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Hyperfine interactions of Pu and Cm in an iron matrix are investigated by applying the technique of
perturbed angular correlations of a—e cascades. The atoms are introduced into an iron foil by using the
recoil energy in a decay. The same technique could be used for measurements with a completely
magnetized foil. In both cases the degree of suppression of the angular-correlation function is close to the
“rigid-core” value (G, = 0.37). The effective magnetic fields are Bp,(Fe) = 1130+80) kG and B¢, (Fe) <100
kG. The magnetic field data for the actinides are discussed from the viewpoint of orbital magnetism of the

5 f-shell.

PACS numbers: 75.30.Hx

1. INTRODUCTION

The systematics of the magnetic field induced in fer-
romagnetic matrices on nuclei of impurity atoms point
to a truly defined dependence of the magnitudes and signs
of the fields on the structure of the electron shell of the
impurity atom, 21 A characteristic singularity is
possessed by magnetic hyperfine fields in rare-earth
atoms imbedded in ferromagnetic matrices. The prin-
cipal mechanism that ensures here the appearance of
strong hyperfine magnetic fields at the nuclei is the or-
bital magnetism of the 4f shell which lies deeply in the
atom. ' As to actinides, in which the 5f shell is filled,
the magnetic hyperfine fields are known only up to the
first few elements of the actinide series. These data
point to a noticable difference in the behavior of the
fields in comparison with the rare-earth elements. To
ascertain the mechanism whereby the fields are pro-
duced in the actinides, it is very important to investi-
gate the hyperfine magnetic fields for the heavier ele-
ments. We have investigated the hyperfine interactions,
in an iron matrix, of plutonium and curium, which lie
in the middle of the actinide series.

A favorable opportunity for systematic investigations
of hyperfine fields of actinides in ferromagnetic ma-
trices is afforded by the use of the procedure of per-
turbed angular correlations (PAC) of the a—y and a—e
cascades. The procedure has high sensitivity, espe-
cially if the cascades 0*-2'-0*, which have a large
angular anisotropy, are used. The use of cascades
with conversion electrons is preferred for the investi-
gation of actinides, because the first 2* excited levels
in these strongly deformed even—even nuclei have an en-
ergy ~43 keV and the de-excitation of the levels pro-
ceeds mainly on account of internal-conversion elec-
trons (total internal conversion coefficient ~10%). This
procedure encounters difficulties connected with the
detection of soft electrons in the flux of the «a particles,
fission fragments, and ¥ quanta, and also with the de-
flection of the electrons in the stray field of the elec-
tromagnet, which magnetizes the iron foil. In the pres-
ent study we have used a procedure that made it pos-
sible to overcome these difficulties.
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2. EXPERIMENTAL PROCEDURE

We have investigated the effective magnetic fields
acting on the nuclei of the Pu and Cm atoms imbedded
in iron by the method of integral perturbed angular cor-
relations. "’ We used the cascades 0*-2*-0* excited in
the decays #2Cm £ 23%py, 2#4Cm< #°Py and ?**Cf =~ #8Cm.
Data on the energies of the 2* levels, on their lifetimes,
the energies of the conversion electrons, the internal-
conversion coefficients (ICC) of the 2* - 0" transitions
and the anisotropy coefficients A,, and A,, are listed in
Table I.

The Pu and Cm atoms were introduced into the iron
foil by the recoil of a-decay, with a recoil energy ~ 100
keV. The geometry of the experiment was such that as
a result of the registration of the a—e coincidences
there were selected those nuclei which experienced re-
coil into the iron foils in the decay. Since the range of
the recoil nuclei in iron is =10 pg/cm?, the thickness
of the source deposited on the foil must satisfy stringent
requirements in such experiments. The thickness of the
active layers in the Cm and Cr sources did not exceed
1 pg/cm? at an activity 5—20 uCi. The Cm source con-
tained two isotopes, 22Cm and 2**Cm, with an activity
ratio on the order of 1:2. The decay schemes of the
two isotopes and the lifetimes of the 2* levels are prac-
tically the same, so that we measured the joint effects
of the two isotopes.

The magnetic moments of the 2* levels of the investi-
gated nuclei were not determined. However, for strong-
ly deformed nuclei, in analogy with rare-earth nuclei,
the gyromagnetic ratio of the first excited level of rota-
tional band is customarily assumed to be g(2*) =0.3.

TABLE I. Characteristics of the employed cascade 0*—2*—0*.

