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A group of ternary cerium compounds £eln (T=Ni, Cu, Rh, Pd, Pt, and Auhas been synthesized. As
found from single-crystal and powder x-ray-diffraction studies, all these phases crystallize in a primitive
tetragonal structure of the MBeB, type. Magnetic measurement®agnetization, dc and ac susceptibility
have revealed the physical properties of these intermetallics to be mainly governed BydheyBridization.
Depending on the filling of the transition metlband the ground state in geln changes from a nonmag-
netic to a well localized magnetic regime. It was proved thaiNCgn and CgRhyIn are intermediate-valence
systems, Cg&bln is a strongly temperature-dependent paramagnet, wheregSufle CePd,In, and
CeAu,In order magnetically at low temperatures. Measurements of the electrical resistivity have corroborated
the intermediate-valence behavior in8&ln and CeRhyIn. In turn, the resistivity of the remaining ternaries
studied was found to be determined by an interplay of Kondo scattering and crystal-field effects,fFginCe
which behaves like a spin-fluctuating system due to strong Kondo-type interactions a nonmagnetic heavy-
fermion ground state probably occuf§0163-18206)08134-9

[. INTRODUCTION CePd,In indide and found that it is ferromagnetic below
T.=4 K. This finding has subsequently been confirmed by
Recently a series of ternary actinoid compounds with theGordonet al1® who also reported on the nonmagnetic prop-
composition An,T,M (An=U, Np; T=3d-, 4d-, 5d- erties of CgNi,In. Already in the course of our present study
transition metal;M =In, Sn), crystallizing in the tetragonal two further publications by Hulliger appeared which ad-
Mo,FeB,type structure (an ordered derivative of the dressed the synthesis of £in (Ref. 17 and CgRhyin.'®
U,Si,-type structurg has been discoveréd® As a result of ~ The first compound was briefly mentioned to be paramag-
intensive experiment&l® and theoretic 2 studies of these Netic down to 1.5 K(Ref. 17 and for the latter a nonmag-
materials it was established that their electronic propertie§€tiC ground state was claimédiue to the presence of €e
are mainly determined by the hybridization of thé &tates 10nS. .
with the d states of transition elements. As for many other In_the present paper we give an exter]ded survey .Of the
families of light actinoid intermetallics, the behavior in the physical behavior in the Gé,ln intermetallics withT=Ni,

AnT.M compounds was found to chanae aradually from Cu, Rh, Pd, Pt, and Au. We report here on the crystal struc-
2°2 mp . 9e g y Qure refinements from x-ray data and present the results of
nonmagnetic to a magnetic ground state when moving fro

etailed magnetization, dc susceptibility, ac susceptibili

. . 3 , Y, ptibility,
Fhel left to thfe r:'ght of a tr;i.r;s.|1t|orr1]-metal rﬁ_’g'_ Intelrest- and electrical resistivity measurements performed on poly-
Ingly, most of the urar;:um el p ashes e;x loit at watf?m'crystalline samples of G&,ln. In the discussion we empha-
peratures a strong enhancement in the electronic coefficie; ¢ e role of interactions between the ceriufrelectrons

of the specific heaty values up to 830 mJ/mole®as ob-

dqf PLIn® and this f . : , th th and thed electrons of neighboring transition-metal atoms in
served for YPtIn®) and this feature in conjunction with the o 3 anetic moment formation in the compounds studied.
characteristic magnetic and electrical properties of these

compounds may support their classification as heavy-
fermion systems:>10

In contrast to the extensively studied actinoid intermetal-
lics with the 2:2:1 stoichiometry only very little is known up Polycrystalline samples of L&,In and CgT,In were pre-
to date about the corresponding rare-earth-based materiafsared by arc melting the appropriate amounts of the constitu-
This fact has motivated us to start a systematic investigatioent elements in a titanium gettered argon atmosphere. The
of the CeT,In compounds. Our choice of cerium-based buttons were turned over and remelted several times to en-
phases is due to a common tendency of this element to shosure a good homogeneity. Weight losses after meltings were
anomalous physical behavior in its binary or ternary intermealways smaller than 0.5 mass%. No further heat treatment
tallics. Although already in 1990 the formation of S&,In  was given to the ingots except for Jeln, T=Ni, Rh, Pd,
and CeCu,In was described by Kalychadt al,'* the mag-  which were subsequently wrapped with molybdenum foil,
netic properties of these two compounds were not studied aealed in evacuated quartz tubes and annealed at 650 °C for
that time. More recently Hulliger and Xlesynthesized the two weeks. All the samples obtainéds cast and annealed

Il. EXPERIMENTAL DETAILS
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TABLE I. Lattice parameters and unit-cell volumes for,Laln Siemens D5000 diffractometer with G, radiation and a
and CgT,ln compounds refined from the Guinier x-ray data. Stan-secondary graphite monochromator. The diffractometer was

dard deviations in the positions of the least significant digits arepperated in the step scan mode with 1026<120°, A6

given in parentheses. =0.01°, and a step time of 60-100 s. Rietveld full matrix
full profile refinements were performed employing the pro-
Compound a (nm) ¢ (nm) c/a vV (nnv) gramFULLPROF2® In order to prevent progressive decompo-
La,Ni,In 0.76273)  0.39051) 0512  0.227®) sition_ of the finely spread moistur_e sensitive powders dur_ing
La,Cuyin 0.79649) 0.99067) 0512  0.2426l) the time of x-ray exposure, a thinly sprayed-on protective
La,RhyIn 0.781G9) 0.39431) 0.505  0.2408) Iayslr of hair spray was applied. -
La,Pcbin 0.78691)  0.39631) 0504  0.2451) agnetization and dc magnetlc-s_usceptlblllty measure-
La,PLin 0.78811) 0.39381) 0500  0.2444l) ments were perform_ed on polycrystalline samples Q_ﬂ'ge
Lo Auin 0.80991) 0.40031) 0494  0.262E) in t_he .temperature interval ;.7—300 K and in qpphed mag-
272 ' ' ' ' netic fields up to 50 kOe using a Quantum Design MPMS-5
CeNizln 0.75283)  0.37271)  0.495  0.211@) superconducting quantum interference device magnetometer.
CeCupln 077353  039242) 0507  0.234@) For CgRhyln and CeNi,In the susceptibility measurements
CeRhpin 0.75911) ~ 0.37731) 0497  0.217dl) were extended up to 900 K employing a pendulum magne-
CePdyin 0.77932)  0.39271)  0.504  0.2388) tometer SUS 10. The dynamical magnetic susceptibility of
CePtln 0.78081)  0.388@1)  0.497  0.23661) Ce,Cuyln was determined using a Lake Shore ac susceptom-
CeAusin 0.80462)  0.39431)  0.490  0.25581) eter. Electrical resistivity measurements were carried out on

both as-cast and annealed bar-shaped specimens,bjlha
and CgT,ln in the temperature range 4.5-300 K by the con-

were examined by x-ray powder diffraction using a Guinier . .
Y y D g ventional ac four-probe technique.

