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Neutron di8'raction experiments using both polarized and unpolarized beams have been per-
formed on a small (40 mg) single crystal of ~39PuFez. This material has the cubic Laves phase struc-
ture and is ferromagnetic at -560 K. The polarized-neutron experiments have shown that (a) the

easy direction for both the Pu and Fe moments is (100), (b} the moments are (0.3920.02}ass and

(1.73%0.01)pz for the Pu and Fe atoms, respectively, (c) the Fe form factor is the same as in iron
metal, and (d) the form factor of Pu is very unusual. The Pu form factor is very different from that
found recently in PuSb and cannot be analyzed with a straightforward crystal-field ground state.
We suggest that hybridization effects, presumably in the main part between the 3d iron and 5f plu-

tonium electrons, play a significant role in modifying the spin and orbital contributions that give

rise to the unusual Pu form factor.

I. INTRODUCTION

The rare-earth (8}and actinide ( A }cubic Laves phase
(C15 crystal structure) form a very large subset of com-
pounds with many d-electron elements as well as with Al.
In the rare-earth systems all the RFe2 systems order mag-
netically' and the very high T, 's of 600-700 K together
with the large magnetocrystalline anisotropy of, for ex-
ample, the Dy„Tb&,Fe2 have led to their application in
magnetostrictive devices. In the actinide systems, UAlz
is a spin-fluctuation system, 3 and the Np Laves phases
with nonmagnetic d elements show a variety of behavior
ranging from localized to itinerant magnetism.

The properties of the AFe2 compounds as presently
found in the literature are given in Table I. The Laves
phase structure is shown in Fig. 1. Aldred has measured
the magnetic properties by bulk magnetization tech-
niques yielding accurate values for T, and p,s (for
T p T, ), but the values given by him for the total mag-

netic moment are unreliable because of the large anisot-
ropy in these systems and the lack of single crystals.
Lander et al. performed neutron diffraction on poly-
crystalline materials and determined the individual mag-
netic moments and the easy axes of magnetization. Ear-
lier work with the Mossbauer technique on AFez by
Blow and Gal et al. had led to contradictions over the
easy direction in PuFez. Both authors agreed that ( 111)
is the easy direction in UFe2 and Nppe2 but disagreed
over PuFe2. We show in this paper that (100) is the
easy axis in agreement with earlier neutron work.

Although a substantial amount has been done on these
systems, new advances in band-structure computations
have focused on the role of the 5f electrons in the bond-
ing process. In particular, Brooks et al. 'o have shown
that the 5f electrons in UFe2 hybridize with both the 3d
Fe electrons and the conduction electrons. Moreover, in
an apparent contradiction to our naive picture of orbital
moments being associated only with localized states, they

TABLE I. Properties of the AFe2 compounds as presently known. All have the fcc C15 crystal
structure. Each A atom is coordinated with 12 Fe atoms at (11)' ao/8 and 4 other A atoms at
(3)' ao/4. Values of T, and the ef'ective magnetic moment are from Ref. 5. Values of the individual
moments in the ordered state were determined by neutron di6'raction on polycrystalline samples, Ref. 6.

UFe2
NpFe2
PuFe2

AmFe2

ao

7.058
7.144
7.190
7.300

162(1)
492(2)
564{2)
613(3)

Pea
(pz/mol)

3.03(3)
4.22(2)
3.65(7)

4

0.06(1)
1.09(3)
0.45(5)

—0.4(1)

0.59(2)
1.35(5)
1.47(5)
1.7{2)

Easy
axis

&»1)
& loo)
( loo)
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show that large orbital moments are projected out of the
hybridized Sf states. It is, of course, these orbital mo-
ments that couple to the lattice to give the large
magnetic-crystalline anisotropies found in both these
compounds and ihe analogous RFe2 series. 2 Many of
these questions posed by theory, as well as a detailed
study of the magnetic anisotropy, cannot be answered by
experiments on polycrystalline samples. Thus we have
instigated a program to grow single crystals of tran-
suranium intermetallics; this paper presents the 6rst re-
port on such single crystals of PuFe2.

