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Single phase polycrystalline samples of the ternary indidesqf£6€,, ,,In;_, (0.05<x=<0.23) and
Ce ,Pd gdn; , (0.06=x=<0.37) were synthesized and characterized by microprobe analysis and x-ray dif-
fraction. The effect of the chemical composition on the magnetic properties was investigated by means of
magnetization and specific-heat measurements as well as by neutron diffraction. The ternary indides crystallize
in the parent MgFeB, structure(space grougP4/mbm and form two branches of solid solutions due to
different substitutional mechanisms. In the Pd-rich branch indium vacancies & iee2are compensated by
an excess of palladium located at an additionalsite. In the Ce-rich branch the excess of cerium replaces
indium atoms at the & site. The magnetic properties are strongly influenced by the chemical composition.
Excess of palladium favors antiferromagnetism of a sinusoidal modulated type with the propagation vector
k~[0.22,0,Q, whereas excess of cerium induces ferromagnetism. The magnetic moments in both cases are
oriented parallel to the axis.

[. INTRODUCTION the homologous ternary indides an extensive homogeneity
range but, whereas Gordon measured the magnetic suscepti-
Several ternary compounds with the formula,TgX  bility only above 4.2 K revealing just the ferromagnetic tran-
(T=transition metal andX=In or Sn have recently been sition, the second group of authors observed that
investigated and some of them exhibit interesting propertie€e,Pd, oeSM, 94 and CePd, 54Ny o5 €Xhibit a similar magnetic
such as dense Kondo or heavy fermion behaViorThe  behavior at low temperatures, both alloys showing two mag-
compounds derived from the formula £&hbX, with X=In netic transitions.
and Sn, are characterized by an extended solid solubility and For a thorough investigation of this subject, we explored
their magnetic properties are critically influenced by thethe homogeneity range of the ternary indides with samples of
chemical composition. The solid solution of the ternary stanselected composition with respect to electron microprobe,
nides, of a new structure type derived from the tetragonak-ray diffraction, and magnetic measurements. In
Mo,FeB, type, was investigated by Laffarge al,® Four-  Ce,Pd, 0,Shy.os @ change from ferromagnetism at 3.0 K to
geotet al,” and Gordon and DiSalvbAccording to the first  incommensurate antiferromagnetism at 4.8 K has been ob-
two groups of authors the homogeneity range of this comserved by Laffarguet al. by means of neutron diffractich.
pound is of the form C&d,,,Sm _, with 0.04<x=<0.21. The propagation vectdr=[q,0,0] of the sinusoidal modu-
Two magnetic transitions are observed close to the 2:2:1ation varies frongq=0.075(3) at 2.8 K to 0.113) at 4.5 K.
stoichiometry, whereas only antiferromagnetic order is defor the antiferromagnetic configuration no model describing
tected in the Pd-rich area of the solid solution. These resultthe relation between the magnetic moments at the four Ce
are in partial contradiction to those of Gordon and DiS&lvo. sites in the chemical unit cell has been published in Ref. 6.
The region of the solid solution is supposed to be of trian- The aim of this paper is to study the interplay of crystal
gular shape. Moreover, gd,Sn is reported by Gordoat  chemistry and magnetism in the homogeneity range of the
al.® to exhibit simple ferromagnetic order. ternary indide. Besides magnetic and specific-heat measure-
Gordonet al? and later Fourgeagt al.” noticed also for ments, detailed neutron-diffraction experiments have been
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TABLE I. Microprobe analysis and lattice parameters of the two branchesgfed . In;_,,
Ce, «Pd gdn,_, and of some alloys in the neighboring regi@fl the samples, if not specified otherwise,
were annealed for 10 days &t=750°C).

No. Nom. comp. EPMA a c \% Additional

[at. %) [at. %] [nm] [nm]  [nm?] phases
CeyPdiolngo (Ref. 4 0.77932) 0.39271) 0.2385

CeyPd;oin,g CeyPdgingg 0.78061) 0.39221) 0.2390 CePdin

Ce gPd , 5yIn;_ branch A

1 CePdyiingg CeygPdy,ln o2 (x=0.05)  0.77971) 0.39281) 0.2388
2 CeyPdising; CePdulng; (x=0.10) 0.77643) 0.39622) 0.2388 traces G@dIn,
3 CePdisings CeyPdiglnig (x=0.175)  0.77471) 0.39821) 0.2390 traces G®d,Ing
4 CeygPdiglngg CePdsny, (x=0.225) 0.7696l) 0.40171) 0.2379 traces GPd;
Ce,, Pd, gdn,  branch B
5 CepPdigingg Ce,Pdigln;g (x=0.06) 0.78183) 0.39083) 0.2386 traces Gén
6 CesPdisingg CePdigln;g (x=0.15) 0.78311) 0.39123) 0.2394  traces Gén
7 CePdyIng CesPdiglng (x=0.22)  0.7878) 0.39141) 0.2422  traces Gén
8 CePdsgingg CegPdiglng; (x=0.37)  0.79113) 0.39232) 0.2455  traces Gén
9 CezPdilng 3 CeyPdygingg CePd+-Ce;Pd,
10 Ce,Pdplng CeyPdsglngg CePd