camera with ClK a4 radiation. It appeared that our attempts
to synthesize C4,In compounds withT =Fe, Co, Ru, Ag,
and Ir have failed. No efforts were made to prepare . RESULTS AND DISCUSSION
Ce,0s)In. With all the other transition metals the La- and
Ce-based 2:2:1 phases form easily probably in a congruent
manner. The samples of these compounds have a metallic The positional and isotropic thermal parameters for
lustre and are stable in air except for,8a,In which dete- CePd,In, as derived from a single-crystal study, are listed in
riorates quickly. Table Il. The anisotropic thermal parameters and structure
Lattice parameters were obtained by least-squares refinéactor tables are available on request. The positional param-
ments of the Guinier data usindg\5germanium as an internal eters for the remaining compounds,,Csn, obtained from
standard. The diffraction lines were identified via intensity Rietveld refinements are also presented in Table Il includ-
calculation$® using the positional parameters of Sig,In ing the distances between nearest-neighbor atoms.
taken from Ref. 14. No extra lines due to impurities and/or The crystal structure of the B,In compounds, shown in
superstructure formatiofas found for some rare-earth stan- Fig. 1, in all cases investigated is isotypic with the ordered
nidesL,Au,Sn (L=Y, Dy, Ho, Er, Tm, Lu (Ref. 20 and  U;Si,-type structure, where the one U si€e sitg is re-
indidesL ,Au,In (L=Tm, Lu) (Ref. 2] as well as for the two placed by the In atom, thereby adopting the atom order as
uranium compounds JPtSn (Ref. 22 and Ulr,Sn (Ref.  observed in the Mg-eB,-type. It is interesting to note that
23)] were observed. The lattice parameters determined fathis replacement virtually decreases the coordination number
La,T,In and CgT,In compounds witlT =Ni, Cu, Rh, Pd, Pt, of the In atom, as far as the In-In contacts in directiof1]
and Au are listed in Table 1. are concerned. While these distances ibiJare bonding
A small single-crystal fragment of GRd,In (0.04 mm  distances for the much larger uranium atof@d=14), they
X 0.03 mmx0.06 mm was obtained by mechanical fragmen- significantly exceed the sum of the In-metal radii resulting in
tation of the arc melted button with the nominal compositiona mere CN=12 for the In site. As is apparent from Table |
(in at. %9 CeygPdigln,g, Which was annealed for 240 h at and Table Il, the unit-cell dimensions of the Zgln com-
800 °C in an evacuated quartz capsule. A total number opounds do not scale with the atomic sizes of the constituent
3274 x-ray reflections have been recorded on a STOE Nicaransition elements. For example, the radii of Rh and Pd
let four-circle diffractometefw/26 scan employing an em- atoms are rather similar but the difference between the unit-
pirical absorption correctiofu(Mo Ka)=30.7 mm ] from  cell volume of CeRh,In and that of CeéPd,In is enormous.
psi scans of five independent reflections. The crystalloin turn, the unit cell of CeRhyIn has almost the same dimen-
graphic data are summarized in Table Il. Analyses of Weissions as that of G&li,In despite the very significant differ-
senberg photographiaxis[001]) revealed a primitive tetrag- ence in the radii of rhodium and nickel atoms. Hence, the
onal lattice geometry with high tetragonal Laue symmetryobserved variation in the lattice parameters of thgTGa
and without any indications of superstructure formation. Thephases is supposed to have mainly an electronic origin and
only sets of extinctions observed werek(D for k=2n+1  thus the interatomic distances within the 2:2:1 series reflect
and (00) for h=2n+1; this observation is consistent with dominant features in the bonding between cerium and tran-
the centrosymmetric type of space groBg/mbmwith the  sition metal atoms and between themetal atom pairs. In-
highest possible symmetry. deed, the unit cells of those compounds which contain tran-
Room-temperature x-ray powder diffraction intensity datasition metals with completely filled band, i.e., C&Cu,In,
for powder structure refinement were obtained from flatCe,Pd,In, and CgAu,ln, are significantly larger than the unit
samples for Cgl,ln, T=Ni, Cu, Rh, Pt, and Au, in a cells of CeNi,In and CgRh,In, which are based on transi-

A. Crystal structure
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TABLE II. Structural data for CgT,In compounds; space group4d/mbm—D$, (No. 127; origin at center,Z=2; Mo,FeB,-type
(ordered USi,-type); standard deviations in parentheses.

Parameter/Compound aNioIn CeCuwln CeRhpin CePdin CePtln CeAu,In

a (nm) 0.7530%3) 0.773686) 0.758842) 0.78134) 0.780483) 0.804743)

¢ (nm) 0.372232) 0.3924@3) 0.377091) 0.39162) 0.388082) 0.394072)

V (nmd) 0.21109 0.23488 0.21714 0.2394 0.23640 0.25520

px (Mg m™3) (for Z=2, stoichion 8.06 7.38 9.19 8.43 11.03 10.27

Data collection D5000 D5000 D5000 STOE D5000 D5000

Radiation CKa CuKa CuKa Mo Ka CuKa CuKa

Reflections measured 149 160 154 44230(19)] 160 171

0O range 2620=<100 20<20=<100 206<20<100 2<20<80 20<20<100 20=<20<100

Refinement Rietveld Rietveld Rietveld SHELX 76 Rietveld Rietveld

Number of variables 20 20 20 14 20 20

Re=3|Fo—F|/2F, 0.063 0.050 0.053 0.028 0.064 0.065

R=3|log—lcal/2los 0.078 0.074 0.076 0.097 0.078

Rup=[ZWi|Yoi — Yeil 2/ = Wil yoi| 2112 0.164 0.147 0.135 0.020 0.187 0.120

Rp=21|Yoi — Ycil /2| Yoil 0.127 0.107 0.107 0.141 0.099

Re=[(N=P+C)/(Sw;y3)]*? 0.067 0.033 0.069 0.045 0.076 0.057

S=R,p/Re; X¥*=(Ryp/Re)? X°=5.75 X°=5.05 ¥’=3.78 S=4.25 ¥=6.14 °=4.92

Atom parametefs

Ce in 4h (x,1/2+x,1/2)