II. SAMPLE CHARACTERIZATION

The crystal was grown with the Czochralski technique
in a glovebox installation at the European Institute for
Transuranium Elements. The starting Pu had the follow-
ing isotropic composition as of the analysis date of May
1981: 238, 0.06%, 239, 88.95%, 240, 10.17%, 241,
0.70%, 242, 0.11%. 'Pu decays to "'Am with a 13-y
half-life but the starting fraction is already small. This is
the same Pu stock as used to prepare the single crystals of
PuSb for unpolarized" and polarized-neutron studies. '

The neutron scattering length of the Pu nucleus in PuSb

I/2

FIG. 1. Laves phase structure of PuFe2. The large circles
represent Pu, the smaH circles are Fe. In the lower Sgure is
shown an [001]projection of the structure with the z parameters
marked.

was found to be 0.800g10 ' cm. Correcting for the
scattering length' of Pu of 0.35X10 ' cm gives the
value of b ( Pu)=0.850(4)X10 ' cm at A, =0.924 A.
These values are based on a value of b
(Sb)=.0.564X10 ' and the assumption that the PuSb
crystals are stoichiometric, a point about which we have
no further details.

As to the impurities in the Pu we know from mass
spectroscopy that there are -4500 ppm Si, and —1200
ppm of both Al and Na. Other impurities are & 100 ppin
and the total fraction of magnetic impurities (Gd, Ni, Fe,
and Mn) is =300 ppm. In addition, the uranium impuri-
ties are & 100 ppm.

At the time that these crystals were produced we did
not have the capability for orienting and cutting them in
a glovebox. In fact this proved less of a handicap for the
neutron experiments than for bulk measurements. For
example, an attemjpt at Eidgenossiche Technische
Hochschule, Zurich" to measure the magnetization on
three difFerent small crystals gave inconsistent results,
and we are unable to present these complementary mea-
surements at this time. A new e8'ort is underway.

Measurements to characterize the crystal quality were
made with the sample at room temperature using the
four-circle di(Fractometer at the DR-3 reactor, Risd Na-
tional Laboratory. The crystal is an irregular piece of
weight 40 mg and approximate dimensions of 1X2&2.5
mm. because of the large absorption of Pu (o =700 b
at 1 A) the neutron penetration depth is -0.5 mm so
that accurate absorption corrections have to be made for
the integrated intensities to be useful, and with an irregu-
lar crystal this is diScult. Furthermore, the encapsula-
tion (for security reasons) of the sample with relatively
thick-walled aluminum gave nse to strong Al peaks. The
presence of these peaks made it necessary to perform ~
scans rather than ~-28 scans and use a narrow detector
aperture when collecting integrated intensities. As is well
known, this leads to a loss of integrated intensity when
the Bragg angle 8 is very difkrent from the monochro-
mator take-o8'angle 8~. Because this cutofF function was
not measured, it is only possible to compare relative in-
tensities measured within a narrow interval in 28.

The contribution to the Bragg intensity from the
coherent nuclear scattering is given by

IN(Q)=(8m /V)N„s i
X(Q) )

where the structure factor is

N(Q) = g biexp(iQ. RJ )e

where the sum is over all the atoms in the unit cell with
position R. and b and 8'denote the scattering length and
Debye-%'aller factor, respectively. Vis the volume of the
crystal, N„&& is the number of cells, and Q is the scatter-
ing vector with Q =4m(sine}/A, . A direct calculation
shows that, when neglecting the Debye-%aller factor, the
structure factor falls into six classes, see caption of Table
II. The intensity of each class was measured carefully up
to 28=90.0'. Now, by plotting lnI~(Q} against Q, com-
monly called the %ilson plot, the rejections fall on six
straight lines. Ideally, the slope of each line gives the
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TABLE II. Values determined at 4.2 K with polarized neutrons for PuFe&. N is the algebraic expres-
sion for N(Q) in Eq. (1) per molecule, y is determined experimentally, M is determined from Eq. (5) us-

ing bp„——0.84X 10 '2 and bp, ——0.954X 10 ' cm, respectively. %'e have divided by 0.2695 to give M in
cFcctivc Bohr magnctons. The product p f (Q) for the iron is derived assuming pp, ——1.73(1)ps and the
Fc elemental form factor. The term pf (Q) for the Pu is the quantity of interest; this is plotted in Fig.
4. The N values are u =bp -bp Iv 2 b=bpg o =bp + bp Iv 2 o( =2bp c =2bp -bp, f =2bp + bp„.