@Annealed for 2 weeks & =840 °C in order to homogenize the sample.

performed on the ferromagnetic £Bd;/In,g sample and the compositions  CePd;/ng  (“ferromagnetic”)  and
antiferromagnetic CgPd,sln,5 specimennominal composi-  CeygPdysIny5 (“antiferromagnetic’) were enclosed, under He
tions) both in the paramagnetic and in the magnetically or-gas atmosphere, into cylindrical vanadium tubes of 8- and
dered states. 9-mm diameter, respectively, and of about 5-cm height. Ac-
cording to the measured neutron transmission, absorption
corrections were included in the calculatigpsoduct of lin-

ear absorption coefficiente and of sample radius: wu,

Ingots of palladium(99.9% mass, Metalli Prezigsiin-  =0.176 and 0.194, respectively, far,=0.1911 nm. Re-
dium (99.9% mass, Johnson & Mattheynd cerium(99.9% finements of the neutron-diffraction data were made by
Auer-Remy were used as starting elements. The samplegneans of the programuLLPROF,'° using the internal table of
each of a total weight of about 2(gvo samples of about 10 neutron-scattering lengths and describing the neutron mag-
g were prepared for neutron-diffraction measurememtere  hetic form factor of C&" in dipole approximation according
prepared by argon arc melting or by melting the elementdo the relativistic Dirac-Fock calculations of Freeman and
sealed in a tantalum crucible under argon. All the com-Desclaux:*
pounds were generally annealed at 750 °C for 10 days.

The details of preparation techniques, x-ray diffraction, Ill. RESULTS AND DISCUSSION
magnetic susceptibility, and specific-heat measurements
have already been described in a previous paper on
R,PaIn (R=rare-earth metal compounds. Samples for In the course of the preparation of samples with the com-
metallographic examination were polished using SiC andgosition R,Pd,In (R=rare-earth elementand of a parallel
diamond pastes; the samples were usually etched in an alciwestigation of some of the phase equilibria in the ternary
holic (0.5-1% HNO; solution. Scanning electron micros- system Ce-Pd-In, we found that £a,In is just on the bor-
copy (SEM) and electron-probe microanalysiEPMA) der of an off-stoichiometric region extending towards defi-
based on energy-dispersive x-ray spectroscopy were engiency in In®
ployed to investigate phase equilibria and phase composition The homogeneity field of the solid solutigwhich in the
(the pure elements served as standasdsl compositional following will be called 7 solid solution was determined by
values derived were usually accurate#td at. %. microprobe analysis on several samples in the region close to

Elastic neutron-scattering experiments were performed othe 2:2:1 composition. Further samples were prepared within
the high-resolution diffractometer D1&eutron wavelength the horseshoe-shaped homogeneity region. The latter
A,=0.1911 nm and on the high-intensity diffractometers samples are nearly single phase although generally traces of
D1B (A,=0.252 nm at the high-flux reactor of the Institut another phase appear. Compositions as well as lattice param-
Laue-Langevin(ILL ), Grenoble, and DMC situated at a su- eters are shown in Table I.
permirror coated guide for cold neutrons at the Swiss spalla- Figure 1 shows the extension of thesolid solution and
tion neutron source SINQ of the Paul Scherrer Instif@®l)  the location of some of the samples prepared, together with
at Villigen (\,=0.420 nm. The powder samples of nominal some indications about the phase relations. Details about the

Il. EXPERIMENTAL DETAILS

A. The homogeneity region at 750 °C
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FIG. 1. Location of the two branché8: Ce; o8P0, 541N, ; B: Ce ., Pd gdn; ) of the 7 solid solution and adjoining phase relations
in the ternary phase diagram. A new ternary compound is sH&eh 12.

