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Electric and Magnetic Behavior of CegPd,,M Compounds
with M = (Ga, In, Sn, Pb, Sb and Bi)

]

t‘ .

R.A. Gordon, C.D.W. Jones, G. Alexander! and F.J. DiSalvo?
Department of Chemistry,

Cornell University, Ithaca, NY 14853-1301

To be submitted to Physica B

Abstract

We have prepared and examined the resistivity and magnetic susceptibility of a series of
ternary compounds with composition CegPd,,M, where M is one of Ga, In, Sn, Sb, Pb or Bi
and the related composition LagPd,In. All members of this series are cubic with effective
cerium moments consistent with tri-valent cerium. The lanthanum compound behaves as a simple
metal in resistivity and has a small, negative susceptibility at 295K. All the cerium compouﬁds
but the gallide exhibit anti-ferromagnetic ordering below 10K. Metallic behavior is observed for
all. The properties of the stannide, plumbide, antimonide and bismuthide reflect some weak
interactions with crystal-field-split cerium states above 30K and changes in slope at low
temperature coincident with the second-order anti-ferromagnetic phase transitions. Resistivities
for the gallide and indide display broad features near 15K and 50K, respectively, suggesting a

strong Kondo interaction is present in these materials.

Keywords: magnetic susceptibility, resistivity, Kondo effect, cerium intermetallic
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1. Introduction

In cerium containing intermetallics, interaction between the 4f electron on a cerium atom
and conduction electron states is influenced by the chemical environment around the cerium and
by the separation between the Fermi level and the 4f energy level [1-4]. If the energy seperation
is small, and if neighbouring atom conduction states favour strong interaction (hybridisation)
with the 4f electron, then an intermediate valent state of the cerium may occur. This does
happen in CePd,, where extensive hybridisation due to a Kondo interaction has produced a non-
integral cerium moment which becomes screened out as a result of the Kondo interaction below
135K [5]. However, upon incorporating some smaller P-block elements, B, Si, and Ge, into the
body-centre interstitial site of CePd; as CePd;M,, the lattice expands without any observed
distortion away from a simple defect perovskite structure, causing a loss of the IV state and a
return to a full tri-valent cerium moment [6-8] with anti-ferromagnetic ordering for Si (x = 0.3,
Ty=2.8K) and Ge (x = 0.25, Ty = 3.2K) [8].

Recently, we identified a ternary structure involving Ce, Pd and Sb that is closely related
to the Cu;Au structure of CePd; [9]. Instead of a simple occupation of the body-centre site to
produce a perovskite-like material, the incorporation of 1 antimony per 8 CePd; units produces
an ordered compound, Ce;Pd,,Sb (Fig. 1). Here, the Sb incorporated in the centre of a CePd,
unit pushes the Pd atoms outward from the faces of the cube defined by the cerium atoms,
resulting in a doubling of the lattice constant. The cerium remains co-ordinated by 12 palladium
atoms at distances ranging from 2.97A to 3.05A (versus 2.92A in CePd;). Antimony is the next-
nearest neighbour at a distance of 3.68A, some 22% further away than the palladium atoms. We

have succeeded in preparing isotypic variants of this structure by incorporating Ga, In, Sn, Pb




and Bi in place of Sb to explore the effects of small changes in electron count and interstitial

atom size while keeping the local co-ordination environment of the cerium invariant.

2. Experimental

Samples were prepared by arc-melting elements of at least 99.9% purity in the desired
ratio plus a small (s 2%) excess of the more volatile Pb, Sb and Bi. Arc-melting was done on
a tantalum-coated, water-cooled copper hearth under flowing titanium-gettered argon. Each
sample was turned over and re-melted at least three times in an effort to produce homogeneous
ingots. Mass losses after arc-melting were within 1% of the anticipated stoichiometric values.
Samples were subsequently placed in sections of tantalum tubing, sealed in evacuated quartz
tubes and annealed for two weeks at 900°C.

Powder diffraction data were collected using a SCINTAG 6-20 diffractometer and Cu Ka1
radiation to check the single-phase nature of each sample. The diffraction patterns were indexed
using the program TREOR90 [10] and the lattice constants obtained thereby were refined by a
least-squares technique. The intensities and distribution of peaks in the powder diffraction
patterns were comparable to those observed for CegPd,,Sb [9].