111
220
311
222
400
331
422
511
333
440
531
620
533
622

642
731
553
800
555
751
662
844

sln8
{A

0.120
0.195
0.229
0.239
0.276
0.301
0.338
0.359
0.359
0.391
0.409
0.437
0.453
0.458
0.478
0.517
0.530
0.530
0.552
0.598
0.598
0.602
0.677

b

6f

b

f
C

b
C

e
b

C

f

cf

f

0.86(2)
0.185(1)
0.256(1)
0.281(1)
0.287{4)
0.270(5)
0.203(5)
0.178(2)
0.180{4)
0.153(4)
0.08(3)
0.154(5)
0.123(6)
0.100(2)
0.0¹4(8)
0.135(9)
0.083(4)
0.102(9}
0.077(3)
0.05(1)
0.066(5)
0.0024(5)
0.034(3)

1.15
0.577
1.470
1.989
1.137
0.360
0.633
1,022
1.034
1,560
0.107
0.480
0.706
0.708
0.174
0.421
0.477
0.586
0.785
0.29
0.379
0.170
0.347

I I f I p.

(p~)

1.492

1.059
1.012
0.884
0.765

0.596
0.560
0.479
0.443

0.322
0.343
0.262

0.227
0.239
0.232
0.122
0.122
0.105
0.047

11f I ..
(p~)

0.482(4)
0.577(3)
0.58(1)

0.631(3)
0.57(3)
0.63(4)
0.60(4)
0.67(9)
0.60(5)
0.47(7)
0.48(2)
C.54(5)

0.35(8)
0.42(3)
0.35(3)
0.49(7)
0.32(3)
0.24(10)
0.36(4)

0.25(3}

temperature factor 8J where W~ =8J(sin 8)/A, and the
intercept values give the structure factors and thus a
direct check of the stoichiometry of the crystal. The in-
ferred 8 factors are too high (2.0 &8 & 3.0 A ), because
the low-angle reflections are magnetically enhanced.
However, if we compare the intensities at a high value of
Q the magnetic contribution can be neglected. A simple
estimate shows that for Q ~4.5 A ' the magnetic con-
tribution is less than 2.0&o of the nuclear intensity. In
Fig. 2 we show a plot of the observed (N,b, ) versus calcu-
lated (N „)structure factors for reflections ne«Q =5
A '. The data points fall on a straight line of slope 1,
showing that the stoichiometry is good and that extinc-
tion can be ignored.

ine a large number of rejections with this instrument, not
only those in a plane perpendicular to [013].

In analogy with Eq. (1) the magnetic structure factor
M(g) is given by

C

g 5.

See 4 a

III. PGI.ARIZED-NEUTRON EXPERIMENTS 2-

A. hastrumental details

The experiments have been performed using the D3
polarized. -neutron dif ractometer at the High-Flux Reac-
tor, Institut Laue-I.angevin, Grenoble. The same crystal
as examined at Risque was used. The vertical axis of this
crystal is close to [013],and this is the applied field direc-
tion in the D3 instrument. The sample eras at 4.2 K in an
applied Seld of 46 kOe. The D3 difractometer employs
the normal-beam geometry so that it is possible to exam-

I I

5 6 7

N~p f.u.

(barn)

FIG. 2. Results of nuclear intensity measurements with the
single crystal. The structure factors N,b, and N~, are de5ned
in the text. For an extinction free stoichiometric sample the ex-
perimental points should lic ou the straight hnc. Q is an aver-
age value of Q about which thc rcflcctloll 1utcllsltlcs have bccll
measured. f.u. denotes formula unit.
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M(Q) =0.2695 g lsif (Q)exp(iQ RJ }e (2) (a} Vp lluF. IIH

where p is the magnetic moment, fJ(Q) is the associated
form factor, and the sum is now over those atoms at posi-
tions R which have magnetic moments. The magnetic
interaction with the neutron occurs through the vector

(b) Vp. II& F.li & 100 &

«) f P.II& F.ll&»»

q=QX (P X Q) (3)

in which Q and p are unit vectors in the direction of the
scattering vector and magnetic moment, respectively.