adjoining phase equilibria will be reported elsewhEr&he  terns are shown in Fig.(8). For the quantitative Rietveld
region of ther solid solution was previously estimated to be refinement of the neutron powder intensity data, we started
roughly triangulat but a more detailed investigation of the from the model of a new derivative structure of the tetrago-
adjoining equilibria revealed a horseshoelike homogeneityial U,Si, type, suggested both by Fourgeand Gordorf,in
field formed by two branches starting nearby theorder to explain the excess of Pd in the analogous stannide.
CeyoPdygin,g composition. One branch extends towards theCompared to the Md-eB, type which was previously as-
Pd-rich area up to GgPd,-In, (indicated as branch)dand  signed for the CgPdIn stoichiometry:*® in the off-
the other(branch B in the Ce-rich area up to GgPdygln;3  stoichiometric Pd-rich branch In vacancies at the sag(@,
(see Fig. 1L One sample enclosed within the virtual triangu- 0, 0) are compensated by the surplus of Pd located at an
lar region and another one located on its proximity indeedadditional 4 site (0, 0, ~0.32. As already stressed by
resulted to be three and two phase, respectivéiigy are  Gordorf no interstitial position of considerable size other
indicated in Fig. 1 and Table | as sample Nos. 9 and 10 than that close to the&site occurs in the G&d,Sn struc-
These observations confirm the rather narrow wigth. 1  ture. A similar situation may thus be inferred for the homolo-
at. % of the branches of the horseshoe-like homogeneity regous CePd,In case.
gion. Within the accepted error af 1 at. %, microprobe data For the stannide compountt®Sn Mossbauer dafaseem
are consistent with the general formula,G#£d ,,.In;_,  to confirm an even more sophisticated model where a small
for the Pd-rich branch A and the general formulaamount of additional Sn-atoms was claimed to occupyea 4
Ce,,Pd, gdn;_ for the Ce-rich branch B. site (0, 0, 0.068 close to the Sn atoms at the oridimodel B
The alloy with the stoichiometry 2:2:1 is located in the of Forgeo}. A refinement based on this model, where a small
proximity of the crossover of the “double-branched” solid amount of In atoms at the origin was substituted by In atoms
solution in which two distinct substitutional mechanisms arein close proximity to the site at the origifoccupation of
involved. It is worth noting that at present it was not possible10.8% In in 4 (0, 0, 0.08]] revealed insignificantly loweR
to obtain a sample with the stoichiometric composition 2:2:1values Rg=6.51%, R:=4.72%), x?>=4.08) when com-
in single phase condition, as already emphasized also byared to the simpler model with only excess Pd atomsein 4
other authoré:®® Thus it cannot be excluded that the two With respect to the lack of other decisive methods, we as-
branches are in fact disconnected by a very thin two-phassumed the simpler model throughout this paper. Tables Il
region which encloses the alloy of composition 40% at Ceand Ill list the results of the refinement including interatomic
40% at Pd, 20% at Itas suggested in Fig. 1 by a dasheddistancegin Table ll). It should be understood that in the
line). present substitution mechanism a unit cell with In compen-
sated by two Pd2 atoms will exclude the same substitution in
the two adjacent unit cells along ttzedirection. This pre-
vents unphysically short distances Pd2-R821459 nm and
For the branb A a powder sample of nominal composi- Pd2-In=0.1263 nm.
tion CeggPdisInis was investigated on D1A at 10 K in the  The compositional dependence of the lattice parameters
paramagnetic state. Corresponding neutron-diffraction pator the compounds located on branch A is similar to the

B. Structural chemistry
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Paramagnetic Ce, Pd, In 10K, 0.1911 nm TABLE II. Structural parameters of Ggd;sins refined ac-
1600 cording to space groupg?4/mbm from neutron-diffraction data
W i obs. taken at T=10 K. Overall isotropic temperature factoB
g - ——ecal =0.59(2)x 102 nn?, Occ.= occupation number, goodness of fit
81200 I di. x?=3.94, agreementR-Bragg factor Rz=6.39%, agreement
o, ' bk R-structure factoRg=5.17%, agreement valug,,,=6.96% con-
E 800 L cerning weigthed profile intensities, expected value from counting
a2 L statistics Rqxp,=3.51%, 88 inequivalent contributing reflections
'-,'_J (hkl), * fixed. Estimated standard deviations are given within pa-
£ 400 | rentheses.
& | |
E I h Atom  Site X y z Occ. [%]
g ° R ."?' " ‘h..l " .h. X Ce 4 0.17531) 0.67531) 0.5 983)
0 20 40 60 80 100 120 140 160 Pd1 4 037141 087141 0 100
(a) 26 [deg] Pd2 % 0 0 0.3173) 14(3)
In 2a 0 0 0 8G3)
Paramagnetic Ce, Pd, In  + Ce n, 10K, 0.1911 nm _ According to th? r"?‘d'US' I'<51'[|‘R(:e/R|n:0-18_0/0-166 the
1600 simple In/Ce substitution directly leads to an increase of the
I obs. a parameter with thee parameter staying almost constant.
L ——cal. Searching for the crystal chemical differences between the
00T ol two branches, a comparison of the interatomic distances re-
L veals rather short Pd2-In distancésdz_,n=0.2722 nm for
800 | branch A (CgoPd . oxINn 1) and short distancect(;el_c@2

=0.3505 nm in branch B (Ge,Pd, gdn; ). The remaining
sublattices obviously behave indifferently.
Finally it can be observed that atom occupancies derived

400 [ ’
I H*{J‘x . el " evaluated by microprobe analysis for the branch A, where

from the refinements are consistent with the composition
i '.".I".; '.".i"'."'. '."'.I‘.' N 1".'."I.':.' "".I K discrepancies are less than 1.5. at%. This difference has
0 20 40 60 80 100 120 140 160 been accepted as.possibly grising from measurement errors.
(b) 26 [deg] For the branch B discrepancies for Ce and In, however, reach
about 3—-4 at. %. Assuming a similar reliability for the mi-
FIG. 2. Observed, calculated, and difference neutron'diffractiorbroprobe data’ the exp|anati0n may lie in the poor neutron-

patterns of paramagneti@® CeyPdisln;s (b) CeyPdnig at T scattering contrast of Ce and In atoms sharing the same site
=10 K. The vertical bars at the bottom €) indicate Bragg peak 2a.

positions for Cg;Pd;/In,g and Cgln, respectively.

