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The electrical resistivities and magnetic susceptibilities of the cubic intermetallic compounds of the
form PuX2 (X =Ru, Rh, Ir, Pt) and PuX, (X =Rh, Pd, Pt) have been measured from 2 to 300'K,
The PuX, compounds order antiferromagnetically with Neel temperatures Tz of 6.6, 24, and 40'K,
respectively. The resistivities of the PuX, compounds decrease rapidly below T„; and there is also an

abrupt change in the slope of the resistivity-versus-temperature curve at T~ in PuRh . 1 PuPt, orders
ferromagnetically at a Curie temperature of Tc=(6.0+0.3} K, and the resistivity falls dramatically
below Tc. PuRh, has a temperature-dependent susceptibility but there is no evidence for magnetic
order, while the susceptibilites of PuRu, and PuIr, are temperature independent. However, the
resistivities of PuRh„PuRu„and PuIr, have anomalous negative curvature at high temperatures,

although the slopes remain positive throughout the temperature range investigated. The results are
discussed in terms of the interatomic distance between plutonium atoms and the localized-spin-fluctuation
model.

I. INTRODUCTION

A wealth of jnteresting magnetic and transport
behavior has been observed recently in the actinide
elements and their intermetallic compounds, ~ and
the unusual nature of the phenomena in these sys-
tems is intimately related to how the actinide 5f
electrons respond to a given environment. The re-
sults of Nellis and Brodsky on PuPds and NpPd~
and of Hill Rnd Elliott on actinide-Pt compounds
indicate that a study of actinide-transition-metal
compounds should yield considerable information
on the properties of actinide 5f electrons.

This paper presents the electrical resistivities
Rnd magnetic susceptibilities of the cubic inter-
metallic compounds of the form PuX2 (X=Bu, Bh,
Ir, Pt) and PuX~ (X=Bh, Pd, Pt). These com-
pounds were chosen because the crystal structures
are relatively simple —the MgCu~ cubic Laves
phase and ordered fcc AuCu3 structures, respec-
tively4-and because the transition metals them-
selves are nonmagnetic. A preliminary account of
the resistivity measurements has a&ready been
given. ' A study of the magnetic properties has also
been reported, s but new data on better samples of
PuHh~ and PuPt3 are included in the present paper
Rs R supplemeDt to the previous investigation. The
susceptibility measurements show that the PuXs
compounds order Rntiferromagnetically, and this
finding is supported by the resistivity results. The

PUX2 compounds shorn Q, spectrum of IQagnetlc be-
hRvior: PUBu~ is stlongly paramagnetic, Pupha is
nearly magnetic, and PuPt& is a weak ferromag-
net. The results are discussed in terms of the in-
teratomic distance between plutonium atoms and
the localized-spin-fluctuation model.

II. EXPERIMENTAL PROCEDURE

The transition metals used in this study had
purities whi. ch were typically -99.995/p. The high-
purity plutonium was obtained from Los Alamos
Scientific Laboratory and the impurities it con-
tained were (inppm by weight) Mg, 5; Al, 10; Si,
5; Ca, &3; Zn, &5; Am, 55 (on 2-18-Vl); Fe, 4;
Ta, 11; Th, 9; %, 2. 5; U, 25; N, 3; C, &10;
H, 15; and all others, &2. From these starting
materials, 1-g quantities of the intermetallic com-
pounds were prepared by arc-melting appropriate
amounts of the constituents in an argon-helium
atmosphere. Resistivity samples with the approxi-
mate dimensions 1&1&&V mm were machined out
of the buttons with a spark-erosion apparatus, and
magnetic-susceptibility samples were prepared
from pieces of the remaining material. PuPts,
PuPds, PuBh3, and PuRu~ formed congruently
from the melt, 4 and consequently no further heat
treatment was given. PuPta, PuBha, and PuIra
were given one-meek anneals at 1100, 1250, and
1000 'C, respectively. Powder x-ray-diffraction
techniques were used to confirm that the desired
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compound had in fa,et been formed. Lattice param-
eters ~ determined from the x-ray patterns are
listed in TaMe I, and the values agree quite well
with those reported in the literature. In addition,
t'he absence of extraneous lines in the patterns in-
dj.cated that with the exception of PuIr, all of the
samples were single phase. In the case of PuIr~,
the intensities of the extraneous lines indicated
that 5-10% of the sample was a second phase (pos-
sibly Pumlr4 or PuIIro).