Magnetic susceptibility measurements were performed by the Faraday method.
Susceptibility data was fit to a Curie-Weiss expression, x = x, + C/(T - ), as described
elsewhere [11]. Resistivity measurements were done in a 4-probe manner on rectangular sections
of typical dimensions 7.0mm x 3.5mm x 1.Imm cut by string saw from larger ingots. Indium
contacts were soldered on in most cases using an ultra-sonic soldering iron. The antimonide

exhibited a tendency to crack on cooling when contacts were soldered on, so resistivity was




measured on it using 4 spring-loaded gold pins tipped with indium for better contact. No

cracking occurred on cooling to 4.2K when this was done.

3. Results and Discussion

All samples are stable in air, with a freshly cleaved surface remaining silvery and highly
reflective for timescales greater than 1 month in air. The plumbide and bismuthide are more
brittle than the others but all could be ground under acetone for x-ray work. The lattice
parameter and magnetic data for each of the CegPd,;M compounds and LagPd,In are
summarised in Table 1. The magnitudes of the resistivities at room temperature are roughly 10
Qecm, typical for an intermetallic containing transition elements and, indeed, comparable to that

for CePd; [5].

CegPd, Sb

After observing anti-ferromagnetic ordering in the other members of this series of
compounds, it became apparent that insufficient data (Fig. 2a) had been collected below 50K for
our previous conclusion of no ordering [9] to be completely valid. A second sample was
prepared which did exhibit anti-ferromagnetic ordering (Fig. 2b), but this sample exhibited a 5%
impurity in its powder diffraction pattern that belongs to a cubic phase (@ = 8.593A) we have
observed in more Sb-rich compositions but have been unable to isolate. A third sample was
prepared which appeared single phase by powder diffraction yet exhibited low temperature

magnetic behavior (Fig. 2¢) intermediate between samples (a) and (b). Details of the individual




sample preparations are given in Table 2. Sample (a) deviates the most from the ideal
stoichiometric mass. Sample (b) contains an impurity phase and so may have lost Ce or Pd
rather than Sb. Sample (c) would appear to be the sample of highest quality, but exhibits more
complicated magnetic ordering than sample (b) with possibly three second order transitions
signified by abrupt changes in slope (Fig. 3). Behavior similar to that observed in sample (c) has
been observed in the susceptibility of CePd,Al; [12] and was attributed to either an impurity or
some possible incommensurate magnetic ordering.

Figure 4 shows the inverse magnetic susceptibility for sample (c) from 4.2K to 320K.
The high temperature behavior (T > 100K) is consistent with that previously reported [9] with
an effective cerium moment of 2.46(3)ug, which is slightly reduced from the Ce*? free ion value
of 2.54uy, and a Weiss constant, §, of -11(2)K suggesting that there are indeed anti-
ferromagnetic interactions present. However, 6 cannot be interpreted as purely an exchange
energy since it may have a contribution from a crystal field splitting energy [11]. Deviations
from Curie-Weiss behavior below 100K can be attributed to temperature dependence of the
occupation of a crystal field split 4f! state. The resistivity (Fig. 5) also exhibits deviations
(gradually increasing slope) below 100K that result from crystal field effects. A sharp drop in
resistivity occurs below 6.5K, consistent with the initial transition observed at 6.4K in
susceptibility (Fig. 4), where the onset of ordering produces a rapid reduction in magnetic
scattering of conduction electrons. In light of the variable magnetic behavior, we are hesitant to
claim no Kondo behavior is present, but there is no feature in the resistivity that could be

ascribed to such an effect.




CegPd, Bi

The behavior of the bismuthide mirrors the antimonide in most aspects (Fig. 6).
Consistent with having a larger covalent radius (1.46A) than Sb (1.40A) [13], the cell constant
is also slightly larger (Aa = 0.015A) for the Bi-containing compound. As with the antimonide,
the susceptibility for CegPd,,Bi shows tri-valent behavior of the cerium atoms with an effective
moment per cerium of 2.49(3)up and anti-ferromagnetic exchange with § = -11(2)K. Anti-
ferromagnetic ordering is observed at 5K. Resistivity meééurements (Fig. 7) also exhibit a broad
roll-over on cooling from thermal depopulation of cerium 4f crystal field levels and a decrease
near 5K consistent with the magnetic ordering temperature. The RKKY interaction [14], which
can result in magnetic ordering if no direct exchange between moments is present, decreases in
strength as (Ce-Ce separation). The lower Néel temperature in the bismuthide (5K versus 6K
of sample (b) of the antimonide) correlates with a larger Ce-Ce distance in a cell with larger

lattice constant.