o

NEUTRON INTENSITY [COUNTS]

analogous stannides and thus provokes the identical C. Magnetic properties

explanation’. With increasing occupation of the smaller Pd2  Magnetic susceptibility measurements were carried out

atoms at the @ sites, instead of larger In at th@zites, the  for all the samples for both conditiorias cast and annealed

a parameter decreases, as expected, while the substitution f order to investigate the effect of chemical micro-

two Pd atoms for one In atom tends to expanddleis(see  inhomogeneities on the magnetism. Thg(T) for some of

Fig. 3 and Table)L the as-cast samples resulted not in a simple peak, as it was
For the branch B of ther solid solution, neutron- always found in the case of annealed samples, but in more

diffraction measurements on D1A were performed at1l0  complicated behavior. This could be explained assuming that

K (in the paramagnetic statéor the alloy with the nominal  the as-cast samples have a propensity to be formed by re-

composition CgPds/In,e. This part of the alloy series is gions of slightly different composition. Such a hypothesis is

formed by a different mechanism compared to branch A. Thexot unlikely because of the rather wide solid solubility range.

excess of the bigger Ce atofpompared with the surplus of

Pd in branch A cannot be located in any interstitial position.  TABLE IIl. Interatomic distancesnm) in CeyoPd,sIn,s calcu-

Starting from the MegFeB, type, we therefore propose a lated from Table II.

simple model where In atoms at tha 3ite are replaced by

Ce atoms. Apart from the dominant tetragonal phase, weake-2Pd1 0.2920 Ce-2Ce 0.3985
lines of Cgln are visible[see Fig. 20)] which are fitted by  Ce-4Pd2 0.2932 Ce-4Ce 0.4017
means of the prograrRULLPROF in the powder matching Ce-4Pd1 0.3094 Pd1-Pd1 0.2799
mode?® The volume fraction deduced for gla is about 4%.  Ce-4in 0.3469 Pd1-2In 0.3026
The structural results of the Rietveld profile fitting of the ce-ce 0.3817 Pd2-Pd2 0.2526
dominant phase are summarized in Table 1V. Corresponding Pd2-In 0.2722

interatomic distances of Ce are listed in Table V.
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0.800 TABLE V. Interatomic distancegnm) in Ce/Pds;In,g calcu-
0.795 lated from Table IV.
0.790 Cel-2Pd 0.2952 Cel-2Cel 0.3922
0.785 Cel-4Pd 0.3093 Pd-Pd 0.2849
0.780 Cel-4Ce2/In 0.3505 Pd-2Ce2/In 0.3088
) Cel-Cel 0.3842 Pd-2Pd 0.3922
0.775
0.770
0.765 in Fig. 5@. The magnetization reaches in a field of 0.5 T
) already about 70% of the value reached at 6 T, although
it continues slightly to rise with increasing field. More-
over the magnetic moments obtained for the three samples
0.410 [® CeresPdaadc  Pd o410  at 6 T w6 T, 2 K)=0.88u5/Ce atom,u(6 T, 2 K)
0O Ce,,,Pd,gln,, =0.83up/Ce atomu(6 T, 2 K)=0.80ug/Ce atom, attain
’g 0405 1 / 0.405 only about 40% of the saturation moment of the free €e
£ 0.400 4 0.400 ion, presumably due to crystal-field effects. Finally, Kondo
© interactions may give rise to a further reduction of the or-
0.395 193% dered magnetic moments in the respective crystal-field
o300 [F—— B8 |0 ground state.
- Figure 4b) displays the ac susceptibility of the sample
0.385 I Pd 10385 with the nominal composition GgPdysIn,5, located at the
L - - - L - Pd-rich branch A. Differently from Fig. (4), here only the

005 010 015 020 025 030 035 040
X

FIG. 3. The variation of the lattice parameterandc at room
temperature for the two branches G8d, . In;_, and

real component of the ac susceptibility shows a maximum,
while the imaginary part does not follow this trend. This fact
indicates that the GgPd,sInis compound orders antiferro-
magnetically belowTy=4 K. Magnetization datavi(T)
taken at different magnetic fields are shown in Fig. 6. For

Cé 1 xPdigdn;  of the 7 solid solution, as a function of the com- yery |ow fields a maximum af =4 K confirms the antifer-
pqsition X. The arrows labeled Pd indicate increasing amounts Ofromagnetic behavior of this compound. For rising values of
this element in the two branches. the magnetic field the maximum is shifted to lower tempera-
tures and below about 3 K there is a gradual tendency for the
Corresponding to the two branches A and B, the magnetignagnetization to increase again as the temperature decreases.
behavior of the annealed samples can be divided into twat uoH=1 T, the antiferromagnetic order is washed out and
subgroups. As an example for the common behavior of thehe magnetization rises monotonically. This behavior
samples located on branch B, the ac magnetic susceptibility
of the annealed alloy with the nominal composition . .
CeyPdsglny4 is shown in Fig. 4a). A pronounced maximum - () am
both in the real and in the imaginary component yof. ;"
indicates that the compound orders ferromagnetically
below T.=3.8 K. The magnetization measurett 2K as
a function of the applied field for the samples
CeisPdisingg, Ce/Pdidngg, and CegygPdyglny, is displayed

[0s)
(@]

Ce50Pd361n14

3
'\-\.\.
o

TABLE IV. Structural parameters of Ggds/In;g refined ac-
cording to space groufr4/mbm from neutron-diffraction data
taken at T=10 K. Overall isotropic temperature factoB
=0.55(3)x 10" 2 nn?, Occ=occupation number, goodness of fit
x>=3.14, agreementR-Bragg factor Rg=4.87%, agreement
R-structure factoiRe=3.36%), agreement valug,,,=4.98% con-
cerning weighted profile intensities, expected value from counting
statistics Rexp=2.81%, 91 inequivalent contributing reflections
(hkl), * fixed. Estimated standard deviations are given within pa-
rentheses.