Eleetrieal-resistivity measurements mere made
from 1.5 to 300'K using the standard dc four-
yrobe technique and an automated system described
previously. ~ %'ith this system, data mere recorded
at eithex' 20- ox' 48™secintervals mllile the sample
warmed at the rate of —', 'K/min; the data were
processed using a computer. The susceptibility
measurements mere made from 2. 5 to 300'K using
the Faraday method and an experimental arrange-
ment similax to one descxibed pxeviously. The
susceptibilities g =M/H of the Puls compounds,
PuBha and PuPta, mere obtained by taking data at
six fields up to 14.5 koe, fitting the results to a
two-term equation linear in I/O, and extrapolating
to I/PI=0. The susceptibilities of PuBuz and PuIra
mere independent of the magnetic fieM up to 14.5
kOe.

A. Magnetic Susceptibihty

An account of the magnetic properties has al-
ready been given. e Since that time better samples
of PuPts and PuBha have been px'eyared, and their
susceptibilities are shomn in Fig. 1. The peak
in the curve for Pupts is characteristic of anti-
fex'xomagnetic ox der with a Noel temperature 7„
of 40 K. The results for PuBhs and PuPd3 mere
similar, and values of 7„for these samples are
listed in Table I. The earlier data for a tmo-yhase
sample of PuPt3 also shomed characteristic anti-
ferromagnetic behavior. For reasons not under-
stood at this time, the value of p,« is the same
fox the tmo samyles, but T& is nom 20'K lomer.
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FIG. 1. Magnetic susceptibilities of Pu, Pt3 and PuRh2
as a function of temperature.

Beeent neutron-diffraction results confirm that
PuPd3 is a simple antiferromagnet with an ordered
moment per plutonium atom at 4.2'K of (0.8
+ 0. 1)g~ and a magnetic lattice similar to that
found in NpPds in which nearest-neighbor neptu-
nium atoms have their moments oppositely di-
rected. The susceptibility data in the paramag-
netic region mere analyzed by fitting the suscepti-
bilities to an equation of the form X

= y, + C/(T —8~),
mhere go is a temperature-independent contribution
and C/(T-8~) is the usual Curie-Weiss expres-
sion. The effective paramagnetic moment p,«per
formula unit (F.U. ) was determined from the fit-
ting constant C in the usual may, and values of yo,
e~, and p,f, for the PuX3 compounds are listed in
Table I.

The susceptibility of Pugh& increases with de-
creasing temperature domn to about 10 'K, where
a small, maximum develops. However, this be-
havior is not indicative of magnetic order, because
the maximum is rounded and because there is no

supporting evidence in the resistivity data. The
maximum was not seen in the earlier sample, but

pomder x-ray-diffraction patterns indicated that it

TABLE I. Magnetic parameters of cubic plutonium compounds.

Compound
Ordering

temperature
(K)

OH

( K)
P If'

(Pz/F. U. )
Xo

(10 emu/mole)

6.2
1.4
4. 9
9.31
3.7
5.75
2.4

4. 008 + 0.001
4.102+0.001
4.103+0.002
7.474 + 0. 001
7.488+ 0.001
7.531+ 0. 001
7.652+ 0.001
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was a multicomponent system and not pure PuRha.
The other three PuX~ compounds have magnetic
properties which are in marked contrast to PuRh2.
PuIr2 and PuRua have temperature-independent
susceptibilities, and their values are listed under

yo in Table I. PuPta orders ferromagnetically at
a Curie temperature of Tc= (6.0+0.3) 'K as indi-
cated by plots of M2 vs H/M, has a magnetization
which does not saturate at 2. 5 K in fields up to
14. 5 kOe, and has a small spontaneous moment of
-0.2 pa/F. U. These results indicate that the
magnetism in PuPt~ is probably itinerant in nature.
The high-temperature data for both PuRh2 and

PuPta were also analyzed by the modified Curie-
%eiss law, and the various fitting parameters are
listed in Table I.

