. v. ltlmeysen
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Measurements of the electrical resistivity, magnetization, susceptibility, and specific heat ToIrnCET
=Cu,Au,P} at low temperatures are reported. Fbr=Cu and Au, antiferromagnetic order is seen below
Tn=4.5 and 3.6 K, respectively. FOF=Pt, spin-glass freezing is observed belewd.5 K. There is no
indication of coexistence of magnetic order with heavy-fermion behal&¥163-1827)05825-6

I. INTRODUCTION IIl. RESULTS AND DISCUSSION

. . A. Ce,Au,in
The tetragonal CeCiBi, compound was the first heavy-

fermion superconductor to be discovereBince then a large Figure 2 shows the electrical resistivi{T) measured at
effort has been devoted to investigate the isostructural homdémperaturesT between 300 K down to 30 mK. The data
logues C&,X, whereT is a transition metal or noble ele- below 10 K are shown in the inset. The resistivity ratio of

ment andX is a polyvalent metdl. Compared to these 122 ~10 signals a rather good sample quality compared to the

compounds, relatively little is known about 221 compounds.earller studie$” although the residual resistivity of 29

Recently, the synthesis of GE,X compounds was ©nQ cm is still rather high. The most prominent features of
1 2

. ) p(T) are (i) a pronounced shoulder slightly above 100 K
reported We have synthesized _(;Auzl_n and its C.QTZIn which we tentatively attribute to scattering from crystal-field
homologues T=Cu,P) and investigated their low-

k ) ; X excitations andii) a sharp kink at 3.5 K. The data between
temperature properties. While this work was in Progressgy mk and 3.5 K can be described @ET) = po+ AT™ with
studies with similar aim appearéad. po=29 10 cm, A=0.64 10 cm / K™, andm=3. In a mag-
netic fieldB=7 T, the same functiondl dependence @ is
found, with differentA=0.24uQ cm/K™. p, increases up
Il. EXPERIMENT to 35, cm which we interpret as the ordinary positive
magnetoresistancéKohler's rulg. From the very large
. . L specific-heat anomaly at 3.5 (ee below we can rule out
g:\? r:elzrlllg ;Tileopsgf\tfem glemeﬁmm% ie ::[NJF’ Ck:]u that the kink inp(T) arises from minute amounts of elemen-
» AU AN,  In 5N) under high-purity Ar atmosphere tal In (superconducting transition at 3.4.KRather, we at-

in a water-cooled copper hearth. In order to improve NOmOyiy, e it to the freezing of spin-order scattering because of
geneity, the samples were remelted several times and SUbﬁ%‘agnetic order setting in at 3.5 K.
quently annealed at 700 °C for 7 days except the Pt cOM- Figyre 3 shows magnetization data taken in different
pound which showed a partial transformation to anothefie|ds plotted as/B vs T. A sharp kink at 3.6 K is observed
structural phase upon annealing. The total mass loss aftgf B=0.1 T which is rounded and shifted to low&rasB
these procedures was always less than 0.1%. X-ray powder
diffraction applying ClKK«1 radiation revealed a single-
phase tetragonal structure with lattice parametars L Ce,Au,In
8.047 A andc=3.934 AforT = Au (Fig. 1). An intensity
analysis of the diffraction pattern determined the structure to
be of the Mo,FeB, type, space group P4/mbm, with In on I
2a, Au on 4g and Ce on 4k sitéBig. 1). The rather large s
width of ~0.5° (FWHM) suggests a rather small crystallite Ul A o o A A A A
size (diameter<10° A). The compounds witf=Cu and Pt
crystallize isostructurally, wita=7.728 A, c=3.921 A for
T=Cu, anda=7.803 A, c=3.880 A for T=Pt. All these
data are in very good agreement with previous structure de- -
terminations. |

The electrical resistivity was measured on rectangular ‘ ‘ | L
bars spark-cut from the polycrystal. Electrical contacts to o0 30 20 b 2 s == 80
current and voltage leads were made with gold paint. The 20
magnetization was measured with a moving-sample
magnetometérand in a low-field SQUID magnetometer.  FIG. 1. Observed and calculated x-ray diffraction pattern of
The specific heat was measured with the standard semiadige,Au,In (6—26 powder methol Calculation assumes the
batic heat-pulse method in magnetic fields up to 6 T. Mo ,FeB, structure.

