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ABSTRACT

We have measured the magnetization of UMn2, UFe2,
UC02, UNi2, PuMn2, PuFe2, PuCo2, and PuNia from 4-300
K in fields up to 14 kOe. The susceptibility of UMn2
shows a small maximum near 240 K (which may indicate
an antiferromagnetic transition) in agreement with
previous results. Our data for UFe2, UC02 and UNi2
are not in good agreement with earlier work; the
ferromagnetic ordering temperature (158 K) of a single
crystal sample of UFe2 is lower than any reported
value, UKX2 orders ferromagnetically at 30 K, and UC02
may order below 5 K. In contrast, PuMn2, PUC02 and
PuNi2 have small weakly-temperature-dependent suscep-
tibilities. PuFe2 is ferromagnetic at room tempera-
ture, in agreement with previous Mo'ssbauer results,
and has a saturation moment of ^2.6 y_/mole.

INTRODUCTION

In the past year an extensive study of the mag-
netic properties of neptunium-based C-15 Laves phases
has been undertaken at Argonne National Laboratory.1'3

The magnetic characteristics of the compounds where
the second component is not a 3d transition element
show a regular dependence on neptunium-neptunium dis-
tance. **2 However, the Laves phases of neptunium with
the 3d transition metals (Mn, Fe, Co, Ni) show no such
simple correlations, although they all order magnetic-
ally at low t'anperatures. ̂

To fur'.ner study the magnetism of actinide Laves
phases, we have made magnetization measurements from
4 to 300 K in applied fields up to 14 kOe on the ura-
nium and plutonium Laves phases with Mn, Fe, Co, and
Ni. All the compounds have the C-15 structure except
for UNi2 which has the hexagonal C-14 Laves phase
structure,

The samples were prepared by arc melting (weight
losses were negligible except <v>r the Mn compounds)
and were polycrystallir.e in nature. In the case of
UFe2, the sing.ls-crystal used in the neutton-diffrac-
tion experiments of Yessik^ wa^ available.

*Work supported by the U. S, Atomic Energy Commission.



RESULTS

The procedures for data analysis and determina-
t ion of magnetic suscep t ib i l i t i e s are given in Ref. 1.
In par t icu lar , the magnetization of the Np compounds
in the paramagnetic regime showed a small ferromag-
net ic component (determined i r the data analysis)
which had a substant ia l temperature dependence and
could not be a t t r ibuted to an impurity. Similar
effects , of greater or lesser magnitude, were observ-
ed in the present investigation. Metallographic exam-
ination of the UMn2» UCo2, and UM2 samples showed no
evidence (<1%) of any second phase. I t i s , again,
d i f f icu l t to ra t ional ize th i s behavior in terms of
the. phase equi l ib r ia or possible impurities.
UMng

The temperature dependence of the reciprocal
molar suscep t ib i l i ty xjj (Fig* 1) i s in good agreement
with the previous study of Lin and Kaufman.5 In par -
t i cu la r , the small suscept ib i l i ty maximum near 1 ' K
i s reproduced (however, around 240 K in the present
work). Inasmuch as no neutron-diffraction experiments
have been performed on th i s compounds, the poss ib i l i t y
of an antiferromagnetic t rans i t ion cannot be ve r i f i ed .

Previous magnetic measurements on polycrystalline
material6 had shown a range of Curie temperatures from
172 to 195 K, and a saturation magnetization equiva-
lent to M.Ug/moie; neutron-diffraction studies'4 indi-
cated that the moment is associated almost entirely
with the Fe atoms. The present work on UFej, which
will be presented more fully in a separate publication,
shows that <111> is the easy axis of magnetisation.
The magnetization of a sample with this <111> axis
oriented parallel to the magnetic field has a small
linear field dependence (x = 7 x 10~3 emu/mole) and
the spontaneous moment at 4 K is 1.05 Ug/rnole. The
Curie temperature of this sample, as determined from
Arrott plots, is 158 K - substantially lower than pre-
vious results. The susceptibility above the Curie
temperature is given in Fig. 1.
UC02

The susceptibility shows approximately Curie-
Weiss behavior between 50 and 300 K (Fig. 1). The
rapid increase in susceptibility below 50 K may pre-
sage the onset of magnetic ordering at very low temp-
eratures (below 5 K) . These results are not in agree-
ment with the sketchy published data.6

UNig
Previous results5 are again incomplete. The pre-

sent molar susceptibility is almost identical with



that of UCo2 down to vLOO K (Fig. 1). Below 100 K
there is again a rapid increase in susceptibility,
similar to but more pronounced than that in UCo2, and
the compound orders ferromagnetically (as indicated
by Arrott plots) at 30 + 1 K. Although the low-temp-
erature magnetization is quite small (the moment at
5 K and VL3 kOe is 0.12 Ug/moV;, the relative in-
crease with field (̂ 11% from 3 to 13 kOe) is similar
to that in NpFe2«3 The approach to saturation was
fit by the procedure given in Ref. 3 and yielded
P s a t = 0.13 Ug/mole; the hi&h-field susceptibility was
zero (within the statisticr.l uncertainty) .