B. Resistivity

The electrical resistivities of the PuX3 com-
pounds are shown in Fig. 2 as a function of tem-
perature. These materials are metallic in nature
with room-temperature resistivities of 125, 90,
and 54 p, Qcm for PuPd3, PuPt3, and PuRh3, re-
spectively. The resistivities show strong temper-
ature dependences below T„. There is also a
pronounced change in the slope of the resistivity-
versus-temperature curve at T~ in PuRh3, where-
as the slope changes are more gradual at T„ in
PuPd3 and PuPts. In the temperature range 7 & T
(13 'K, the resistivity of PuRh, varies as p= (16.8
+0. 181T/'K) pAcm. Also, it should be noted that
the Pupd~ resistivity curve has a negative slope
above 60 'K. The dramatic decreases in the re-
sistivities below TN are most certainly related to
a decrease in magnetic scattering of the conduc-
tion electrons. A measure of the magnetic scat-
tering p above T~ was determined for PuRh3 and

TABLE II. Values of the parameters associated with
the resistivities of cubic plutonium compounds.

Compound

PuRh3
PUPd3
PuPt3
PuRu2
PuRh3
PuIr2
PuPt2

Pm

(pQ cm)

13.8
131.3
77. 3

80. 0

Po
(pQ cm)

3.0
19.7
11.2
10.40
22. 80
17.05
8.0

A
(p$i cm/( K)'")

0.127

B
(10" pQ cm/('K) )

5. 27

3.27

PuPt3 by extrapolating the high-temperature data
to 0 'K, taking the resistivity value thus obtained,
and subtracting the residual resistivity po. Be-
cause of the negative slope at high temperatures in
PuPd3, the procedure was modified by subtracting
the residual resistivity from the value at the peak.
The values obtained for p are listed in Table II.

The electrical resistivities of the PuX2 com-
pounds are shown in Fig. 3. These materials are
also metallic in nature, with room-temperature
resistivities of 11V, 113, 112, and 80 p.Qcm for
PuRh2, PuPt2~ Ru2y a d PuIr2y respectively.
The resistivity of PuPt~ showa a pronounced drop
as the temperature is lowered through T~, while
the other PuX~ compounds behave less dramatical-
ly. An estimate of the resistivity associated with
the ordering in PuPt~ was made in the manner de-
scribed above, and the value p = 82 ILt, Qcm was ob-
tained. The resistivity of PuBh, varies initially
as T, and the results below 12 'K are described
by the equation p= p0+AT~, where po is the residual
resistivity and A is a fitting parameter. The val-
ues of p0 and A are listed in Table II. The resis-
tivities of PuRu2 and PuIr2 show temperature de-
pendences of the form p= po+BT3 below 16 and 15
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FIG. 2. Electrical resistivities
of PuBhs, PuP13, and PuPt3 as a
function of temperature.
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FIG. 3. Electrical resistivities
of Puah2, PuPt2, Puau2, and
PuIr2 as a function of temperature.
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'K, respectively, and values of po and B for both
samples are also listed in Table II. In addition,
the high-temperature reslstlvlty curves of PuHh2,
PuBu~, and PuIr2 do not behave in a simple manner
in that they show a tendency to bend over; i.e. ,
they have negative curvature. However, the slopes
of the cux'ves do remain posltlve throughout the
temperature range covered.

A note of caution should be sounded here with re-
gard to the values of p and the temperature de-
pendences cited above. 3 Pu is radioactive and
damages by self-irradiation. This damage has an
effect on the low-temperature resistivity of pluto-
nium, l and, furthermore, the resistivity caused
by the damage does not obey Matthiessen's rule. l2

It is not known at this time what effect the self-
irradiation damage has on the compounds discussed
in this payer, but an attempt was made to minimize
the effect of this phenomenon by measuring the re-
sistivities and susceptibilities as soon as possible
after fabrication or annealing.