X 0.67412) 0.67981) 0.67142) 0.675897) 0.67382) 0.67592)

Beg (Biso) 107 () 1.2605) 0.939) 1.284) 1.082)° 0.975) 0.592)

occ 0.871) 0.903) 1.0 1.0 0.982) 0.961)

T in 4g (x,1/2+x,0)

X 0.12214) 0.11775) 0.13412) 0.12761) 0.130G2) 0.124%1)

BedBiso) 107 (nnP) 2.23 1.143) 1.306) 1.382)° 1.343) 1.3605)

occ 1.0 0.961) 1.0 1.0 1.0 1.0

Inin 2a (0,0,0

BeqBiso 107 (nnP) 2.1511) 2.32) 1.188) 1.423)° 1.447) 1.388)

occ 1.0 1.0 1.0 1.0 1.0 1.0

Distances(nm) within the first

nearest-neighbor coordination

Ce —4 Ce CN=17 0.3935 0.4018 0.3977 0.4075 0.4080 0.4197
-2 Ce 0.3722 0.3924 0.3771 0.3916 0.3881 0.3941
-1 Ce 0.3708 0.3937 0.3679 0.3887 0.3837 0.4004
—4 In 0.3348 0.3453 0.3386 0.3485 0.3477 0.3562
-4 T 0.2931 0.3064 0.3002 0.3100 0.3083 0.3146
2T 0.2859 0.2957 0.2813 0.2925 0.2908 0.3007

T —4 Ce CN=9 0.2931 0.3064 0.3002 0.3100 0.3083 0.3146
—21In 0.2991 0.3094 0.2957 0.3075 0.3061 0.3184
-1T 0.2601 0.2580 0.2878 0.2821 0.2870 0.2834
-2 Ce 0.2859 0.2957 0.2813 0.2926 0.2908 0.3007

In -8 Ce CN=12 0.3348 0.3453 0.3386 0.3485 0.3477 0.3562
4T 0.2991 0.3094 0.2957 0.3075 0.3061 0.3184

AWeighting function:w; = 2.5874/[c*(F) + 0.0001x F?]; secondary extinction parameter=0.00241) [SHELX-76, Ref.(24)].
bStandardized set of atom parameters using progrERDCTURE TIDY-TYPIX (Ref. 26.
“Uiso~Uequiv: @ list of anisotropic temperature parameters can be obtained on request.

tion metals withd®-atomic configuration. As a consequence, here only that the unit cell of the GByIn intermetallics ex-
the 4f electrons in the two latter compounds apparently conhibits a typical layered character being composed of two dif-
tribute to the bonding and thfed hybridization is there quite ferent alternating atomic planes: one containing only cerium
strong(see magnetisin atoms and the other with indium and transition-metal atoms.
A detailed description of the crystal structure of the Each of four equivalent cerium atoms in the unit cell has two
Mo,FeB,-type can be found in the literatute>*°*We recall Ce neighbors along the axis and one Ce neighbor in the



9894 D. KACZOROWSKI, P. ROGL, AND K. HIEBL 54

16
Ce,Pd,In )
[+
-
7 12
[
[ 8]
2 e .
g ______
} '_gu . —
e Em- ] T
E E 1
) : ./:
T 3 _Ce Rh In £ 1. CeyNiyIn_ ]
S 2 2 Y | ® 2 CegRRyn
el R o.lt o.lt 0.8
X 0 : L w/n’
0 200 400 600 800 1000

Temperature (K)

FIG. 2. Temperature dependence of the magnetic susceptibility
for CeNi,In (filled symbolg and CgRhyIn (open symbols The
dashed lines denote the corrected dat&e text The solid lines are
least-squares fits gf(T) according to the ICF model. The inset
presents the corrected susceptibility (& T)? where T is the
-Pd appropriate spin-fluctuation temperature. The solid lines in the inset
are fits of the experimental data to HE).

FIG. 1. Perspective view along tleeaxis of the crystal structure

of Ce,Pdyin. uted to the presence of small amounts of foreign impurities,
oxides of cerium, eté’~2°To account for this impurity con-

basal plandthe next-nearest four cerium neighbors are alsaribution we followed the procedure employed by aBe

located in the basal plane, see Fig. Both these distances Monod and Lawrencé’ Neglecting crystal-field effects on

are very close to one another and only tiny structural detailémpurity sites, we assumed that at sufficiently low tempera-

decide which of them is shorter. As seen from Table Il in thetures the measured susceptibility can be expressed as

case of CeCu,In and CegAu,In the Ce-Ce nearest neighbors

are along the tetragonal axis, while for the remaining com-

LS . Cimp

pounds they lie within the basal plane. The cerium atoms are x(T—0)=x(0)+ —, D

located at the sites of th€,-point symmetry and each of T

them has th€,, axis rotated by about/2 with respect to that

of its nearest neighbors. Thus, having in mind that the magwhere x(0) denotes the intrinsic susceptibility of a IV com-

netic moments are usually aligned along the directions of th®ound atT =0 K, andC;,, is the Curie constant of impurity

highest multiplicity, one can expect the formation in the magnetic moments. Moreover, if the impurity contribution is

Ce,T,In compounds of complex noncollinear magnetic composed only of stable €eions, one can define the im-

structures associated with the cerium atom sublattices. Thidurity concentratiom= C;,,,/C, whereC=0.807 emu/mole

feature is probably also responsible for canted uranium moK i the Curie constant of free €&ions. Fitting the experi-

ment arrangements determined recently foPtyin and ~ mental data of CfNi,In for T<50 K to Eq.(1) yielded the

U,Pd,Sn (Ref. 6 as well as for YNi,In (Ref. 8. parameters: x(0)=8.32x10* emu/mole Ce atom and
n=55x10"% Ce atom/mole, and for GRhln:

x(0)=6.01x10"* emu/mole Ce atom and=5.3x10"3 Ce

B. Magnetic properties atom/mole. Finally, the measuredT) dependences were
corrected for impurities subtracting the tem@/T from the
experimental data in the whole temperature region studied.