Decay Een | T2E@0 ) shen Ee |icct | ant1 | 4urd
wCm—25pu | 444 | 177G) | { L | 239 580 096 0.8
1 M | 390 160 092 003

om-wpy | 28 164G | [ Lo | 2 60 08 018
252Cf -+ 248Cm wa | 1e00 | fif ggjg 610 g’.gg 8:62
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FIG. 1. Diagram of experimental setup: 1—iron-foil source,
2—electromagnet winding, 3—detector, 4—Si(Li) conversion-
electron detector, 5—Ilead shield against fragments, « parti-
cles, and y quanta, 6—scintillation 7y detector, 7—coil of short
magnetic lens.
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In our experiments we used for the most part M con-
version electrons, since they have a higher energy and
they are less affected by the external magnetic field of
the electromagnets used to magnetize the foil. In this
case Ay, is small and in the reduction of the experimen-
tal data the corresponding term in the function of the
angular correlation can be neglected.

The experimental setup is shown in Fig. 1. The iron
foil with the source was secured in the gap of a minia-
ture electromagnet that magnetized the foil in a direc-
tion perpendicular to the detector plane. To register
the a particles we used a surface-barrier detector,
which could be rotated about the vertical axis of the vac-
uum chamber. The conversion electrons were recorded
with an Si(Li) detector placed at the focus of a short
magnetic lens with low dispersion. The lens turned out
to be necessary to remove large background and the
overloading of the electronic channel by fission frag-
ments, a particles, and y quanta of the source. To
register the a—e coincidences we used a fast-slow coin-
cidertlce circuit. The setup is described in greater de-
tail, ®

When using charged particles in the PAC procedure
it is necessary to take into account the effects exerted
on the particle trajectories by the stray field of the elec-
tromagnet that magnetizes the foil. The deflection of
the particles in the magnetic field leads to an additional
shift of the function of the angular correlation, and this
can noticeably distort the experimental results. To de-
crease the effects, the work is carried out by using the
hysteresis cycle of the residual field of the foil.'®’ In
this procedure, besides the small correction for the
deflection of the electrons in the residual magnetic field,
it is necessary to introduce a correction for the incom-
plete magnetization of the foil. This correction is ob-
tained experimentally with the aid of a source that makes
possible measurements with a-y or y-y cascades. This
procedure was used in our earlier study*® in an attempt
to determine the field at the Cm nucleus in iron. The
small shift observed by us in the angular-correlation
function (= 2°) turned out to be within the limits or er-
rors, equal to the effect of the deflection of the elec-
trons in the residual field. For the internal field at the
248Cm nucleus in iron we obtained

Bcn(Fe)<<100 kG.
When working with a 2*#244Cm source we tested out
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an improved procedure, in which there is no need to de-
termine the degree of magnetization of the foil with the
aid of another sample; the entire experiment was car-
ried out with a single sample. This procedure makes it
possible to carry out the work with a fully magnetized
foil. The influence of the stray magnetic field was
taken into account by plotting the dependence of the shift
of the angular correlation function against the external
magnetic field B that magnetizes the foil fully, followed
by extrapolation of this plot to B=0.

Figure 2 shows the experimental plot of the shift

Nt_Nt

Romiw =2 N.+N,

(N, and N, are the numbers of the coincidences at the
two different directions of the foil-magnetizing field)
against the field in the electromagnet gap, obtained at
room temperature of the source. In the case of the de-
cay #%244Cm ~23%2400py  the change of R in the region
B=0-50 G was determined by the foil magnetization
curve (see the dashed curve in Fig. 2). Starting with

B =50 G, the change of R was determined only by the
deflection of the electrons in the external magnetic field.
At small deflection angles (A6<15°) this part of the de-
pendence could be approximated by a straight line. Ex-
trapolation of the line to B=0 yields Ry, =R;—the angu-
lar-correlation-function shift connected only with the
Larmor precession of the nuclear spin in the internal
field B;. This shift turned out to be opposite in sign to
the shift due to the external field (see Fig. 2); it follows
directly from this that the sign of the internal magnetic
field at the Pu nuclei is positive. From the experimen-
tal dependence shown in Fig. 2 we determine all the
sought parameters of the perturbation of the angular
correlation. By way of control, the angular-correla-
tion function was measured in the usual manner for two
directions of the magnetic field at B=50 G (Fig. 3).
These curves were corrected for the shift due to the de-
flection of the electrons in the external field (the N, and
N, curves are moved apart in such a way that Rg_4s0
=Ra=o)-