IV. DISCUSSION

Becent bRnd cRlculRtlons on the Rctlnldes Rnd

on actinide compounds with the NaCl type of struc-
turel4 indicate that the actinide 5f electrons give
rise to narrow f bands at or near the Fermi level
which are strongly hybridized with the conduction
band. This leads naturally to the idea that the de-
gree of hybridization and the stability of the f band
have a direct bearing on whether or not magnetism
is observed in actinide systems. For example,
plutonium does not order magnetically, ls whexeas
in aetinide compounds with the NaCl type of struc-
ture, local-moment behavior is observed. 6 These
considerations correlate with Hill's qualitative
argument~7 concerning the relation between the in-

teratomic actinide distance and the appearance of
magnetic order. In particular, Hill indicates that
if the interatomic plutonium-phltonium distance
dp„p„ is less than the critical value of -3.4 A,
nonmagnetic behavior is observed because of f-f
overlap (the average dp, p„ in ll-Pu is -3.3 A), but
lf dp„p„ is gl'eaiel' illR11 3 4 A lollg-1'Rllge 111Rgtletic

order can be expected. In the PuX3 compounds
studied here, dp„p„= go, the lattice parameter,
and is about 4. 1 A, In the PuXz compounds, dp„p„
= —,

' g 3 ~ and is about 3.3 A. Consequently, on
this simple basis, long-range magnetic order in
the PuX3 compounds is expected. The PuX2 sam-
ples have a dp p very close to the critical value,
and here the situation is not as clear. However,
it seems reasonable to assume that the tendency
to exhibit magnetism is less strong in the PuX2
compounds, and the conclusion that the magnetism
observed in PuPta has itinerant rather than local-
moment character is in agreement with the argu-
ments for f-band formation discussed in Hefs. 13,
14, and 17. Since the value of dp„p„ is so close
to the critical value, it is not surprising that the
magnetic behavior of the PuX~ compounds is very
sensitive to the particular transition metal used.

The susceptibility measurements on the PuX3
compounds indicate that the transition element has
little effect on the magnetic order except to shift
T„. This is in contrast tothe case for the PuX3
compounds and probably results from the fact that
dp„.p„ is so much larger than the critical value.
The susceptibility data also indicate that the f elec-
trons are reasonably well localized in the PuX3
compounds. The fits of the data to y = go+ C/
(T-9~) were quite good, and values of p,«/F. U.
were all about 1i1s/F. U. The latter result implies
that the plutonium atoms are in the same electronic
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configuration for all three samples; i.e. , assuming
that the plutonium atoms are trivalent and in the
5f 5 configuration, application of Hund's rules
yields paramagnetic and ordered moments of 0. 85'.~
and 0.72 p~, respectively. The ordered moment
is in good agreement with the neutron-diffraction
results on PuPd3 which indicate an ordered mo-
ment per F.U. of (0.6+0. 1)ps. However, since
p,« for PuPt3 is slightly greater than p,« for
PuRh3 and PuPd3, some of the moment may lie on
the platinum atoms, or crystal field effects may
be entering. Neutron-diff raction and Mossbauer
data are needed to obtain information on the or-
dered moments and to resolve these questions.
The resistivity results also indicate local-moment
behavior in the PuX3 compounds. The sharp re-
sistivity drops below T„are simila. r to the spin-
disorder resistivities in the heavy rare-earth
metals in which local moments are well formed.
However, note the differences between the values
of p in the PuXS compounds. If the plutonium
atoms are in the same electronic configuration,
then the coupling between the conduction electrons
and the f electrons is sensitive to the nonactinide
element.