The polycrystalline CgT,In samples were prepared by
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FIG. 2. Electrical resistivityp vs temperaturd of Ce,Au,ln FIG. 4. MagnetizatiotM of Ce,Au,In vs applied magnetic field

between 2 K and 300 Kmain frame and in the lowT range be- B for temperaturesI=0.3 and 3 K. The inset showdM/dB vs
tween 30 mK and 10 Kinse). Here the symbols denote the mea- T.
surements in théHe cryostat above 2 K and the solid line indicates
the data measured in the dilution refrigerator, both in zero magnetisharp maximum irdM/dB, indicates the transition from the
fields. The dashed line denotes IGwdata measured in 7 T. antiferromagnetic to the paramagnetic phase. A maximum in
dM/dB is still visible at 3 K, as has been found before at
increases, suggesting the onset of antiferromagnetic ordet.7 K*
Throughout this paper the units of magnetizatjop/T are Figure 5 shows the specific he@t between 50 mK and
for one Ce atom. We take mjgck xT)/dT] as the Nel tem- 10 K. Throughout this paper 1 mol corresponds to 1 mol of
peratureTy=3.5 K. No feature is resolved iB=3 T. The Ce atoms or, equivalently, 1/2 formula units. The very sharp
rounding might be attributed to averaging over crystallitemaximum atTy=3.5K in zero magnetic field is in very
directions in our polycrystalline samples. The inset of Fig. 3good agreement witfiry, determined from the magnetization
shows the dc susceptibility measured in 1 mT with a SQUIDand supports the notion of a magnetic phase transiton
magnetometer. The data aboVg follow quite nicely a superconducting transition of possible In precipitations
Curie-Weiss law with an effective momepts=1.8ug and  would be invisible on this plgt The sharp zero-field transi-
a Curie-Weiss temperatue= —1 K. The reduction ofu.s  tion widens and shifts to lowel in a magnetic field of 1.5 T.
with respect to the C&3 free-ion value found above 50 K Actually, two transitions are suggestive through the wide and
(Ref. 4 is attributed to the crystal field. In the wholerange  clearly nonmonotonic slope of the specific heat just above
investigated no difference was seen between the zero-fieldhe maximum. For 3 T, three rather sharp features are ob-
cooled and field-cooled susceptibility. We also measurederved and for 6 T, only one transition at 2.5K is seen.
magnetization curveM(B) at 0.3K and 3 K. Figure 4 These results differ somewhat from the specific-heat study of
shows theM vs B data, with the inset of Fig. 4 depicting Hauseret al®> where only one maximum was observed for
dM/dB. The steplike feature iM vs B for T=0.3K, i.e., a fields up to 3T, and none above 2.4 K for 6 T. The obvious
explanation for the observation of two features is that we
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FIG. 3. MagnetizatiomM divided by applied magnetic fiel of
CeyAu,lin vs temperaturd for different fieldsB. Inset shows the FIG. 5. Specific hea€ of Ce,Au,In vs temperaturd in vari-
susceptibility measured f@ = 1 mT with a SQUID magnetometer ous applied magnetic field®. Inset showsC/T vs T2 at high tem-
up to 30 K, together with a Curie-Weiss fit. peratures.
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FIG. 6. Magnetic phase diagram of @&u,In, presumably for FIG. 7. Specific heaC vs temperaturel’ of Ce;AuIn on a
B along the easy direction, as determined from magnetizadon 109-log . plot. Sg“d line is a fit _ of
and specific hea€. The inset displays the pressure dependence of =bnT™ “+ 7T+ BuT exp(—AE/kgT) to the data. The inset
M/B aroundTy,. showsCT? vs T2 to determineby and y, .

observe transitions of differently oriented grains of our poly-By=0.95 J/mol K* and AE/kg=1.56 K. The latter term is
crystal with respect to the field direction, similar to the caseexpected for an anisotropic antiferromagnet.