An analysis of the data was carried out by using the
Abragam-Pound theory, ™I which takes into account the
action of the transverse magnetic field on the nucleus
and the presence of perturbation by dynamic electro-
magnetic fields:

R, %
Z -
d 248
20+
15+ }
e 238,240p, / FIG. 2. Dependence of the
shift R =2(N, —N,)/ (N, +N,)
o ¥ 100 [ 200 on the shield in the electro-
! 1 R
g N B 8,G magnet gap.
-5+ \‘
-10+ p
s 74/‘
R.
-20- *©
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FIG. 3. Angular correlation function of a—e cascade in Pu
with opposite directions of the magnetic field. The dashed
curves show the same functions but corrected for the stray
magnetic field.

34,:G;. cos2[0+A8+A0, ] 1)
4+A42.G. [1+(20),_TG::)2]"‘ !

9 W, (45°) —W, (45°) _ 64::G;;  sin 2(A0+AB,) (2)
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W, (08)=1+

Ry =

1g 200,=2G.0. 1. 0, =—gu,Bi/h, (3)

where G,, is the angular-correlation-suppression fac-
tor, w, is the frequency of the Larmor precession in
the internal field, 7 is the average lifetime of the 2*
level, and A6 is an angle that takes into account the de-
flection of the electrons in the external field. At small
deflection angles we have

26 = [ B,di/Bo~ab.

where Bp is the magnetic rigidity of the electrons. It
is seen from (2) that at small angles A6+ A6, the quan-
tity R is a linear function of B.

The experimental data were reduced by least squares
using formulas (2) and (1), and the obtained angular-
correlation perturbation parameters turned out to be
the same, within the limits of errors, for both methods,
the average values being given by G,,=0.42+0.02, w,T
=—(0.41+0.03) rad. At g(2')=0.3 we have B, =B (Fe)
=(1130 + 80) kG.

Similar experiments were performed with a 252Cf
source. It is seen from Fig. 3 that in this case R;_,=0,
which corresponds to the case of absence of a notice-
able field at the 2%Cm nuclei in iron and agrees with the
data obtained by us by using the procedure of residual
magnetization of the foil. '

Attention is called to the strong suppression of the
angular correlation, both in the case of 2%240py and
#8Cm (for *Cm we have G,,=0.37+0.06). To deter-
mine the possible causes of this suppression we have
performed experiments in which the source was cooled
to nitrogen temperatures. No noticeable temperature de-
pendence of the suppression of the angular correlation
was observed for #*Cm. '’ Nor did such a dependence
appear in the case of #%%py: at T =100 °K we obtained
G5, =0.35+0.04 and By (Fe)=(1200+200) kG. The ab-
sence of a noticeable temperature dependence of the sup-
pression factors of the angular correlation indicates
that the suppression is due to a considerable degree to
quadrupole interaction with the randomly oriented elec-
tric-field gradients. Our data (Figs. 2 and 3) should
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have therefore been reduced with allowance for the quad-
rupole suppression.? In our case such an analysis
turned out to be difficult to perform because of the prox-
imity of the observed suppression to the “rigid core”
case Gy =0.37.

It should be noted, however, that just as in the case
of the Abragam-Pound theory, inclusion of the quadru-
pole interaction leads to a strong decrease of the angle
shift A, in comparison with the angle of rotation w,7
due only to the Larmor precession.

3. DISCUSSION

Thus, for the effective magnetic fields acting on the
nuclei of the atoms Pu and Cm, introduced into the iron
matrix, we have obtained the following values:

By, (Fe) =(1130+80) kG, Bcnm(Fe)<100 kG

under the condition that g(2*) =0.3 and that the reduction
of the experimental data was carried out by using the
Abragam-Pound theory. We were the first to measure
the field for Cm in iron. In%?, a value B, (Ni) <50 kG
was obtained for the magnetic field at the 2*Cm in nickel
from the value of the suppression of the angular correla-
tion of the a—y cascade. As to the field at Pu, it was
determined in'!!’ by the method of the PAC of the y—e
cascade 2*-2*-0* in the 2®Np 2 238pu decay; the value
obtained was Bp,(Fe) =(620+120) G. The field in that
reference is patently underestimated, since the authors
did not take into account the suppression of the angular
correlation.

To determine the nature of the magnetic field in the
actinides, it is meaningful to compare the data on the
actinides and lanthanides, which have atomic shells of
similar structure. Such a comparison is shown in Fig.
4, At the present time in the actinide region, we know
the magnetic fields for Th, U, Pu, and Cm in iron and
for Np and Cm in nickel. The field for Np in iron can
be estimated by using the experimentally established
fact that the magnetic fields in the impurity atoms are
approximately proportional to the magnetic moments of
the lattice atoms. *? This yields By,(Fe)=1700 kG.