The temperature variations of the magnetic susceptibilityrhe so-correctedy(T) curves are displayed in Fig. 2 by
for CeNisIn and CgRhyIn, measured up to 900 K, are dashed lines.
shown in Fig. 2. In agreement with previously published  According to the paramagnon model of IV materials de-
results®®the SUSCGptibi”ty of these two Compounds is Sma”\/e|oped by Bal-Monod and Lawrenéé the magnetic sus-
(Of the order of 103 emu/mole Ce atoDnand only Weakly Cept|b|||ty varies at low temperatures as
temperature dependent. The overall shape of thg3e
curves with characteristic broad maxima occurring at el-
evated temperatures is reminiscent of intermediate-valence x(T)=x(0)
(IV) systems. However, at the lowest temperatures, the sus-
ceptibility rises with decreasing temperature instead of tend-
ing to a constant value as could be expected for IV comwherea is a positive number of order unity afid; denotes
pounds. Such a low-temperature tail y(T) is frequently a characteristic temperature related to spin fluctuations which
observed for cerium-based materials and commonly attribis given by

CeNi,sln and Ce,Rh,In

2

1+a : 2

T
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Ts=——. 3
For CeNi,In and CeRh,In the spin-fluctuation temperature E Cethzln
found from Eq.(3) is very high and amounts to 485 and 672 3 300 1 i
K, respectively. These values are consistent with the predic- ©
tion offered by Lawrence, Riseborough and P&tks H a5
E 200 | g T T T T 1
To=3 TO™) @ 2 b
relating T to the temperature where the susceptibility exhib- ® i :
its a maximunmthe magnitude of (Y™ found from Fig. 2 L oo .
is about 375 and 410 K for GHi,In and CgRh,In, respec- n 's ?
tively]. In the inset to Fig. 2 the corrected susceptibility data * % 1o =0 30 40 B0
for Ce,Ni,In and CgRhyln plotted versugT/T)? are shown 0 ' : : —
0 60 100 160 200 260 300

together with their fits to Eq(2). It appears that for both
compounds the theory by BeEMonod and Lawrendé
works well up to about 200 K. The slopes of the theoretical
lines amount to 1.06 and 0.98 for the Ni- and Rh-containin FIG. 3. Temperature variation of the inverse magnetic suscepti-
phase, respectively, and the extrapolated intercepts give t ity for Ce,PtIn. The inset shows the susceptibility of this com-
¥(0) values equal to those derived above. pound at low temperatures. The solid lines are fits of the experi-
An alternative approach describing the features ofnental data to the Curie-Weiss law.
intermediate-valence systems is the interconfiguration fluc- .
tuation(ICF) model developed by Sales and Wohlle58m ggmgi;?;3'%32”?;3;%\2 900 K for the Ni- and Rh-
the scope of this model the magnetic susceptibility of a IV gp » €SP Y.

. . 0 L Finally, it seems worthwhile to compare {&,In and
cerium compoundwith the 4~ ground statis given by CeRhyIn with respect to their magnetic behavior. Both com-

pounds have the nonmagnetic ground state that can be de-
Nudd 1—u(T)] duced already from the low magnitude of their almost tem-
m' ) perature independent susceptibility but also from the very
_ _ _ large values ofT, T%, and E, derived above as well as
where ue=2.54ug is the effective magnetic moment of the from the value of the effective cerium atom valence which at
cerium 4! state, T5 denotes a characteristic temperature as{ow temperatures is close to that expected for the nonmag-
sociated with fluctuations between th&’4and 4f states due netic 4f° configuration. However, the susceptibility of
to interactions with conduction electrons, whikT) stands  Ce,RhyIn is apparently lower and less temperature dependent
for the mean occupation of the ground state. This fractionathan that observed for QNi,In. Also the characteristic tem-
valence is temperature and energy dependent via the relatigieratures obtained for this compound are much higher than
those found for the Ni-containing counterpart. Moreover, the
1 excited 4 state lies lower in energy in GNi,In which is
e (6) reflected in a slightly faster decrease of the effective valence
146 extl — Eex/ka(T+Tg)] in this material with increasing temperature. All these find-
whereE,, is the energy difference between thé*4and 4°  ings unambiguously indicate that the interactions between
states. The ICF model is frequently modifitddding to Eq.  the cerium 4 states and the conduction band states are
(5 a constant termy, which accounts for possible strongerin CgRhyIn than those in CiNi,In. This is certainly
conduction-electron paramagnetic and core-electron diamagile to the larger spatial extent of the rhodium gtates in
netic contributions as well as for the temperature-comparison to the nickeldstates causing the-d hybrid-
independent Van Vleck contribution to the total measuredzation being more effective in the case of 8&,In.
magnetic susceptibility. It appears that the so-modified ICF
model describes well the magnetic behavior inRgIn and CePhIn
CeNi,In observed forT>200 K. The least-squares fits of  The y }(T) dependence measured for ,88ln is dis-
the experimentaly(T) variations for both compounds are played in Fig. 3. Above 30 K the susceptibility follows the
shown in Fig. 2 by solid lines, and the fitting parameters areCurie-Weiss law with the effective magnetic moment
as follows: E,,=884 K, T%=92 K, and xy=3.4x10™*  4.4=2.49ug/Ce atom and the paramagnetic Curie tempera-
emu/mole Ce atom for GHi,In, and E,,=1179 K, T  ture §,=—8.4 K. This value ofue is very close to that
=201 K, and x,=2.5x10"* emu/mole Ce atom for expected for a free G& ion [g\j(j+1)=2.54] and indi-
CeRhyIn. Then, from Eq.(6) it is possible to estimate the cates a development of well localized magnetic moments in
temperature dependence of the cerium atom valence. Assur@e,PtIn. Yet, down to 1.7 K no magnetic ordering in this
ing that the highest possible valence for the ceriuifigtate  compound is observed in accordance with the results ob-
is 3.30(for discussion, see Ref. B®ne obtains in the tem- tained befor® (see inset to Fig. )3 Below 30 K y }(T)
perature region, where the susceptibility for,Rhb,In and  deviates markedly from a straight line behavior presumably
CeNi,In obeys the ICF model, a strong decrease in the efdue to thermal depopulation of crystal-field split ceriurit 4
fective valence from+3.23 at 200 K in both compounds states.