In the experiment a beam of polarized monochromatic
neutrons is produced from a CoFe crystal. The wave-

length used was A, =0.924 A.. The polarization of the
neutrons P is vertical, i.e., close to the crystal [013]axis,
and the polarization eSlciency is

~
P

~

=0.98. Neutrons
can be Sipped to a state —P by a Meissner-Majorana
fhpper with a 100% efficiency. The experiment consists
of measuring the ratio 8 between the Bragg intensities
first with neutrons +P and then with —P. R is given by

Case (a) represents a simple soft magnet, as would be
found in transition-metal systems. Case (b) is that pro-
posed by Refs. 6 and 8, case (c) is proposed by Ref. 7, and
cases (d) and (e) represent interesting possibilities in
which the orbital moment locks the Pu moment in a cer-
tain direction, but the iron moment follows the field. Be-
cause of strong actinide-iron exchange we would not con-
sider (d) and (e) too hkely, but to our knowledge this has
not been examined in a microscopic fashion for the analo-
gous rarewarth iron alloys.

B. Directions of msgnetic moments

N +2(P q)NM+(q q)M2
N —2(P q }KM+(q q)M

(4)

Equation (4) contains explicitly the direction of the
moments in the expression for q, Eq. (3), and the interac-
tion with the direction P. Solving Eq. (4) we may obtain
an expression for

where we have abbreviated N(g) to N, etc. We have also
taken the vectorial aspect of M in Eq. (2) and factored
out the magnetic moments. As we shall see this is a valid
assumption.

Normally in a polarized-beam experiment as per-
formed on D3, the magnetization of the sample is parallel
to the neutron polarization direction and to the applied
field H. In this experiment these conditions are not
fulSled, and it may be asked whether the lack of parallel-
ism between the magnetic moments in the crystal and the
applied field has any consequences for the interpretation
of the results of the experiment. As a neutron ap-
proaches the crystal it is subject to a field which is the
sum of the applied field plus that of the magnetic dipole
corresponding to the magnetization of the crystal. The
dipole Seld due to a crystal of volume -5 mm with mag-
netization -20 kOe is very small compared to the ap-
plied Seld of 46 kGe, so the resultant Seld is about 6
away from H. The neutrons will start to precess about
this direction, giving an efFective depolarization propor-
tional to the cosine of this angle, which for our purposes
can be considered as unity, i.e., a negligible elect. Inside
the crystal the magnetic induction with which the neu-
tron interacts is the constant external applied field plus a
periodic Seld due to the magnetized electrons which pro-
duces Bragg scattering with a change in spin direction of
the scattered neutron. However, so long as there are no
regions, such as domain waBs, in which the neutron is
subject to aperiodic Seld reversals, there should be no
depolarization of the neutron beam.

For the PuFe2 crystal there a number of possible direc-
tions for pp„and pF, . %e shall assume both Fe atoms in
the asymmetric unit have similar moment directions. Of
the many possible arrangements we may select the five
cases below:

y(Q) =M(Q)!N(Q) (5)

in terms of the measured Sipping ratios R (Q). In each
case (a) to (e) above there will be a different relationship
between y and 8 because these cases correspond to
di8'erent q vectors. As an example we may examine the
set of t220I reflections that have been measured. The
I220j reSections come only from the Pu atoms so they
can tell us uniquely the direction of p,p„, as well as the
product pf (Q). The six independent refiections are given
in Table III. Since there is only one correct value of
y(220) we are interested in the internal consistency of the
various y(Q) values. The best measure of this is the
internal I calculated from the distribution of values.
These X values range from less than 5 for the [001]direc-
tion to absurd values of over 1000 for the [111]and [Tl 1]
axes, both of which make an angle of 43' with H. Since
the [001] is only 18' from H, it is not surprising that pl!H
gives a reasonable internal consistency (X less than 50),
but it is still considerably poorer than that with @~~[001].
We can thus eliminate cases (a), (c), and (e). Similarly we
may examine a refiection such as I222I for the Fe mo-
ment direction, since this has no contribution from Pu.
Here we find that y,F,~~[001], essentially eliminating all
cases except (b).