CegPd, Sn

The highest magnetic ordering temperature of this series occurs in CegPd,,Sn with Ty
= 7.5K (Fig. 8). The effective cerium moment of 2.49(4)ug and 0 of -11(3)K are consistent with
the above two compounds; tri-valent cerium with anti-ferromagnetic exchange. The resistivity
(Fig. 9) also behaves in a similar manner with metallic behavior, weak crystal field interaction
and a second order transition at 7.5K. Again, incorporating one Sn in 8 CePd; cells has resulted
in an apparent loss of any appreciable Kondo interaction. A decrease of 1 electron from the

antimonide has resulted in an increase in the Néel temperature.




CegPd, ,Pb

As with the above 4 compounds, the resistivity of the plumbide (Fig. 10) exhibits a broad
feature above 25K that can be described as a gentle roll-over in resistivity. Again, we associate
this feature with the interaction between conduction electrons and cerium 4f electrons whose
states have been split by interaction with a crystal electric field and the occupation of whose
states varies with temperature when the temperature is comparable to the splitting energy. An
abrupt decrease in resistivity below 6K coincides with the observed anti-ferromagnetic ordering
in the magnetic susceptibility (Fig. 11). The high temperature susceptibility (T > 80K) can be
fit to a Curie-Weiss expression with an effective moment per cerium of 2.48(3)up and a Weiss
parameter of -10(2)K. The lower Néel temperature of 6K versus 7.5K in the stannide again
correlates with the larger size of the interstitial Pb atom (covalent radius 1.47A) compared to

the size of Sn (1.40A), as with the Sb/Bi relationship discussed above.

CegPd,,Ga

With a covalent radius of 1.26A, gallium is the smallest atom we have incorporated at
the 8:24:1 stoichiometry to produce this ordered variant. Germanium, with a radius of 1.22A,
is reported to occupy the body-centre site in CePd; as a perovskite-like material with no super-
structural ordering [8]. Our results suggest, however, that a careful study of the 8:24:1
composition with B, Al, C, Si and Ge may reveal this ordered phase as well. Magnetic
susceptility measurements on CegPd,,Ga (Fig. 12) suggest a effective moment of 2.42(2)ug per
cerium (T > 100K) at high temperature and anti-ferromagnetic interactions (§ = -13(2)). A

moment of 2.42(2)up is noticeably lower than the free ion value of 2.54u5 but within the realm




of tri-valent behavior. Below 100K, as in the previous compounds, a gradual decrease in the
slope of x! occurs with decreasing temperature that may be due to crystal field effects. The
inverse susceptibility appears to plateau below 7K, with the magnetic susceptibility achieving a
value of 6.09 X 10 emu/g at 4.2K. The resistivity of CegPd,,Ga (Fig. 13) shows a strong
increase as the temperature decreases below 100K, reaching a maximum near 14K before
dropping off. Similar behavior is observed in CeFey 53Ge, [15] and was attributed to a significant
Kondo interaction.

On changing from group 15 through 14 to group 13 elements, several factors change: the
size of the main group element, the energy of the p-block element contributions to the valence
bands and the total electron count. The smaller size of Ga compared to Sn or Sb has resulted
in a smaller cell (8.4078A versus 8.4446A) possibly allowing some marginally better overlap
with the Ce 4f orbitals (shorter near-neighbour distances). We have already noted the effect on
the Néel temperature for substituting a larger p-block element in group 14 and group 15-
containing compounds for a smaller chaﬁge (albeit increase) in the lattice constant. The major
effect in this case is most likely the decrease of 1 electron from the stannide to bring the Fermi
level closer to the 4f level relative to the stannide. An interaction which scales as the inverse of
the energy separation between ¢ and eg,.,;, like the Kondo interaction [16], would then be
enhanced. How much of an enhancement would also depend on the density of conduction states,
D(e), near the Fermi level. For a slowly varying D(e) near ¢, the change in energy separation
(¢, < ep) could be expect to vary as A(eg - ¢) ~ -1/D(eg) for a decrease of 1 electron. This

change in energy separation would then be large if D(eg) is small.