Temperature (K)

x(T)=

y(T)=
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FIG. 4. Temperature variation of the inverse magnetic suscepti- 12 ¢ ’ . .
bility for Ce,Cw,In. The solid line is a fit of the experimental data to
the Curie-Weiss law. The inset shows the complex magnetic sus- 5
ceptibility versus temperature for gawln taken in zero external } 9f )
static magnetic field. The arrow marks thédléemperature. A [
") ®
~ 8} d .
Ce,CuyIn and CeAu,in 5] Jd C ezAuzln
/
Figure 4 shows the magnetic-susceptibility variation for .,°
Ce,Cuyln. A characteristic maximum iry(T) strongly sug- 8r . T=1%7K 1
gests that the compound orders antiferromagnetically below .° (b)
Ty=5.5 K. This observation is further corroborated by the oen®™® . ) .
results of ac magnetic-susceptibility measurements presented o 10 20 30 40 50

in the inset to Fig. 4. As seen from this figure, only the real
component of the ac susceptibility exhibits a pronounced
maximum atT,, while the imaginary component remains . o
temperature independent down to 4.5 K. A further argument FIG. 5. Field dependence of the magne.t'zat'on.(&).rcezcuZm
for an antiferromagnetic ground state in ,Ce,ln comes and (b) CeAu,In measured at 1.7 K with |qcrga5|mglled sym-
mag 9 L 28 bolg and decreasingopen symbols magnetic field. The dashed
from the behawor of the magnetlz.atltl)n measuretTaI;L.? . lines show a straight-line behavior ofH) observed for C&£wln
K as a function of applied magnetic field. As shown in Fig. poiow about 20 kOe and for GRu,In below about 5 and above
5(a), the magnetization first increases linearly up to about 20,5t 30 kOe.
kOe and then shows a pronounced metamagnetic transition.

At H=50 kOe the magnetization reaches the value of 13'5ably due to a paraprocess effect. The value-ébund in 50

ig:g%;ti'rg%’ogowever' apparently stll far away from Ma%y0oe is 13.7 emu/g that corresponds to the magnetic moment
In the aram;a netic region the susceptibility of,Celn of 0.97ug/Ce atom. From the values i, Hs, and (50

obeys a (Fl)urie-Wgeiss Iam%ove 50 K Withpthe pyarameterS' kOe) determineq for Cugln it can be anticipated_ that the
Z2.48u5/Ce atom and),=—7.7 K. Below 50 K crystal-. magnetocrystalline anisotropy in this compound is strongly

#eerd e.ffecfs are likely repspons.ible. for deviations of the reduced with respect to that characteristic qE(C]gIn. .

¥ T) curve from a linear behavior. . For T>50 K t.he fit OfX(T) to a Curie-Weiss expression
Magnetic properties similar to that of gawln were also yields the effective magnetic momept=2.48u5/Ce atom

f dgf C pA pl Fi At T.—3.2 K the «(T and the paramagnetic Curie temperatgye —15.7 K. A dis-

ound for CgAu,ln (see Fig. & N e x(T) tinct downward curvature of (T), observed below 50 K,

curve, measu_red in small magnetlc_ fields, eXh'b'.ts a pro; resumably results from strong crystal-field interactions.
nounced maximum that can be ascribed to an antlferromag[Z

netic phase transition. Yet, as shown in the inset to Fig. 6,
the maximum starts to move to lower temperatures and CePayin

markedly broadens if the strength of magnetic field is in- From the magnetic behavior of @&dIn, presented in
creased. This unusual behavior becomes clear when inspeéiig. 7, it is clear that the ground state in this compound is
ing the field dependence of the magnetization displayed ifierromagnetic, in accordance with the results published
Fig. 5(b). It appears that in GAu,In a metamagnetic transi- before!®1®It appears that the Pd-containing phase is the only
tion takes place already above 5 kOe. Obviously this featuréerromagnetic representative of the, Cdn family and one
makes the susceptibility of the compound takerHin-H,  of very few ferromagnets among the rare-earth-based 2:2:1
strongly field dependent. Magnetic saturation is reached ahtermetallicst®~*8Interestingly enough is that up to date no
H,=30 kOe, and in stronger magnetic fields the magnetizaterromagnetically ordered actinide-based 2:2:1 materials
tion only slightly rises with increasing field strength presum-have been foun&!?

Field (kOe)
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FIG. 6. Temperature variation of the inverse magnetic suscepti- FIG. 8. Temperature dependence of the magnetization for

bility for Ce,Au,ln. The solid line is a fit of the experimental data to CePdIn measured in 50, 100, and 500 Oe. The inset she(y
the Curie-Weiss law. The inset displays the susceptibility of thiSin the vicinity of the mag}letic’phase transitions. The arrows mark
compound at low temperatures taken in several magnetic fields. Tr}ﬂe ordering temperatures
solid lines in the inset serve as a guide for the eye, and the arrow '

marks the ordering temperature. .
g temp bulk samples measured. Therefore, before drawing any fur-

The o(H) curve for CePdyin (see the inset to Fig.)7 ther conclusi(_)ns on th(_a c_rystal-field ground state in
saturates already above 5 kOe indicating a rather weak ma%—eZPdﬂm’ detailed magnetization measurements of a single
netocrystalline anisotropy in this compound. In a field of 50¢Tystal of this compoundor at least a couple of free- and
kOe the magnetization reaches a value of 28.4 emu/g. Adixed-powder experimerftsare required.
suming that our measurements performed on a polycrystal- N Fig- 8 are shown the magnetization vs temperature
line specimen represent the response of a randomly orientég'Ves taken for C£din in weak magnetic fields. These
fixed powder, the latter value of yields the cerium ordered measurements fe"e"?"ed. unexpect(_adly the presence of a small
magnetic moment of 3.08 or 1.96u in the case of maximum ina(T) which is Iocated_Just abpve the ferromag-
uniaxial or easy-plane anisotropy, respectively. Whereas thBetiC region and could be associated with some rearrange-
first value must be rejected as being unphysically large for €Nt Of cerium magnetic moments. It seems likely that this
cerium compound, the latter one is closegp=2.14 ex- ternary cerium compound may exhibit more complex mag-
pected for a free G& ion. Thus, it seems likely that the netlc.t.)ehawor undergoing first an annfgrromagnetlc phgse
anisotropy in CgPd,In is of the easy-plane type. However, transition atTN=4.3 K and tr_]en becoming ferromagnetic
we are aware that the values jf,, derived above may be belowT.=4.0 K. This suggestion has recently been corrobo-

seriously overestimated because of a possible texture in tH&{€d in an_independent investigation of ;2&ln by
y P Hilscher et al* who found a double-peak behavior in the

temperature variation of the ac magnetic susceptibility. On
the other hand, taking into account an extensive homogeneity
range reported for this compound by Gordetral,'® an ex-
trinsic nature of the anomaly at 4.3 K cannot be completely
excluded at the present stage of our study. A neutron-
diffraction experiment is in progress to clarify the origin of
the observed feature.