In concluding this section by confirming cases (b)
above, ypg~~pp, )( &100&, it is worthwhile poillting out the
power of this technique —for example at looking at more
complicated ferromagnets or ferrimagnets such as
Nd2Fe, &B. Depolarization is certainly a potential prob-
lem; however, if consistency such as shown in Table III is
found then depolarization can be neglected. In our case,
because of the consistency, depolarization is certainly less
than -5%, and probably negligible. It can, of course, be
measured directly by looking at the transmitted beam,
but with such a small crystal (maximum of 4 mm in
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TABLE III. Examination of the I 220) and t 311 I type retlections. R ig) is the measured llipping ra-

tio, Eq. (4). The final three columns give the derived y(Q) values assuming certain directions from the

magnetic moments. The 6nal rows give the weighted mean values and the g2 of the distribution. Stan-

dard deviations in parenthesis refer to the least signi5cant digit.

2
—2
—2

0
0
2

0
0
0

—2
—2
—2

X/molecule

1.96(1)
1.95{3)
1.97(2)
1.42(2)
1.35(1)
1.64(2)

/
y(001) i

0.185{1)
0.183(7)
0.187(7)
0,183(2)
0.17(2}
0.19(2}

i y( —1»)i

0.234(2)
0.303(2}
0.236(4)
0.121(5)
0.43(2)
0.17(4)

0.176(1)
0.174(4)
0.177(3)
0.160(6)
0.14(3)
0.15(4)

0.185( 1)
0.3

0.30(11)
1614

0.172( 16)
36

3
1

—1

1

3
—3
—1

3
—1

—3

—1

3
—3

3
1

—1

3
—1

3
1

—3

1

—1

—1

1

—1

—1

—1

—1

1

—1

1

1y&2b,„
+bF,

2.56(3)
2.58(3)
2.02(2)
2.64(3)
2 41(2)
2.29{1)
2.61{4)
2.19(2}
2.59(2)
2.47(3)
2.59(3)

0.266(3)
0.253(3)
0.243(4)
0.261(3)
0.259(2)
0.256(3)
0.253(4)
0.254(3)
0.253(3}
0.256{4)
0.253(3)

0.279{3)
0.336{4)
0.448(8)
0.334(7)
0.3584', 4)
0.262(3)
0.330(5)
0.497(6)
0.337(3)
0.269(3)
0.337(3)

0.240(3)
0.233(3)
0.263(4)
0.238(7)
0.225(2)
0.241(2)
0.235(4}
0.289(3)
0.234(2)
0.230(3)
0.234(3)

mean 0.256(1)
3

0.32(7)
215

0.239(18)
39

cross section) this in itself is subject to experimental un-
certainties.

C. Determination of magnetic form factors

In the previous section we have identified the magnetic
moment direction, now all the data can be processed giv-
ing the results in Table II. Although we have in fact
least-squared these data to fit the parameters discussed
below, it is instructive to discuss a few individual points.

First, there are three rellections (222), (622), and (662)
that come from Fe only. The observed values of pf are
shown in Fig. 3 as a function of (sine)/A, . The solid line,
which is the experimentally observed curve of Fe met-

al, 's's is clearly a very good lit to the points. In cubic
systems the 3d form factors may also show anisotropy
due to the T2g or Eg crystal-Seld con5guration. This

may be pvritten

f(g)=&J, &+(-', y —l)~„„,&J, &, (6)

14

1.2
g

1.0

04

TPR

where

&j;(Q)&= J U3q(r)j;(Qr)d» (7)

and U3&(r) is the radial spin-density distribution of the
3d elec«ons; j;(Qr) are the spherical &easel functions.
For spherical symmetry y=0.4; y is the parameter giv-
ing the occupation of E orbitals and in pure Fe is
0.53+0.02. The factor AI, I,I is a geometric function of

0.2
I

06
I I

0.8
Iia at'Ii(N

FIG. 3. The solid points are those from rejections with con-
tributions from the Fe atoms only. The solid curve is the ele-
mental Fe form factor fit through the points and giving an iron
moment of 1.73 p~.
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the reAection indices.
We have tried to reSne the parameter y to give either a