CegPd, JIn and LagPd, In

Anti-ferromagnetic ordering occurs in CegPd,4In near 4K (Fig. 14). There is potentially
another second order transition at 7K in suceptibility and resistivity (Fig. 15) but its existence
is not as apparent as those in the antimonide (sample (c)). Above 100K, the susceptibility can
be fit to a Curie-Weiss expression to give an effective high temperature (T > 100K) moment
of 2.43(2)up/Ce, reduced, like the gallide compound, but within the realm of tri-valent cerium
behavior. Some deviation in x™! below 100K (decreasing slope) may be attributed to some weak
crystal field interaction but the resistivity (Fig. 15) does not corroborate this. The broad feature
above 50K, with rapid drop-off below 50K does not resemble the gradual roll-over possessed
by the resistivity of the stannide shown in Fig. 8 or that of the antimonide shown in Fig. 4. Nor
does it resemble closely the peak in the resistivity for the Ga-containing compound, but we
believe that it has a similar origin, a strong Kondo interaction. Similar curve shapes for
resistivity and susceptibility are observed for the heavy fermion compound CePd,Al, [12], albeit
with the features at lower temperatures than in CegPd,,In.

The lanthanum version of this material possesses a susceptibility of -2.8(3) X 10”7 emu/g
(Table 1), small and negative. This suggests a small density of conduction electron states, D(e);
a Pauli paramagnetic contribution to x smaller than the core diamagnetism. If D(e) is small in
all these 8-24-1 materials, then the effect of losing 1 electron would lower the Fermi level an

appreciable amount, increasing the strength of the 4f-conduction electron coupling [16].




4. Conclusions

We have prepared and examined the magnetic and electric behavior of a series of
compounds of composition CegPd,,M with M = {Ga, In, Sn, Pb, Sb, Bi} and LagPd,,In. From
the small and negative room temperature magnetic susceptibility of the lanthanum compound,
we infer a low density of conduction states in these materials: small changes in electron count
could then have a large effect on the Fermi level and hence the separation between the Fermi
level and the 4f energy level. Changing the electron count in 1 electron steps in moving from
the group 15 to group 13 p-block elements we see a transition from anti-ferromagnetic ordering
of tri-valent cerium moments and weak crystal field interactions to strong Kondo interactions,

with CegPd,,In exhibiting both types of behavior.
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Table 1. Summary of cell and magnetic data.

LngPd, M a/lA s 6/K Ty/K fit range/K
CegPd,,Sb  8.4445(8)  2.46(3) -11(2)  see Table 2 100 - 320
Ce;Pd, Bi  8.4601(8)  2.49(3) -11(2) 5 80 - 310
CegPd,,Sn  8.4446(8)  2.49(4) -113) 7.5 100 - 320
CegPd,,Pb  8.4605(8)  2.48(3) -10(2) 6 80 - 310
CegPd,,Ga  8.4078(8)  2.42(2) -13(2) 100 - 320
CegPd,In  8.4457(8)  2.43(2) -12) 4,17 100 - 310
LagPd,,In  8.4940(8) x(295K) = -2.8(3) x 107 emu/g




Table 2. Antimony excess (%), arc-melted mass data, magnetic moments and
transition temperatures for 3 prepared CegPd,,Sb samples.

Sb Excess  Final Ideal % of  pel Transition
sample Sb/%  mass/g mass/g  ideal KB Temperature/K

(@ 1.5 1.8896(2) 1.9086 99.00 2.45(4) -

®)' 0.0 1.4043(2) 1.4082 99.72 2.51(3) 6.0

©) 0.7 1.3664(2) 1.3668 99.97 2.46(3) 6.4,5.7,5.1

¥ possesses 5 % impurity in powder diffraction pattern




Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.
Figure 10.

Figure 11.

Figure 12,
Figure 13.

Figure 14.

Figure 15.

Perspective view of the cystal structure of CegPd,,Sb. Black Sb atoms mark the
corners of the unit cell and Pd-Pd bonds are drawn to emphasise the distortions
leading to the superstructure.

Inverse magnetic susceptibilities below 50K for CegPd,,Sb samples having (a)
99% the anticipated stoichiometric mass, (b) 99.72% and (c) 99.97% after arc-
melting.

Magnetic susceptibility of CegPd,,Sb sample (c) below 10K. Arrows indicate
possible second order phase transitions.

Inverse magnetic susceptibility of CezPd,,Sb sample (c) from 4.2K to 320K.
The magnetic susceptibility from 4.2K to 30K is shown in inset.

Resistivity of CegPd,,Sb sample (c) from 4.2K to 300K.

Inverse magnetic susceptibility of CegPd,,Bi from 4.2K to 320K.
The magnetic susceptibility from 4.2K to 30K is shown in inset.