of the magnetization. However, the specific heat picks also There is no indication for a strong Kondo effect in the
the hard directions for whicfiy does not decrease quickly presence of antiferromagnetic order in el ,In. First, the
with increasing field. This is different from the magnetiza- total entropy associated with the specific-heat anomaly at
tion where grains with their easy direction parallel to theTy (acquired between 0.4 K and 7 K to incorporate short-
field contribute much stronger #d than those with the hard range-order effects abovi,) is ~90% of RIn 2. Second,
direction parallel tdB, at least in the paramagnetic state. Thethere is no evidence for a sizable linear specific-heat term
magnetic phase diagram of ¢&u,In (presumably for the . ;T. Third, the magnetization at 0.3 K reaches @5n
easy directiopis shown in Fig. 6. It exhibits the “typical” 6 T which is not too far away from the effective moment
mean-field-like phase line between antiferromagnetic angi.z=1.8ug determined from the Curie-Weiss fitnset of
paramagnetic state. Fig. 3.

It is interesting to note that even for this polycrystalline  Finally, the inset of Fig. 6 shows the pressure dependence
alloy a rather narrow “crossing region” where all tl&T  of x in the vicinity of Ty. For the measurement in 8.5 kbar,
curves for different fields cross each other is found. Thisghe sample was inserted into a standard CuBe pressure cell
universal crossing has been recently related to other thermavith a methanol/ethanol mixture as pressure-transmitting
dynamic properties of magnetic materials. medium. The magnetic signal of the empty cell was deter-

The inset of Fig. 5 shows the data between 10 K and 15 Knined in a separate run and substracted from the data. The
plotted asC/T vs T2. From the slopgg=1.39 mJ/mol K we  pressure was obtained by measuring simultaneously the su-
infer a Debye temperaturg, of 151 K. The value of3 (and  perconducting transition of two small Pb samples inside and
0p) is an upper(lower) bound because crystal-field excita- outside of the cell. The antiferromagnetic transition for
tions may also contribute t6 in this T range. Furthermore, 8.5 kbar is rather broad possibly due to nonhydrostatic pres-
the data above 15 K show negative deviations fromThe sure. Nevertheless a clear downward shiffgfis observed,
dependence due to onset of phonon dispersion. The Sommesimilar in magnitude to the observation of Hausaral®
feld coefficient for this highF region is rather low, from resistivity measurements under pressure.
yur=(28+5) mJ/mol K>. However, we cannot exclude
that the rise ofC with decreasingr in the range just above
Ty arises from the Kondo effect with a Kondo temperature
of a few K. The intervening antiferromagnetic transition pre- Figure 8 shows the electrical resistivity(T) of
vents a definite conclusion. Figure 7 shows the specific heafe,Cu,In. Overall similar behavior t@(T) of Ce,Au,ln is
C(T) as measured between 50 mK and 30 K on a log-logound, with a shoulder at 100 K and a rather sharp kink at
scale to highlight the lowF data. At lowestT, a byT 2 5K, signaling crystal-field excitations and magnetic order,
dependence is observed which presumably arises from thespectively. These findings again correspond to earlier
quadrupolar splitting of In nuclei with noncubic site symme- reports?® The magnetization data are shown in Fig. 8. Figure
try. The inset shows the data below 0.4 K plottedE vs 9 shows the dc susceptibility measured up to 40 K. The data
T2 where the slope yields, =37 mJ/mol K. This small above Ty can be described by a Curie-Weiss fit with
vt value is of the same order ag;r. Above ~0.4K, C Meii=1.95up and #=+1.8 K. The positive sign of sug-
increases more rapidly than linearly. In the whole region upgests strong antiferromagnetic interactions, in line with a
to 1.5K the data can be described bg=byT 2 larger Nel temperatureTy=4.7 K [again as determined
+ y1 T+ BuT3exp(— AE/kgT) with by=0.38 mJ K/mol, from d(xT)/dT] compared to that of C#u,In. The coin-

B. Ce,Cusln
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FIG. 8. Electrical resistivityp vs temperaturd of Ce,Cus,In. FIG. 10. Specific hea€ of Ce,Cu,In vs temperaturd of an
The inset shows the data between 1.5 and 20 K on an expandeg-prepared sample f&=0 and of the same sample after anneal-
scale. ing forB=0 and 6 T.

cidence of a smaller unit-cell volume with larg€g again  thors do not report on the sample treatment. For the annealed
suggests that there is only a weak Kondo effect in this classample, the maximum has shifted upward to 4.9 K and the
of materials. The effective exchange interaction betwekn 4 kink has almost disappeared. In 6 T, only a broad maximum
electrons and conduction electrahss rather small, i.e., the located around 4.5 K remains. Due to the relatively high