Tzs or Es occupation but the result is not statistically
signi6cant, probably because of our lack of accurate data
at high (sin8)/A, . As a result we have put @=0.40, cor-
responding to a spherically symmetric distribution of 3d
magnetization density around the Fe nucleus, and used

only (jo) as the form factor for iron in PuFe2 (Table II).
To determine (pf)p„we have first the Pu only

re6ections in Table II; however, to deduce the values we

need bp„. As discussed earlier, we expect bp„-0.80
based on our work' on PuSb, which used the same Pu
starting material. With the present set of data we can
internally assess the bp„by minimizing the distribution of
(pf)p„about the smooth curve (the theoretical basis for
this is given in the next section). On performing this we

find bp„=0.84(2) in PuFez. Recalling that these values

reflect not only scattering lengths, but also

stoichiometries, we regard this agreement as satisfactory.
Varying bp„has a negligible elect on the analysis of the
Pu form factor, although it is of course correlated with

Pru

IV. THE FORM FACTOR OF Pu

A. Experimental analysis

tor, ' but despite an attempt to analyze this term (by im-
posing tetragonal symmetry) we do not obtain a statisti-
cally signiScant EC2. The assumed form factor has then
a very simple form

f(g) =&1.(g) &+C,&J,(g) &,

and the only parameters are p, the intercept at Q =0, and
C2. Relining these parameters gives

pp„——0.39(2}@~,

Ci ——6.0(2) .

The Pu form factor is shown in Fig. 4.

8. Theoretical considerations

Before continuing with comparisons with other Pu
form factors it is useful to consider the form factor from
first principles. We shall confine our discussion to the di-
pole approximation which, like our Eq. (11), involves
terms only in (jo) and (j2 ). Following Marshall and
Lovesey' we may write for a system in which S, I., and J
are good quantum numbers that

ruf (g) =2(&)(jo(g) )+ (& )((jo(g) )+ (j,(g) ) )

=(2&S&+ & L) )(J.(g) &+ & L & &j,(Q) &,
A convenient starting approach for the magnetic form

factor of Pu is that found for Pu + in PuSb. Here we

expand Eqs. (6) and (7) to write

f .(Q}=&jo&+C &j &+C &j &+C,&j ) (g)

since @=2(S)+(L),we write

f(g)=&1.(g) &+ &j,(g) &,2S+ L
(12)

(ji(Q)) = J Usf(r)j;(Q~)« (9)

which must be compared with Eq. (11)to give a definition
of C2. In the case of single-component SLJ states, this

gives

with the quantities in Eq. (9) similar to those in (7), ex-

cept that we must now deal with the radial wave function
for the 5f electrons, Usf (r ). These functions are tabulat-

ed by Desclaux and Freeman' and have the feature that
«Q =0, (j2 ) = (j4 ) = (j6 ) =0. (ji ) has a maximum
of 0.21 at (sin8}/A, =0.35 A ' and the other functions
have smaller maxima at higher Q values. Although we
were able to detect a C4 value of = —0.2 in PuSb (Ref.
12), the present form factor in PuFez is not as accurate
and we can readily put C4 ——C6 ——O. Since the moment is

along [001] the magnetic symmetry is tetragonal and the
leading term describing the quadrupole moment has an
axial term depending on the angle between the scattering
vector Q and the [001] quantization axis; in spherical
harmonic notation this is the angle e. The form factor
then becomes

f (Q) = (jo(g ) ) +(C,+&C»n'e)( j,(g ) ) +

Pu FORM FACTOR

0.4 0$ 0.8
Sin8/A, (A )

Notice here that the only vectorial dependence off (Q) is
in the term b,Cz, since (j;(Q) ) are functions only of the
magnitude of Q.

The shape of the quadrupole distribution (prolate or
oblate depending on whether hC& is less than or greater
than zero) is an interesting feature of any Pu form fac-