——— In the temperature range 50-300 K the susceptibility of
I G | CePd,In can be approximated by a Curie-Weiss law with

| the parametersu 4=2.49ug/Ce atom and),=+12.3 K(see

7 Ce,Pd,In || Fig. 7). The positive value of the paramagnetic Curie tem-
2 T=17x A perature reflects ferromagnetic exchange interactions in this
L compound. Below 6 K a deviation of y XT) from a

' Y R Y straight-line behavior occurs, likely due to crystal-field ef-
0 50 100 150 200 250 300 fects.

400 T T T T T

Cedezln

300

200

¢ (emu/g)

100 |

X -1 (Ce—atom mole/emu)

Temperature (K)
C. Electrical resistivity
_ _FIG. 7. Temperature v_ari(_;\tiop of t_he inverse mqgnetic suscepti- Ce,Ni,In and CeRhyin
bility for Ce,Pd,In. The solid line is a fit of the experimental data to
the Curie-Weiss law. The inset displays the field dependence of the The electrical transport behavior of £{&,n and
magnetization for C#dIn measured at 1.7 K with increasing CeRhIn is displayed in Fig. 9. The resistivity for both com-
(filled symbolg and decreasin@ppen symbolsmagnetic field. pounds varies with temperature in a manner characteristic of
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FIG. 10. (a) Temperature dependence of the electrical resistivity
nonmagnetic metals. Indeed, in respect to their overall shaper CePtin and LaPtIn. (b) Temperature-dependent magnetic
these twop(T) curves are very similar to the resistivity vs contribution to the total electrical resistivity of gRIn (enlarged
temperature dependences determined for the lanthanumy the residual resistivifyshown in a semilogarithmic scale. The
based counterparts kNi,In and LagRh,In (see also Fig. ®  dashed line marks & variation of the resistivity at low tempera-
The residual resistivity ratidRRR=p(300 K)/p(4.5 K) tures, and the solid line is a least-squares fip@f) to the Kondo
amounts to about 9 and 12 for £&,In and CeRh,In, re-  formula(see text
spectively. These numbers are rather satisfactory taking into
account that the measurements were performed on unag the parameterg,=88 () cm andA=0.018 4Q cm/K2
nealed _pqucrystallme samples. Yet, the absoIL_Jte valu_es_ 9br the former compound angy,=53 xQ cm andA=0.022
the resistivity for both compounds are very high. This is ) cm/k2 for the latter compound, respectively. It is worth-
surely due to brittleness of the specimens measured whiciiie 1o remind at this place that in the same temperature
contained many macroscopic cracks. Surprisingly, annealingsgion also the magnetic susceptibility of these two interme-
of the samples. rgs_ulte'd in some enlargement in the magniziics follows the paramagnon modedee Sec. Il B. Un-
tude of the resistivity likely because of creation of new in- oy nately, the uncertainty in the absolute values of the re-
ternal cracks. Therefore, we present in Fig. 9 only the datQjg;jyity hampered any further quantitative discussion of the

obtained for the as-cast specimens but the valugs@¥en g iactrical behavior in Cli,In and CgRhyIn.
in these figures must be taken as an upper bound of the real

bulk resistivity of CgNi,In and CgRhylIn.
The p(T) curves observed for GNli,In and CeRh,In are CePtin

reminiscent of the behavior of intermediate-valence The temperature-dependent electrical resistivity of

materials>* According to the paramagnon picture of such CePtln is shown in Fig. 108). This p(T) curve strongly

systems their resistivity at low temperatures should reveal gesembles the behavior of intermetallic compounds exhibit-

T2 dependence characteristic of a Fermi ligtidndeed, as ing spin fluctuations due to Kondo interactiofisfor ex-

shown by solid lines in Fig. 9, the resistivity of di,inand  ample, well-known heavy-fermion systems gl,?‘i

CeRh,In can be well described below about 50 K by the UNi,Al;,% or many rare-earth and actinoid Laves ph3%es

expression with an archetypal spin-fluctuator UAP® The resistivity

shows first a pronounced rise at low temperatures which is

p(T)=po+AT? (7)  followed by a saturation in the high-temperature region. At
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TABLE lll. Parameters of the fits of the resistivity for fBln yielded a value of 685} cm for the sum ofp, and the
compounds to the modified Bloch-Greisen expressioffor the  spin-disorder resistivitpg and a value of 248 cm for the

legend see Eq8) and the text Kondo coefficienty . In the scope of the theory by Kondb,
Ck is proportional to the electronic density of states at the
Po 0o R K . Fermi energyN(Eg). Thus, the quite large value of the
Compound  (u2em)  (K)  (uQrem/K) (107" uQ cm/K%)  Kondo coefficient derived for GBtIn may indicate strongly
LaNi,In 52.5 118 0.578 9.9 ]?nhar;]ced\l(llip) making thish compound a good candidate
or a heavy-fermion research.
::Zigﬁ:: ggg ﬂg 8:;1(13: gi On the other hand, it is well knovﬁ’lthat the electronic
La,Pdpin 918 130 0.964 125 g_round state of der_15e Kon_do systems is a heavy-Fermi lig-
La,Ptin 1.4 104 0.707 143 uid, and hence their _electrlcal resistivity should_ vary at low
La,Au,in 0.7 98 0.376 8.7 temperatures according to E) where the coefficien in

the T2 term is inversely proportional to the square of the
Kondo temperatur@  .** Moreover, according to the scaling
found by Kadowaki and Wood3 for established heavy-
fermion compounds, the constaftis related to the elec-
tronic coefficient of the specific heatvia the universal ratio

room temperature it amounts to about 248 cm, a value
rather standard for narrof+band materials.