Vo —6_3 -6 3
X, x" (10 "m”/kg) ', ¥" (10 "m"/kg)

Atom Site X y z Occ|%]

Cel h 0.173@1) 0.67301) 0.5 100

Pd 4 0.37181) 0.87181) 0 10Q3) T(K)

Ce2 ) 0 0 0 4Q3)

In 2a 0 0 0 603) FIG. 4. Real and imaginary component of ac magnetic suscep-

tibility for (a) CesgPdselny, and (b) CeygPdssings.
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FIG. 5. Field dependence of the magnetization measured at 2 s a function of temperature ofa) CesPdsgln;s and (b)
for (a) CesPdssing,, CePding, and CePdsgny,. The inset  Ce3Pdsglngeg.
displays the magnetization for gPd,n,, and CgyPdy;in,g as a
function of the applied magnetic fieldb) CePdiln;s, 6 T is 1.38g/Ce atom, larger than for the ferromagnetic
CeyPdigln, 5, and CggPdy5lng;. In the inset is shown the field de- compound but still well below the saturation value for the
pendence of the magnetization at low field for,@&l:n,s. The  free Ce 2 ion (2.54ug).
dashed line displays a straight-line behavioibfH) below about The different magnetization processes between samples
15 mT. located on branch A and B are obvious from a comparison of

Figs. 5a) and §b). On the Pd-rich branch A with the modu-

strongly suggests a spin-flip effect in which the antiferro-ated antiferromagnetic ground state, the magnetization ap-
magnetic order is converted to a ferromagnetic order by th@"0ches saturation above the metamagnetic transition already
magnetic field. This is in line with the isothermal magneti- & Modest fields4—6 T), while for the ferromagnetic com-
zation at 2 K[see inset of Fig. ®)] which exhibits a meta- pounds on the Ce-rich brandS a magnetic field of 22 T

magnetic transition for fields above 15 mT. The magnetizawOUId be required to reach the “saturation”

tion reaches at low fields a saturation value, which K and (28 A_mzlkg). Actually this variation occurs already close
to the “virtual” crossover of the two branches as is shown in

the inset of Fig. Ba), which compares the magnetization
curves of the 2 alloys prepared with the nominal composition
close to each other Ggdgln,o and CgyPdi;In,g. Through
the crossover from the Pd-rich to the Ce-rich branch the
magnetization is reduced by nearly a factor of two and an
appreciable anisotropy occurs which may be attributed to the
structural change due to a tiny variation of the stoichiometry.
It should be mentioned that the magnetic data published pre-
viously for the “stoichiometric” composition C&d,In*
match perfectly with the antiferromagnetic data revealed for
e CeygPdyqInig as part of branch B of the two solid solution
0 , , , ) , il ranges.
0 2 4 6 8 10 12 14 Figures Ta) and 71b) display typical low-temperature
T(K) specific-heat measurements performed at different magnetic
fields on CggPdsgln; and CagPdyglny¢ Situated at branch A
FIG. 6. Temperature dependence of the magnetization foAnd branch B, respectively. A comparison of both figures
CeyPd,sin;s measured in the external magnetic fields 0.005, 0.05yeveals that the magnetic fields applied tq4Pekgln g shifts
0.1,and 1 T. the N -like anomaly inC(T) to higher temperatures and ad-

— 3
cm/g)
N (oY)

M/H (10>
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ditionally the maximum becomes significantly broader. Such Ferromagnetic Ce, Pd, In (1.6 K} - (9.9 K), 0.252 nm
a behavior is typically found for ferromagnetic materials, in
agreement with the susceptibility data. On the contrary, the [ L e,
\-like anomaly found inC,(T) for Ce;gPdygln;s is reduced 80000 |-
in both the temperature and the jump heigh€ as the [
magnetic-field strength increases. This particular behavior i<Q, 2000 [
a typical feature of antiferromagnetically ordered systems. g

To estimate the Kondo temperatures from the specific-2 I
heat measurements of these alloys, we used a procedure di 10000 |-