FIG. 4. The experimental points for the Pu form factor in
Pupez. The open circles are those from re8ections with contri-
butions from Pu atoms only. The sohd circles contain contribu-
tions from the Fe site, for which we have used the form factor of
Fig. 3. The solid hne is a best fit (see text) with C2 ——6.0 and the
dashed hne is a best fit using the value of C2 ——3.8 found in
PuSb.
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J(J+1)+L(L +1)—&(5+1)
3J(J+1)+S(S+2) L—(L +1) (13)

and by algebraic rearrangement we can also show that

C,=' ', (14)

where g is the Lande splitting factor. It should be
remembered that the expressions here are approxima-
tions; nevertheless, they show that a large C2 is associat-
ed with a small g and a corresponding cancellation of S
and L components. The largest value of Ci is found in
Sm + compounds, ' in which the Russell-Saunders cou-
pling scheme with S=—,', L =5, and J =L —S=—,'is a
good approximation. For Pu3+ intermediate coupling~
mixes in higher-lying S and L states so that the ground
state is only -65% the H state. This leads to an in-
crease in g from 0.286( —', ) to 0.414 and a corresponding
reduction in Cz. The values calculated taking into ac-
count all terms in (j2 ) are given in Table IV.

To show the difference between the f(Q) for Pu in
PuFe2 and PuSb we have performed, a least squares on
the PuFe2 data with C2 fixed at its value in PuSb (3.8)
and the result is shown as a broken line in Fig. 4. The
moment obtained is 0.53IM&. Clearly, this curve 5ts the
data at small (sin8)/A, very poorly.

V. MSCUSSION

TABLE IV. Values of the magnetic moment and the C2
coeScient for various Pu ground states. I 8 and I 7 are possible
crystal-6eld states of the ion in a cubic crystal. The experimen-
tal value for PuSb is from Ref. 12.

%ave function

Free ion

r7

1.036
0.760
0.345

3.80
3.62
4.48

Experiment
Experiment

PuSb
PUFe2

0.745%0.020
0.39+0.02

3.80+0.07
6.0%0.2

A. Magnetic anisotroyy and Fe form factor

Our measurements show clearly that (100) is the easy
direction of both the Fe and Pu moments in PuFe2. Ear-
lier measurements on polycrystalhne samples demon-
strated that very large anisotropy exists in these systems.
We can safely assume that this arises from the orbital
moment of the Pu magnetization and its coupling to the
lattice. It would be interesting to study the evolution of
the tetragonal distortion and its magnitude at low tem-
perature. A study of this sort was already reported ' an
NpFe2 and NpNi2, both which have ( 111) easy axes, and
therefore exhibit rhombohedral distortions.

The measurements by Aldred' on polycrystalline sam-
ples obtain a total moment of 2.3(1))ua/mol, which is far
below the value of 0.39(2}+2X1.73(1)=3.85(4)p&/mol
found by the present measurements. Assuming in6nite

anisotropy about a (100) axis the magnetization value
from a polycrystalline sample with random orientation
should be 83.2% of the true value, whereas in this case
the relationship is 60%. Even allowing for a 10%
conduction-electron polarization leaves an appreciable
discrepancy. A possible reason for this discrepancy (sug-
gested to us by the referee) is that the anisotropy freezes
the moments along certain cube axes and these do not ro-
tate when a fIeld is applied. The above value of 83.2% as-
sumes, of course, that the moments rotate to the cube
direction closest to the applied Geld, but the anisotropy
energy may prevent this. One way to test this would be
to cool the sample through T, in a Seld, but since T, is
above room temperature (564 K), this is a relatively
diScult magnetization experiment with a plutonium sam-
ple.

The iron form factor (Fig. 3) is found to be indistin-
guishable from that of pure Fe. This is not surprising„
the iron 3d magnetic moment is 1.73(1)pa in PuFez and
2.2)uii in Fe metal. The Fe atom in PuFez is surrounded
by six Fe atoms at 2.54 A, whereas in bcc Fe there are
eight nearest neighbors at v 3a,i/2=2. 50 A, so the envi-
ronment is very little changed and the strong Fe-Fe hy-
bridization gives rise to a Fe-like 3d band. What is more
surprising is that the 3d moment on Fe in UFez is so
small, see Table I [Yessik~~ obtained values for
0.030(5)pa and 0.38(2}p& on the uranium and Fe sites, re-
spectively, but Aldred showed that the crystals used by
Yessik were nonstoichiometric. Most probably the re-
sults in Table I represent those for stoichiometric I.aves
phases]. Brooks et al. ' have performed band calcula-
tions for UFe2 and show that there is a strong hybridiza-
tion of the Fe 3d and U 5f electrons and that the materi-
al is only just ferromagnet, with a small Fe moment.