The hyperfine magnetic fields in the lanthanide atoms
are determined almost entirely by the orbital magnetism

B,G
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Ce Nd Sm Gd Dy Er Yb

FIG. 4. Comparison of the effective magnetic fields in an iron
matrix for lanthanides (solid curve) and actinides (dashed).
The small square marks the value of the field for neptunium,
recalculated from the known value of the field in nickel.
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of the strongly localized electron 4f shell. The coupling
between the electrons in these atoms is close to the LS
type, wherein the orbital and spin moments of the atoms
are oriented in the ground state antiparallel in the first
half of the 4f shell and parallel in the second half. The
exchange interaction of the impurity atoms with the iron
lattice leads to an alignment of the spin momentum 8§,
meaning also the orbital momentum L, along the direc-
tion of the foil magnetization, and it is this which pro-
duces at the nuclei a magnetic field oriented relative to
this direction, the sign of the field being reversed at
the midpoint of the 4f shell. The trivalent ion Gd*® has
a half-filled shell with electron configuration 4f7, de-
scribed by the term ®S,,,, which does not produce a mag-
netic hyperfine field connected with the orbital angular
momentum (L =0). The weak field observed for Gd in
iron is due to the polarization of the atomic core. The
magnetic fields at the lanthanide nuclei are noticeably
weaker than the hyperfine magnetic field in the free
atoms, owing to the comparatively small exchange-in-
teraction energy = 0.15 eV, {12!

The data available for actinides point to a noticeable
difference in the behavior of the fields—the increase of
the fields in the actinide series proceeds with a delay
relative to the lanthanides (Fig. 4). The field at the U
nucleus is negative, whereas Nd has a large positive
field. In the central part of both series, however, a
similarity is observed.

The difference observed for the light actinides can be
attributed to the difference between many of the proper-
ties of these actinides from the properties of the heavier
actinides, and also from the properties of the lantha-
nides. It is known that in the initial section of the acti-
nide series the 5f shell extends over a large region, and
the binding energy of the 5f electrons are close to the
binding energies of the 6d, 7s, and Tp electrons, ?! As
a result, a competition in the filling of the different
shells is observed for these atoms, and the 5f electrons
participate in the formation of the chemical bonds to-
gether with the 6d, 7s, and Tp electrons. These acti-
nides have a large variety of valences, the principal
valences of Th, Pa, and U being 4, 5, and 6, respec-
tively““; these elements are close in their properties
to the transition 5d elements Hf, Ta, and W,

The trivalent state, which is the ground state for all
the lanthanides, becomes the ground state for the acti-
nides only starting with Am. With increasing atomic
number the 5f shell becomes compressed, the binding
energy of the 5f electrons increases, and the similarity
with the corresponding lanthanides becomes more com-
plete. Zachariassen'!®! has analyzed the data on the
“metallic” radii of the actinides and has reached the
conclusion that there are no 5f electrons in metallic Th,
Pa, U, and Np, and that these electrons appear starting
with Pu. Dunlap and Lander''®’ have shown that in in-
termetallic Np compounds the 5f electrons are strongly
localized. Thus, the observed retardation in the growth
of the magnetic fields in actinides can be attributed to
the delay in the filling of the 5f shell in the initial part
of the series of the actinides imbedded in iron, It ap-
pears that the negative field in U atoms is due to the 64
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orbitals; all the transition d elements (3d, 4d, 5d) in
ferromagnets have negative fields at the nuclei. t

In the middle part of the actinide and lanthanide se-
ries, a similarity is observed in the behavior of the
magnetic fields (Fig. 4). It is known that in actinide
atoms the spin-orbit interaction is much stronger than
in lanthanides, and the LS coupling scheme is not as ef-
fective, Nonetheless, the principal components of the
wave functions of the electron configurations 5", as
shown by experiment, are described by the same terms
as the analogous 4f" configurations."® 1t is there-
fore reasonable to assume that the mechanism of forma-
tion of the fields in the central part of the actinide se-
ries is the same as for the lanthanides, i.e., the main
contribution to the hyperfine magnetic field is made by
the orbital magnetism of the strongly localized 5f shell.
The absence of a noticeable magnetic field at the Cm nu-
clei can serve as an indication that the electron configu-
ration of the Cm atom in iron is 5/ with a term 8S,,.