OUNTS]

cussed in detail by Besnuet al,}* which is based on the E
model of Schotte and SchotteIn the mean-field approxi- 8 [
mation, the jumpAC of the specific heat af =Ty, IS re- 5
lated with to the ratio of the Kondo temperatifg and the 2 I
i -10000 : L : L : . : .
ordering temperatur&c (vy by o 20 20 50 20
(a) 26 [deg]
C= °R [y (U2+ )+ Ly (12+ 017 (D)
P (1I2+ () Ce,,Pd,In,,
with {=(Tx/Tc wy)/2m and ¢', ", and ¢ are the first 10 | by
three derivatives of the digamma function. This analysis I AN
yields Tx=0.8 and 1.2 K for the ferromagnetic and the an- 08 - 5
tiferromagnetic alloy, respectively. In both cases the Kondo I
interaction strength is relatively weak and the reduction of _o %[ k:
the ordered moments due to Kondo screening is expectedt = I
be small, too. 04T }
02| f
D. Ferromagnetism of Cg;Pdg;INn 4 L }
] 1 e ieed I\

The difference pattern of the neutron intensities measurec °-°0 2 ' 4 ’ s o 10
atT=1.6 KandT=10 K for Cel7Pd37In'16 is shown in .Flg. (b) TIK
8(a). Pure ferromagnetic order for this compound is con-
firmed since the neutron-diffraction intensity at 1.6 K exhib-  FIG. 8. (a) Magnetic pattern of the neutron intensity with the
its no additional reflections in comparison with that at 10 KRietveld profile fitting for the ferromagnetic &@d;/In;s sample.
(nuclear patternand the magnetic scattering intensity is su-(b) Temperature dependence of the reduced ferromagnetic Ce mo-
perimposed on nuclear peaks only. In our model of thement of CaPdns (relative units, since there are two Ce sites
chemical structure, which is summarized in Table 1V, CeWith different moments
occupies both A sites and, to 40%, In& sites. This is also
essential to obtain the good fifyf=1.2, agreement value magnetic intensity above the ferromagnetic transition tem-
Riv=9.9% concerning integrated magnetic neutron intensiperature as determined from the magnetic susceptibility or
ties) shown in Fig. 8a). The corresponding ordered magnetic the temperature-dependent specific heat. Most likely, this tail
momentsy are oriented parallel to the directi¢,0,1]. At originates from short-range magnetic order effects abqyve
1.6 K pceany=1.25(4)up and puceza=0.9(2)ug, respec-  Or from magnetic inhomogeneities of the polycrystalline
tively. Figure §b) shows the thermal dependence of thesample.
magnetic moment as deduced from the temperature depen-
dence of thg210) peak normalized to th&=1.6 K value. E. Antiferromagnetism of Ce,Pd,sin 5
This curve indicates a second-order phase transition at the . .

- - ; : : Excess Pd atoms in ¢gd,sIn,5 occupy 4 sites: (0,0,
Curie pointTc of approximately 4.(P) K. It is worth noting =0.32), similar to the homologous stannide compouhés.

that there is a good agreement between the magnetization A . .
calculated from these values referred to the unit celSNOWN in Fig. 9a), CeyPdisings orders antiferromagnetically

M~ =57 d th turated tizati f th a_ccording to a rather_ puzzli_ng magngtic differeqce neutron-
gamukﬁés onzgrg)ncina\,(uecjg gLaB)e magnetization ot Te it action pattern. With profile matchid@we obtained best

As already mentioned above, the reduction of the magIItS with k=[0.22,0,q similarly to the Sn compounf.
netic moments with respect to the free ‘Ceion follows
primarily from crystal-field splitting of thg =5/2 state ex-
posed to the crystalline electric field in tetragonal symmetry Based on the information on the vector, we started a
and, to a much smaller extent, from the Kondo effect. With-group-theoretical symmetry analysis of the magnetic order-
out knowledge of the particular crystal-field level scheme, iting by means of the programopy (Ref. 16 for space group
is impossible to assign the observed moment to a certaiP4/mbm For the giverk vector and the set of four Ce atoms
crystal-field ground-state wave function. In any case, how{4h), there are four one-dimensional, complex irreducible
ever, the ground state of G@dy7Inye is not primarily gov-  representationsr;. The corresponding basic axial vector
erned from the¢+ 1/2) state. Most significant is the tail of the modes “W . ; related to the irreducible representations

1. Symmetry analysis
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Antiferromagnetic Ce, Pd, In , I(1.5K) - 1(10 K), 0.252 nm Considering the easy direction of magnetizatior0,1] in
ferromagnetic CgPd;/In;5, we may assume this also for
G e w0 e e antiferromagnetic CgPdysIn,5. This implies that we have to
‘ consider only representationg and 7, in Table VI. Due to
the decomposition into two orbits, one has the freedom of
two different amplitudesA, B) and phasesd, ). Thus we
choose the order parameteps=(Av/2,—Bu?w*/2) and
p,=(Bw/2,— Au?v*/2) for the orbits 1 and 2, respectively,
where the first term in the bracket referske-k, and the
second tdk; being equivalent to-k,, v=¢'¢, w=¢'?. This
yields for the irreducible representatien and the four sites
given in Table VI:

30000

20000 [

10000

10000 [ §yed il

NEUTRON INTENSITY [COUNTS]

0 ‘ 20 I 40 ‘ 60 ‘ 80 S(1+n)=Ae,codkyt,— 7mq+ @),
(a) 20 [deg]