8. Plutonium form factor

In the case of the Pu form factor (Fig. 4) we note that
for a large C2 value (see Table IV) we need a small g
value Eq. (14} or, equivalently, a large cancellation be-
tween S and L Eq. (14). There are number of ways to ar-
range this, and we shall first start by looking at the analo-
gous Sm compounds. These have a 4f configuration and
also a small g value. To our knowledge single crystals of
SmFe2 have not been examined with polarized neutrons,
although it is known that the easy axis is ( 111). In addi-
tion to Sm metal, ' results on the compounds SmAlz
(with the Laves phase), SmCo~, and SmZn have been re-
ported. SmAI2 also has (111) as its easy axis and it
can be argued directly from the Steven's factors that be-
cause of prolate nature of the charge density for both the
Sm + and Pu + ions the (111) each axis would be ex-
pected in a cubic Laves compound. Since PuFe2 has a
(100) easy axis, this is the first discrepancy. A similar
discrepancy between PuSb, which also has a (100) easy
axis, as compared to Sm$1, which has a ( 111),has been
ascribed by Cooper and his colleagues to anisotropic
hybridization eN'ects. No calculations have yet been per-
formed in systems in which strong 3d hybridization can
be expected, as in PuFe2, so this comparison cannot yet
be extended.
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For the Sm compounds the nature of the crystal-field

interactions is reasonably well known. For example, in

SmCo5 the whole manifold of six states extends over
-1200 K in energy. Moreover, since the single-ion,
spin-orbit parameter in Sm + is —1100 cm ' (1580 K)
the excited state multiplet (J=—', ) lies only —1400 K
above the ground state. %'hen the fuB matrix is diagonal-

ized, including exchange interactions, the ground state
includes a small amount (between 4 and 15%) of the
J=—', state. The excited crystal-field states, which can

easily be populated at room temperature, contain even
more of the J =—,'state, and at higher temperatures in

SmCo& the spin and orbital moments almost cancel. In
this case C2 can be very large. This argument was first
presented by de Wijn et al. in their attempts to analyze
the results of Sm metals. At first glance, therefore, such a
large C2 as we have found in PuFez would seem to be
explicable with a crystal-field scheme. However, the
spin-orbit parameter in Pu + is twice as big at -2260
cm ' (3250 K) as in Sms+. The result is that the J=—,'
excited state is at -5000 K, and ria appreciable mixing is
possible unless the crystal fields are much bigger than we
anticipate from ionic systems. The ground state con-
tains components with diferent S and I. values (this is
what we mean by intermediate coupling), but all within
the J=—,

' manifold. The efFect is then to raise g (from —',
to OA14) and hence reduce C2 as compared to the Sms+

case. The values in Table IV therefore represent our best
expectation for the Pu + ion and have a maximum value
of -4.5. The moment of the I"7 state in Table IV is also
close to that found in PuFe2, although the easy direction
oft el douMetis (111).

The above arguments show that close analogies to the
Sm compounds do not exist, despite the similar shape of
f(Q). Instead, we believe that the explanation of the

large Cz coeScient must come from a detailed considera-
tion of the hybridization of the electron wave functions
that occurs in these actinide intermetallics. The general
extent of electron hybridization in actinide intermetallic
compounds has been covered recently in a review article
by Johansson et al. , and Brooks et al. ' have con-
sidered the particular case of UFez. In none of these
cases, however, have the authors projected out the partic-
ular expectation values of (S) and (I.), from which a
value of Cz may be estimated by using Eq. (12). Further-
more, a large value of C2 (of -6) has been reported~ for
the compound UNi2, which has the hexagonal
modification of the Laves phase. In this case the moment
is very small (-0.08isa ) on the U site so the form factor
lacks the precision of that we have determined in PuFe2,
but the characteristic maximum at (sin8)/A, -0.2 A is
still there.

In conclusion the Pu form factor clearly represents a
most sensitive method for examining the electron wave-
function ground state. Whereas in PuSb the f (Q) could
be understood with a definite crystal-field ground state, '2

in the case of PuFe2 the situation is more complex. Our
results suggest the need to consider a band electron pic-
ture, with a strong cancellation of the spin and orbital
moments. This is in agreement with general theoretical
reviews of these systems, but we lack any definite predic-
tions with which to compare our experimental results.
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