Ce moments are quite stable, and any decrease in the lattiqg, a reliable determination of,,; from a C/T vs T2 plot
constants leads to an increaselaind thus favors the RKKY was not possible.

amplitudeJ?N(E;) whereN(E;) is the density of states at
the Fermi level, over the exponentially small Kondo effect.
Nevertheless, the increase pfT) above T, towards low
T may be due to the Kondo effect as suggested béfaiso The electrical resistivityp(T) of Ce,PtyIn is shown in
shown in Fig. 9 is the dc magnetization as measured ifrig. 11. We observe no loW-feature which might indicate a
B=0.1 T down to~0.1 K which is in reasonably agreement magnetic-phase transition, but the crystal-field related
(~10%) with the SQUID data in the region of overlap. The anomaly is still present. It is actually shifted to somewhat
inset showsM (B) measured at 0.3 K indicating the transi- lower temperatures compared to the other two homologues.
tion from antiferromagnetic to paramagnetic state, much likelhe resistivity at 300 K is rather low compared to the other
in Ce,Au,In (cf. Fig. 4 although in CeCu,In the transition homologues and also to the previous repdftsthe inset
is much wider and exhibits some fine-structure. shows the lowF data. As noted beforep(T) does not fol-
Figure 10 shows the specific heat of {&i,In. Here a low a T2 dependence. Figure 12 shows the magnetization
strong difference between annealed and unannealed sampRigided by the applied fieldy1/B, for B=0.1T in the region
is observed. The latter shows two distinct features, i.e., &P t0 7K. xy as measured in 1 mT up to 30K yields
kink at 5.6 K and a maximum at 4.6 K, signaling a “double ser=0.94ug and §=—1 K from a Curie-Weiss fit(not
transition” as already observed by Hausgral® These au- shown. No indication of magnetic order is seen above 1K,

C. Ce,PtyIn
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FIG. 9. M/B of Ce,Cu,In vs T as measured in 0.1 T and 1 mT. FIG. 11. Electrical resistivityp vs T of Ce,Pt,In. The inset
The inset shows the magnetization cuiMéB) at 0.3 K. shows the lowF data.
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FIG. 12. M/B of Ce,Pt,In vs T for applied magnetic field
B=0.1T after zero-field coolingZFC) and field cooling(FC). The FIG. 13. M/B of Ce,Pt,In vs T in the temperature range below
inset shows the magnetization cuvie,(B) at 0.15 K. 1K, showing the difference between field-cool@pen symbols

and zero-field-cooledclosed symbolsmagnetization in different

. . 5 fields. The inset shows the ac susceptibility measured in
as already pointed out previously by Hauseal> However, 5 1557

a quite unusual behavior is observed in the low-temperature

magnetization. Figure 13 showd/B in the region below Surprisingly,M attains only 0.13g in 2 T. In view of this

1K in detail. M/B is seen to split into zero-field-cooled unusual behavior, the rather large linear specific-heat term
(ZFC) and field-cooledFC) branches as indicative of a spin ¥y~ 0.5 J/mol K? inferred from the data above 1 KRef. 5
glass, with a maximum in the ZFC curve and a continuoughight be attributed to the spin-glass properties obRlgin
increase of the FC curve towards lower temperatures. Thand probably is not a manifestation of a Kondo-lattice effect
splitting occurs at lowef for higher fields. The ac suscep- In terms of heavy quasiparticles.

tibility ¥ shows a maximum ak=0.55 K. What is unusual,
however, is that FC and ZF®/B curves in small fieldg1
and 10 m7 differ even well above the “freezing tempera-  We thank B. Kibler, T. Pietrus, U. Tutsch, and R. Voll-
ture” [taken as the maximum &l ,.c(T)]. In concordance mer for performing some low-temperature measurements.
with this finding is the strongly nonlinear behavior @f/B  This work was supported by the Deutsche Forschungsge-
even for small fields and temperatures up to (cK Fig. 13. meinschaft and by the Ministerium rfuVissenschaft und
The inset of Fig. 12 showM ,-(B) measured at 0.15 K. Forschung Baden-Wttemberg.
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