S(2+n)=Ae, cogkyt,+ ¢),
Ce‘de“sIn15

1.0 N - " S(3+n):BeZCOik4tn_7Tq+lﬂ),
| 8 31
F K] @
[ B Ezsm‘
0.8 - ;.\! g e S(4+n)=Be,codkyt,+ #),
L E 1510t
06 [ Lof e where$(j +n) represents the magnetic moment at sjtén
£ oz em the chemical unit celh, ande, is a unit vector along the
= 04l £ 5 ° k-8R ’ direction. The phase differencerq between sites 1, 2 and
[ L St L " 3, 4, respectively, is caused by the translational difference
02 [ E a/2. For 7, the difference is only a change of sign among
; S(1+n) andS(3+n).
00 L . I . ! . L ]
b) 0 2 4 TIK 6 8 10 2. Antiferromagnetic structure

Using the previously discussed symmetry analysis we
FIG. 9. (@) Magnetic pattern of the neutron intensity with the started refinements of the neutron-diffraction data by means
Rietveld profile fitting for the antiferromagnetic &Bdinis  of the progranFuLLPROFR® As a common phase shift cannot
sample.(b) Reduced antiferromagnetic Ce moment ofPesln1s e detected from the magnetic neutron intensities, we assign
versus temperaturgormalized topo=1.7ug at 1.6 K. Inset: In- g |ndeed the best fit of the magnetic structure—shown
tense antiferromagnetic 0QGatellite, observed on DMC with neu- in Fig. (a)—was obtained for the modulated magnetic struc-
tron wavelength,=0.420 nm. ture according to the irreducible representatigrwith good-

) , ) _ ness of fity?=4.3 andR;,=15.2% concerning integrated
are summarized in Table VI. The magnetic representatiop,agnetic neutron intensities, which is satisfactory in view of

deqomposes into two orbits, corresponding with three magme™ rather complicated magnetic difference neutron-
netic moment components for four atoms to 12 degrees Ofjitfraction pattern. Practically the same magnetic moment
freedom: amplitude A,ce=1.7(1)us (#/|[0,0,1]) resulted for both

groups of Ce atoms 1, 2 and 3, 4. The phaseas refined to

71(6) = 71(1) +275(1) +275(1) + 74(1); 0.0633), in units of 27 andq to 0.2171), respectively. The
modulation of the four Ce magnetic moments along #e
71(6) =71(1) +275(1) + 273(1) + 74(1). axis according to the propagation vect6r22,0,0 is shown

in Fig. 10.
This implies that there are only symmetry relations between An antiferromagnetic configuration according to the irre-
atoms 1, 2 and 3, 4, respectively. As the irreducible repreducible representation; yielded very bad fits ¥> of the
sentations are complex, one has to find suitable linear conerder of 82. The peak around@=10° in Fig. 9a) is either
binations of the magnetic mode&¥ . 5(r;) for the wave caused by an impurity phase or due to anotheector, e.g.,
vectorsk and—Kk, in order to get real models of the magnetic associated with a higher harmonic in the sense of a Fourier
structure. Apart from the arms of the star of thek vector, expansion. The latter is more probable as the neutron-
one should consider for this sum the different irreduciblediffraction measurements performed on D1@®vith X
representationg and their “dimensions”(index 8). r; de-  =0.252 nm showed that this peak disappears approximately
notes the position of a magnetic ion of an orpitThe coef- at the same temperature as the other magnetic reflections.
ficients in the linear combinations define the order paramHowever, single-crystal investigations would be required to
eters. As the magnetic moments of the atoms in e clearly identify such generally weaker higher harmonics. The
chemical unit cell are related B/ to the Oth unit cell via considerable increase of the “background” which is illus-
the basic translations,,” we may restrict ourselves to the trated in Fig. $a) at low scattering angles, is partially caused
four Ce atoms in the chemical unit cell. by a very intense satellite peak 00@hich at the time of the
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TABLE VI. Possible magnetic modes for space grdegymbm (no. 127 in case ofR 4h sites: &,x
+1/2,1/12); k+1/2x,1/2); (x+1/2x,1/2); (x,x+1/2,1/2), x=0.17 of R,PdIn for propagation vectork,
andks, which is equivalent to- k,, as obtained by programobpy (Ref. 16. 7 = irreducible representation,
wave vectorsk,=[0,0,0], k,=[0,1-q,0], k3=[1—0,0,0], k,=[q,0,0], u=€'", g~0.22.