In contrary, the lanthanum-based compoundRtan ex-
hibits a metallic-type electrical behavifsee Fig. 10a)] but
with some negative curvature fp(T) at elevated tempera- Aly?=1.0x10"° uQ cm K*> mole?/m¥F.  (11)
tures. Based on the Matthiesen’s rule, the resistivity of this
nonmagnetic compound can be described by the modifieq1
Bloch-Grineisen relatioff*! ¢

Unfortunately, as shown by the dashed line in Fighl0
e resistivity of CePt,In shows aT? dependence only in a
very limited temperature range namely up to about 7 K. The
5 rOp/T x5dx parameterA is equal here to 0.3@) cm/K? thus yielding
J = ——KT3, from Eq. (1) a rather small y value of about 190
0 (e'-1)(1-e™) mJ/mole K. However, this latter value is obviously only a
(8) very rough estimate of and any reliable conclusion about

wherep, is the temperature-independent residual resistivity e ground state in GB%In unconditionally requires an ex-
the second term accounts for the electron-phonon scatterir#&ns"On of resistivity studies to lower temperatures. More-
processes, and & contribution is due to scattering of the OVer. Specific-heat measurements ofRgn are in progress
conduction electrons into a narrod band. Consequently, 2t the time being and they are expected to shed more light on
the temperature-independent coefficieRtandK in Eq. (8) the Io_vv—temperatu_re_ electronic properties of th|§ intriguing
are directly related to the strength of the electron-phonon anfiaterial- Finally, it is noteworthy that the uranium-based
the s-d interactions, respectively, whereas the sym®g| counterpart to the compound discussed, |.§P,f[yh, exhibits
stands for the Debye temperature. The valueg,p®,, R, &7 value as high as 830 mJ/molé KRef. § which undoubt-

and K, derived for LaPtin by least-squares fitting proce- €dly places it well amidst heavy-fermion systems.

dure, are given in Table IlI.

Assuming that the resistivity of the lanthanum-based
counterpart can be taken as a good approximation of the The results of electrical measurements for,@Qgln,
phonon contribution to the total measured resistivity ofCe,Au,ln, and CgPd,In are presented in Figs. (&, 12(a),
Ce,PtIn we expresse@(T) for this compound as follows: and 13a), respectively. The(T) dependences clearly reflect

a metallic character of all the three materials studied. The
_ magnitude of the room-temperature resistivity for the Cu-
P(T)=potp(LaPLIN) = po(LaPEIN T pmad T) - () 5 Au-containing compounds is similar to that of,Pegln.
and in this way extracted the temperature dependence of tH8 contrast, the value gf(300 K) measured for G&d,In is
magnetic scattering resistivity which is displayed in Fig.much larger probably due to a high concentration in the
10(b). Unfortunately, down to 4.5 Kthe lower limit of our ~ Sample of internal cracks. It is, however, noteworthy that
electrical measurementg(T) of CePbIn does not show Mmeasuring the same specimen several times we found a
any tendency for saturation and hence we cannot determid@ther good reproducibility of itg(T) with no discontinui-
the residual resistivityp, and in the further analysis are ti€s or any appreciable hysteresis in the data. Alike in the
forced to consider the sumy+py.dT). Nevertheless, it is €ase of CaNi,in and CeRMln, annealing of the palladium-
apparent from Fig. 1®) that at elevated temperatures the containing compound did not bring any significant improve-
magnetic contribution to the resistivity of gRs,In exhibits a ~ Ment in the RRR ratio nor significant changes in the absolute
pronounced logarithmic decrease with rising temperatur&@lues of the resistivity. o
which could be ascribed to the hallmark of Kondo-type in-  The overall shape of the(T) variations found for
teractions of the conduction electrons with the localized ce€&CLIn, C&AU,In, and CePdIn appears to be typical for
rium magnetic moments. The fit @f,,{T) (for T>200 K) magnetically ordered intermetallics exhibiting a combined
to the standard formuta effect of the Kondo and crystal-field interactions. The resis-
tivity decreases first smoothly with decreasing temperature,
then goes through a broad knee around 100 K where it starts
Pmad T)=po —CkIN(T) (100 to drop off faster, and finally shows a shallow minimum

T
P(T)=P0+4R®D(®_D)

Ce,Cu,ln, CeAu,in and Ce,Pd,In
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FIG. 11. (a) Temperature dependence of the electrical resistivity FIG. 12. (a) Temperature dependence of the electrical resistivity
for Ce,Cwln and LaCuwln. (b) Temperature-dependent magnetic for Ce,Au,ln and LgAu,In. (b) Temperature-dependent magnetic
contribution to the total electrical resistivity of @&w,In (enlarged  contribution to the total electrical resistivity of &%&u,In (enlarged
by the residual resistivijyshown in a semilogarithmic scale. The by the residual resistivilyshown in a semilogarithmic scale. The
solid lines are least-squares fits @fT) to the Kondo formulasee  solid lines are least-squares fits @fT) to the Kondo formulgsee
text). text).

which is followed for CeCw,In and CgPdIn by an abrupt 12(b), and 13b), respectively. Characteristic maxima and re-
change in the slope near the magnetic phase transition. Thgions of the logarithmic decrease jp,.{T) seen in these
latter anomaly can be ascribed to a strong reduction in scafigures seem to corroborate our hypothesis of an interplay of
tering of the conduction electrons due to the onset of magkondo and crystal-field interactions. The low-temperature
netic order. The temperature region studi@d-4.5 K) did maximum could be associated with the Kondo temperature
not allow us to observe any similar low-temperature drop inthat would be of abaué K for both CeCu,ln and CgPd,In

the resistivity of CgAu,In for which Ty=3.2 K. but lower than 4.5 K in the case of au,In. Alternatively,