Resistivity of CezPd,,Bi from 4.2K to 300K.

Inverse magnetic susceptibility of CegPd,,Sn from 4.2K to 320K.
The magnetic susceptibility from 4.2K to 30K is shown in inset.

Resistivity of CegPd,,Sn from 4.2K to 300K.
Resistivity of CegPd,,Pb from 4.2K to 300K.

Inverse magnetic susceptibility of CegPd,,Pb from 4.2K to 320K.
The magnetic susceptibility from 4.2K to 30K is shown in inset.

N
Inverse magnetic susceptibility of CegPd,,Ga from ;%2K to 320K.
L , v
Resistivity of CegPd,,Ga from 4/2K to 300K.

Inverse magnetic susceptibility of CegPd,,In from 4.2K to 320K.
The magnetic susceptibility from 4.2K to 30K is shown in inset.

Resistivities of CegPd,,In and LagPd,,In from 4.2K to 300K.




g —-__- ~ -1:_-__,._,_‘ ﬂ'_;‘fmm - — .y k- Ft S ) 5
N\ N3 5 j2 - W o

=1 e =
,‘i\i ) , = A \‘ = ( \

N7
5 W

=g E’%‘gg
SN

£3
%

»




50

40

30

20

10

(nwa/3) , 01 X | X

T (K)



(nwd/3) , 01 X ;X

50

40

30

20

10

T (K)




(nwa/3) , 01 X X

50

40

30

20

10

T (K)



10

E 3
»
*
‘.ﬁ 1®
L
-
-
” o i
¥,
6 7~
! <)
M ; 1°
R =
Ug] M
Mo, o8 ‘
. *
g} ¥,
»,
”»
3
4 <
1 1 1 i 2
S © o oo < o
o~ \O \O "2} w v

(8/nwd) .01 X X



20 30

10

24

1
O
v—

(nwa/3) , 01 X X

300

200

100

T (K)



et

30

20

10

160

120

300

200

100

T (K)




(8/mws ;. op) X

20 30

10

24

1
o 1-%)

(nw3/3) , 01 X | X

300

200

100

T (K)



20 30

10

150

301

300

200

100

T (K)




7 R
- F§
I d S
| F 18
- t,-& (e»)
“1 —
- ‘i‘ i
R T W W SO | o
o~ w o —
(3/muwo .01 ) X 18
NN~
\ g
b~
18
1 ] 1 1 1 ! 1 1 1 O

(nwa/3) , 01 % X



20 3

10

300

200

00

1

T (K)




30

20

10

120

80

(woepyr) o

300

200

100

T (K)



30

20

10

75
4

(3mud . o1) X

24

181

(nwa/3) , 01 X ;X

200 300

T K)

100



24

1
\O
—

(nwa/3) , 01 X ;X

300

200

100

T (K)



100

20 +

300

200

100

T (K)




- \Mﬂ =
."
- ‘# -4
[ - 2 }
L i 1 1
00 O <

(8/pwoa o1 ) X

30

20

10

0

24

181

a O

(nwo/3) , 01 X X

300

200
T (K)

100



T ']

LagPd,,In

300

00

2

100

)

K

T




x%x * ke kRERKEE
*t‘ttt#‘t‘#‘##tt*‘.*#‘*“#end page 6*!##*# EEEEEREE X KRR KEE

Technical Report Distribution List

Dr. John C. Pazik * 800 N. Quincy St.
Physical S&T Division - ONR 331 Arlington, VA 22217-5660
Office of Naval Research

Defense Technical Information _ Chemistry Division, Code 385
Cir  (2) o NAWCWD - China Lake
Building 5, Cameron Station China Lake. CA 93555-6001

Alexandria, VA 22314

Dr. Peter Seligman

Dr. James S. Murday NCCOSC - NRAD
(1) San Diego. CA 92152-5000
Chemistry Division, NRL 6100
Naval Research Laboratory Dr. Bernard E. Douda
Washington, DC 20375-5660 Crane Division
NAWC
Dr. John Fischer (1) Crane, Indiana 47522-5000

* Number of copies required

% 3 ok ok % 3k %k 5% % % %k %k %k %k %k k % % % % %k %k %k %k %k K *k ok 3k %k e 3k 3K % %k %k % %k %k %k %k %k % % %k % %k % %k %k % % % % %k Xk %k
* end page 7

(1)

()