This compound shows an almost temperature inde-
pendent susceptibility between 5 and 300 K (Fig. 2).
PuFe_2

Previous Mossbauer measurements7 had shown that
PuFe2 is ferromagnetic at 300 Kwith a hyperfine field
at the Fe site. The present work confirms this result,
and th" 1-7% change in magnetization between 5 and 300 K
suggests a Curie temperature in the neighborhood cf
600 K. The large field dependence of the magnetiza-
tion 0^17% increase from 3 to 13 kOe independent of
temperature) again suggests a large magnetocrystalline
anisotropy. The maximum moment attained was 2.09 Ug/
mole at 5 K and ^13 kOe. An approach to saturation
analysis yielded u s a t =2.6 Ug/mole and again a zero
high-field susceptibility term (in sharp contrast to
NpFe2).
PuCo?

The susceptibility increases slowly from 2.3xlO~3

emu/mole at 300 K to 2.9 x 10~3 emu/mole at 5 K
(Fig. 2).
FuNip

The susceptibility increases slowly from 1.4 xlO"3

emu/mole at 200 K tc 1.7xl0~3 emu/mole at 50 K, with
a more rapid increase below 50 K (Fig. 2).

DISCUSSION

The magnetic properties of the uranium and plu-
toniun Laves phases studied here are summarized in
Table I. For the compounds where there is a substan-
tial linear x-1 vs T region, Curie-Weiss constants
have been determined and are reported in Table I.
These results may be compared with the more detailed
data available for the corresponding neptunium Laves
phases.3 The most striking feature is the greater
magnitude of the ordering temperatures of the Fe com-
pounds relative to the other compounds — presumably
a reflection of the strong d-d exchange. Similar be-
havior is observed in the corresponding lanthanide



compounds.® The uranium atoms in. UFe2 carry almost
no moment, whereas the Np atoms have a moment of 1 u
in NpFe^, and the Pu atoms appear to have little or
no moment in PuFe2« (The hyperfine field at the iron
site in PuFe2 is a factor of two larger than that in
NpT?e2, although the bulk moment in PuFe2 is smaller
Uhan in NpFe2>)7 When the beliavior of the Mn, Go,
and Ni compounds are considered in this context, a
trend becomes evident. It appears that the uranium
atoms have little or no moment in any of the 3d com-
pounds, the neptunium atoms in all the 3d compounds
carry moments, and the plutonium atoms again are non-
magnetic in all these compounds, except possibly
PuFe2« This beha^'or is in contrast to the corre-
sponding lanthanide compounds8 and presumably indi-
cates strong f-d hybridization. We may speculate
that a substantial transfer of / electrons from the
actinide atoms to the d bands leaves essentially no
localized / electrons at the uranium atoms in these
compounds. The corresponding data for the neptunium
compounds3 are not inconsistent with one electron per
neptunium site. If there were two localized f elec-
trons per plutonium site, we would again expect a non-
magnetic crystal-field ground state9 and this is con-
sistent with the present data. However, a more com-
plete understanding of these materials will await a
more detailed atomistic study of their magnetic be-
havior.
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Fig. 1. Reciprocal molar susceptibility as
a function of temperature for
TJFe2, UC02, and ITKi2.

DOOi

800

600

,400

200

1 1 T~

a

a

— »

—

, 1 ,

—[ r~

- a " "
i i "

kAAAAi

• « • • •

1 ,

—I r—

• • • • I

kAAAAi

1 .

1 '

aaaaaa

LAAAAA

i i

1 '

PuNi2

a a " " V

—

PuCo2~

• • • « •
PuMn2 "

-

'
50 BO 150 200 250 300

TEMPERATUrt . ( V )

Fig. 2. Reciprocal molar susceptibility as
a function of temperature for PuMn2,
PuCo2, and PuNi2.



TABLE I .

Magnetic properties of uranium and plutonium Laves phases with Mn, Fe, Co, andNi.

UMn2 UFe2 UCo2 UNi2 PuMn2 PuFe2 PuCo2 FuNi2

Magnetism

Ordering Terip. (°K)

u .. (11 /mole)
S. •• D

CW range (°K)

Peff(wB/mole)

9 (°K)

XM (300 K)
(10~3 emu/mole)

XM(5 K)
(10 i emu/mole)

AF(?)

i,240

2.4

2.8

F

158

1.05

8.2

P

50-290

2.61

-505

1.0

5.7

F

30

0.13

100-290

2.50

-445

1.0

—

P

3.0

3.0

F

-̂ 600

-\-2.6

P

2.3

2.9

P

50-3C0

4.1

-1200

1.4

2.9