In order to separate the magnetic contributions from thehese maxima i, T) may be due to short-range interac-
total resistivity of CeCu,In, CeAu,in, and CePd,In electri-  tions. In turn, the maxima seen at high temperatures are
cal measurements of their nonmagnetic counterpartdikely a result from Kondo scattering in the presence of
La,Cwln, La,Au,ln, and LgPd;In, were performed. The re- crystal-field effects.
sults of these studies are displayed in Figs. 11-13. It appears The regions of—In(T) dependences of the resistivity
that all the lanthanum-based compounds exhibit a metalligvere analyzed in terms of the Kondo the8fyAs seen from
type of the electrical conductivity. Thus, theiT) varia-  Fig. 11(b), as many as three different logarithmic slopes of
tions were analyzed in terms of the modified Bloch-p.,,{T) can be identified for C&£uwln and the fits of this
Grineisen modef®“! and the parameters of the successfulresistivity behavior to Eq(10) yield the following param-
least-squares fits of the experimental data to(Bpare listed  eters:(pg+po)Y'=82.4 uQ cm andc {’=9.4 1. cm (for 9
in Table Ill. Subsequently, in a similar manner as forK<T<12 K), (pg+py)?=279.2 uQcm and c{?’=49.9
Ce,PtIn [see Eq(9)], the temperature variations of the mag- uQ cm (for 160 K<T<230 K), (pg+po)®=393.6 uQ cm
netic scattering resistivity for GEwlIn, CegAu,In, and and c{&)=115.9 uQ cm (for T>250 K). In the case of
Ce,Pd,In have been derived. The so-obtainggdT) curves  CeAu,In there are two regions of the logarithmic variations
(enlarged in each case by the residual resistiyity are  of the resistivity[see Fig. 1th)]. For 6 K<T<10 K the
shown in a semilogarithmic representation in Figs(bll following values have been fountpg+p,)Y'=104.6 .0 cm
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the effective degeneracies of crystal-field levi|s In the
) ' case of C& ions experiencing a tetragonal crystal-field po-
CeZPdZIn tential, the six-fold degenerated ground multipféts, is
/‘ 3560 split into three doublets. Therefore, for well separated
crystal-field levels one can expect three regions efla(T)
variation of the resistivity. The slopes of these three curves
give according to Eq(12) the following ratios: 3:15ground
doublet—pseudoquanjet 3:35 (ground doublet—pseudo-
sexte}, and 15:35pseudoquartet—pseudosextet
Interestingly, thec) coefficients derived for GEuw,ln
{ 140 nicely fulfill the above predictions. Hence, we can conclude
(a) that the first excited doublet in this compound lies probably
. ) . . about 120 K above the ground stdmosition of the maxi-
50 100 150 200 250 300 mum in p,{ T)] and the total crystal-field splitting may be
Temperature (K) of the order of 250 K, i.e., at the temperature where the
change in slope of-In(T) occurs. For CgPd,In the ratio of
the Kondo coefficients is close to that expected for the sys-
tem of two lowest lying doublets being separated in energy
by about 90 K[see Fig. 18)]. The rise inpy,50bserved for
this compound above 270 K could be consequently inter-
preted as the onset of substantial population of the highest
crystal-field state. Thus, the total splitting in £e,In would
be larger than 300 K. In contrast to the previous two com-
pounds, for CgAu,ln no agreement with theory can be found
as thec (M/c{? ratio is much smaller than that derived from
Eq. (12). Yet, even in this case it seems likely that the posi-
r tion of the maximum inp,,{ T) may be associated with the
800 (b) ] crystgl-field spl_itting i_n Fhis compound qf about 150 K. It is
/ v possible that, in a similar manner as in.dln, a small
. — 100 — increase in the magnetic scattering seen above 260 K reflects
the presence of the highest doublet which is only poorly

occupied aff <300 K.
FIG. 13. (a) Temperature dependence of the electrical resistivity

for Ce,PgIn and LaPd,In. (b) Temperature-dependent magnetic
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by the residual resistivijyshown in a semilogarithmic scale. The . . .

solid lines are least-squares fits g{fT) to the Kondo formulgsee _The distinct changes in the unit-cell volumes observed
texd). within the CegT,In series cannot be fully accounted for by

considering theT-metal atomic sizes only. These effects

andc®=2.4 uQ cm, and for the range 200KT<260 K  have rather an electronic origin and result from specific elec-
the parameters ar@j +py)?=320.0€) cm andc(P)=56.2  tronic configuration of the constituent transition elements. In
©Q cm. Finally, the same analysis of tg.{T)+p, varia-  the case of Ci,in and CeRMhyin each transition-metal
tion observed for C#d,In [see Fig. 1&)] gave the follow-  atom supplies twal holes. The CeF distances in these com-
ing results:(p%+po) P =654.6 40 cm andc M)=28.5u0 cm  Pounds are relatively short and both the dectrons of ce-
in the temperature range 7 <KT<10 K and (pj+py)@  rium and thed electrons of the transition metal effectively
=1083.6u0 cm, ¢ (P'=137.7u0Q cm for 130 K<T<200 K.  contribute to bonding. Due to thfed hybridization a broad-

/\CC()rd“qg to the ﬂje()ry dEﬂ/GlO[)E(i l)y Cornut Eincier1e(jf band is pinlWe(i at the Fermi er]ergy’EUIOVV"1g,lJy this
Cogblin*® the combined influence of the Kondo effect and Means, charge fluctuations between different electronic states
the crystal-field interactions on the electrical properties of &f the cerium atom. As a result both the compounds reveal
cerium intermetallic compound results in the magnetic confeatures characteristic of intermediate valence systems. In

tribution to the total resistivity which can be expressed as contrast, all the remaining GB,In ternaries studied exhibit
well localized magnetism due to the presence of stabfé Ce

)\i2_1 )\i2_1 T ions. The compounds containing transition elements with
Pmad T) = ad? )\-—ﬁLZaN(EF)J3 T In( ) completely filled d band, i.e., C&Luln, CePdln, and
i(2j+1) 2j+1 . .
(12) CezAgzln, order. ma_lgneucglly at low temperatures. Their
electrical behavior is dominated by an interplay of strong
The symbolJ denotes here the negatigef exchange inte- Kondo and crystal-field interactions. Thied hybridization
gral, \; stands for the effective degeneracy of the crystal fieldeffects are in these phases rather weak if any. A particularly
4f level, a is a constant an®; is the effective cutoff pa- interesting case represents here,Rign. Taking into ac-
rameter for a given crystal-field state. From E#j2) it be-  count the electronic configuration of the platinum metal with
comes clear that the ratio of the logarithmic slopes of theone d hole in its 5d band it seems likely that somid
high- and low-temperature resistivities is determined only byhybridization does occur in this ternary compound. Indeed,

D;
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