(4h) site: mode  1(0.17,0.67,1/2 2:(0.67,0.83,1/2 3:(0.33,0.17,1/2 4:(0.83,0.33,1/2
T
kq, Orbit 1 AW, (0,0,—u*) (0,0,1)
ks, orbit 1 39, (0,0u*) (0,0—u*?)
k4, orbit 2 Wiy (0,0—u*) 0,0,9
kg, orbit 23U, (0,0u%) (0,0—u*?)
T,
kg orbit 1 4, (0,u*,0) (0,—1,0)
kg orbit 1 4, (u*,0,0) (1,0,0
kg, orbit 1 3wy, (0,u*,0) (0—u*2,0)
kg, orbit 1 3w, (—u*,0,0) (-u*2,0,0)
K4, orbit 2 W,y (0,u*,0) (0,—-1,0)
kq, Orbit 2 AW, (u*,0,0) (1,0,0
ks, orbit 23U, (0,u*,0) (0,—u*2,0)
ks, orbit 2 3, (—u*,0,0) (—u*2,0,0)
T3
kg orbit 1 4y, (0,—u*,0) (0,-1,0)
kg, orbit 1 4y, (—u*,0,0) (1,0,0
kg, orbit 1 3wy, (0,—u*,0) (0,—u*2,0)
kg, orbit 1 3wy, (u*,0,0) (-u*2,0,0)
K4, orbit 2 | (0,—u*,0) 0,-1,0
ky, Orbit 2 4y, (—u*,0,0) (1,0,0
ks, orbit 2 3Wr,,, (0,—u*,0) (0,—u*2,0)
ks, orbit 23U, (u*,0,0) (—u*2,0,0)
T4
kg orbit 1 4, (0,0u*) (0,0,
kg, orbit 1 3w, (0,0—u*) (0,0—u*?)
k4, orbit 2 W, (0,0u*) 0,0,
ks, orbit 2 3w, (0,0,—u*) (0,0,—u*?)

D1B measurements was not detecf@® ., ~4.1(2)°]. As IV. CONCLUSIONS

it should be there according to the calculation, we investi-

gated CgyPdsglnys on DMC at SINQ with 0.42 nm neutrons. Ce,Pd,In with the parent MgFeB, chemical structuréspace

As illustrated in Fig. , the 00Q. peak clearly exists. . . . .
Moreover, Table Vgljl g?&icates reésgnable agrgement bhed"oUP P4/mbm) was investigated by microprobe analysis,

tween the observed and the calculaijédm the model of x-ray and neutron_diffractio_n, as well as by mag_netic mea-
Fig. %a)] magnetic integrated neutron intensities. It Shouldsurements to elucidate the influence of the chemical compo-

be noted that the position of this peak does not show a sigﬁgfgl Orgggﬁam;%get&gbougg Srggl'\/ggetgo?plfga?ug)s(iglrj{t
nificant change with temperaturat T=2.1 K: 20, 9

=6.871)°, atT=3.6K: 20,,,=6.832)°, atT=4.3 K:
20,,s=6.805)°], i.e., the period of the modulation is prac-
tically constant. Figure (@) indicates a second-order phase
transition at a Nel temperature of approximately 420 K.

The solid solubility range of the ternary compound

TABLE VII. Comparison between observed and calculated in-
tegrated intensities of GgPdsln,s at T=2 K for neutron wave-
lengthA =0.42 nm(DMC measuremeint

2®cal. 2®obs thvk-l I cal. Ical.,scaled Iobs IAobs
[ded [ded
6.8 6.9 00Q 449460 19563 21040 435
z a 40.5 40.7 110 1549 67 63 13
y 66.6 66.6 020 3715 162 118 14
67.8 67.8 210 6124 267 277 17
X 71.7 71.7 120 4429 193 143 13
FIG. 10. Sinusoidal modulation in G#£d,sIn,5 of the four Ce  74.4 74.6 20Q 1989 87 62 17
magnetic moments along tteaxis with a period of about 4.58 79.4 79.4 120 4618 201 201 17

lattice vectors.
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yielding two branches G, »yIn;_y (0.05<x<0.23)  Kfero=1.3ug and waniiterro=1.71g indicate significant
and Ce_Pd gdn;_, (0.06<x=<0.37) for ther solid solu-  crystal-field and in minor extent Kondo reductions below the
tion. In the Pd-rich branch In vacancies at the gite are free ion value of 2.145 of Ce" with ?Fs;, ground-state
compensated by a surplus of Pd located at an additiomal 4multiplet. On the other hand, the ordering temperat(irgs
site, whereas an excess of Ce replaces In at ¢hsit2 in the ~ andTy appear to be practically identical within the precision
Ce-rich branch. The latter branch gives rise to a ferromagof the present neutron-diffraction data.

netic ground state while in the former incommensurate anti-
ferromagnetism occurs, which is clearly resolved in the heat
capacity and magnetic measurements. The bulk measure-
ments are confirmed by the present neutron-diffraction ex- The research reported herein was supported by the Aus-
periments with the important findings that the surplus of Pdrian National Science Foundation FWF under Grant Nos.
compared to the G@d,In stoichiometry favours antiferro- P13544 and P9709, as well as by the Swiss National Science
magnetism of a sinusoidal modulated type with the propagaFoundation, which are most gratefully acknowledged. Some
tion vectork~[0.22,0,0, whereas the excess of Ce inducesof the authors, M.G., P.R., A.S., and R.F., are also grateful to
ferromagnetism. This remarkable change of magnetic ordetthe Italian-Austrian Scientific-Technological Exchange Pro-
ing is presumably caused by differences in crystal-field andyram for supporting research in Genova and Wien, respec-
Ruderman-Kittel-Kasuya-Yosida exchange interactions assdively (Project No. N28. Special thanks are due to the offi-
ciated with the alterations of the coordination of the*Ce cials of the Italian Foreign Affair Ministry and the Italian
ions. The ordered magnetic moments of Ce at saturatiorEmbassy in Wien.
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