There remains the problem of the negative slope
of the resistivity-versus-temperature curve of
PuPd, above 60 'K. This behavior can be explained
if the temperature dependence of the Fermi level
is taken into account and the band structure of the
material has special properties. ~e However, the
authors favor an alternative approach based on the
localized-spin-fluctuation (LSF) modelso 2~ which
has been successful in explaining the results on
several actinide systems. ' "'"~ -'~ Briefly, the
model for intermetallic compounds~' predicts that
the resistivity should drop to zero at T= 0 'K be-
cause in atomically ordered materials the f band
hybridizes with the conduction band to generate a
Fermi-surface structure. As T is increased from
0 'K, the conduction electrons begin to scatter
from spin fluctuations in the f band and the resis-
tivity rises rapidly, initially as T, and then goes
into a region linear in T. However, because of the
high concentration of actinide atoms, the scattering
is quite strong and has a drastic effect on the mean
free paths of the f electrons themselves. As a re-
sult, in the regime T& T„, where T„ is the char-
acteristic spin-fluctuation temperature, the scat-
tering is self-limiting, and the resistivity will
level off or even decrease with temperature. In
this approach, the self-limiting aspect of the spin-
fluctuation scattering accounts for the negative
slope of the resistivity-versus-temperature curve
of PuPd3, and could explain the negative curvature
of the resistivity-versus-temperature curves of
PuPt3 and PuRh3 at high temperatures as well.
Further evidence that the LSF model applies to all
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FIG. 4. Bilogarithmic plot of the resistivity of Puah2
as a function of temperature.

of the PuX3 compounds is the linear variation with
temperature of the resistivity of PuRh3 above T„
and, more qualitatively, the rounded behavior of
the resistivity-versus-temperature curves of
PuPds and PuPts in the vicinity of T„. Implicit in
this interpretation is the suggestion of Buschow
and van Daal ~ that T,~ & T~ and that spin fluctua-
tions are quenched in the magnetically ordered state
below Tg.

In the Pux2 compounds, PuRh~ appears to be a
good candidate for the LSF model. Figure 4 shows
a bilogarithmic plot of the resistivity-versus-tem-
perature curve for PuRh2, and the solid and dashed
curves show the regions of T and T behavior, re-
spectively. Assuming that T„=Tz, the upper lim-
it of the T' region of the resistivity, T„=12'K
for PuRha. The Curie-Weiss susceptibility above
30 K is indicative of the magnetic behavior ex-
pected at temperatures above T„. The LSF model
model may also be applicable to PuPt~ in the same
way that it is for the PuX3 compounds, and if this
is the case, T„&6'K for PuPt~. The large tem-
perature-independent magnetic susceptibilities of
PuRu2 and PuIra indi. cate a broad, hybridized 6d-5f
band with little structure and a high density of
states at the Fermi level. The T3 temperature de-
pendences of the resistivities of PuRua and PuIr~
are characteristic of the s-d(f ) interband scat-
tering that could be expected in such materials.
The strong negative curvature of the resistivity-
versus-temperature curves of PuRu~ and PuIr2 at
high temperatures is similar to the behavior of
other actinide metals and compounds. However,
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the origin of this strong curvature is at present
not understood. The absence of a contribution to
the resistivity, which varies as T, argues
against the LSF model, and the magnetic suscep-
tibilities do not vary with temperature in the man-
ner that wouM be expected if the thermal smearing
explanation were appropriate.
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Refraction of Thermal Neutrons by Shaped Magnetic Fields
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The refractive bending of thermal neutrons by shaped magnetic fields has been studied experimentally

and compared with that calculated from the field distribution, The smal) deflections, a few seconds are,

were measured on a double-crystal spectrometer utilizing matched perfect silicon crystals. Deflections

were measured for a beam of polarized neutrons upon its polarization reversal for field regions of both

prismatic and cylindrical configuration. The focusing and polarizing character of a magnetic lens have

been observed.

I. INTRODUCTION

When slow neutrons carrying a magnetic mo-
ment p, are introduced into a region of space where

a magnetic field B is present, there occurs a Zee-
man splitting of the potential energy of magnitude
+ p.B, corresponding to the two quantized spin
states of the neutron. This occurs at the expense