When the atoms enter into the iron lattice, the recoil
that takes place in the a decay causes strong distur-
bances in the crystal lattice; during the lifetime of the
nucleus in the intermediate state, the lattice recovers
only partly.®® The impurity atoms turned out to be in
this case localized in different manners: some of the
atoms are located in regular sites of the lattice, and
some in the interstices, and some are connected with
various defects. This may make the fields at different
nuclei quite different. Experiments with rare-earth
atoms imbedded in an iron matrix have shown'®’ that
approximately half the atoms are located in regular lat-
tice sites and the magnetic fields at their nuclei are
oriented along the polarization of the lattice. The re-
maining atoms become interstitial and the magnetic
fields in them are directed randomly; these atoms make
no contribution to the integral shift of the angular-cor-
relation function. Therefore our measurements per-
formed by the method of the integral PAC yield a cer-
tain average field, which may turn out to be noticeably
lower than the true hyperfine magnetic field in the atoms
located at the regular lattice sites.

The experimentally observed strong suppression of
the angular correlation is apparently connected with the
randomly directed quadrupole interactions due to the
crystal-lattice effects. In?°’ they proved the presence
of quadrupole suppression for the nuclei ?°Rn and #**Ra
in iron. If the observed suppression in the case of Pu
and Cm is attributed entirely to the quadrupole interac-
tion, then it turns out to be much stronger than in the
case of Rn and Ra; this circumstance can be explained
by the fact that the nuclei Pu and Cm have quadrupole
moments that are approximately three times larger than
the nuclei Rn and Ra.
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X-ray K-line shifts in metallic europium and samarium in

the 77-1000 K range
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(Submitted February 18, 1976)
Zh. Eksp. Teor. Fiz. 71, 1119-1121 (September 1976)

The shifts in the x-ray K lines of metallic Eu and Sm have been measured in the following phase
transition regions: the antiferromagnetic—paramagnetic transition, the structural transition aSm—hcp, and

the transition involving A-anomaly in the heat capacity. The size of the shifts permits one to conclude that
none of these transitions is associated with a change of more than 0.07 electron/atom in the number of 4f

electrons.

PACS numbers: 32.10.Fn, 64.70.Kb, 32.10.Nw, 75.30.La

Phase transitions accompanied by anomalies in ther-
modynamic, magnetic, and electrical properties are ob-
served in metallic Eu at 7, =86 K and 7,="756 K, ''! and
Sm at T]=106 K, T4=696 K, and T5=835K.'?! At the
low temperatures (T, and Tj) these are antiferromag-
netic—paramagnetic transitions; the transition at T3
=835 K in samarium has been attributed with the aSm
- h.c.p. structural transitiont®’; the nature of the tran-
sitions at T, and T3, accompanied by x-anomalies in the
heat capacity, has not been hitherto established so un-
ambiguously. It is thought that the latter may be due to
a rearrangement of the electronic structure of the met-
als e.g., thermal excitation of 4f electrons into the con-
duction band, "’

The nature of phase transitions in the rare-earth ele-
ments involving transfer of a 4f-electron to the conduc-
tion band can be very conveniently investigated by study-
ing displacements in the x-ray K lines.! We have pre-
viously used this method in studies of isomorphous tran-
sitions in metallic Ce and SmS™ 5J; it has also been used
in investigating Gd,Sm,_.S, Nd,Sm,_S, and Nd,Sm,_Se,
In the present work an experimental determination was
made of the shifts in the K, lines of metallic Eu and Sm
as a function of the temperature of the samples. The
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measurements were carried out by the procedure de-
scribed earlier®; in the case of the high-temperature
experiments (7> 300 K) the samples, in the form of
foils (20x20%0.2 mm, purity according to data from
the manufacturing factory 99.9%), were placed in quartz
ampoules filled with argon and provided with an external
heater. The temperature of the sample was determined
by the heater current which was calibrated from the
melting points of Sn, Zn, and Eu. The relative error
in determining the temperature of a sample did not ex-
ceed 4%. The absence of oxidation and of irreversible
changes in the specimens resulting from the high-tem-
perature experiments was confirmed by checks on the
shifts in the x-ray lines after the samples had returned
to room temperature,

Figure 1 shows the variation in the K -line shifts of
Eu and Sm with temperature (the shifts were measured
against identical samples at room temperature). The
analogous variations in the heat capacities C(7T) of these
metals obtained in other work!»%"! are reproduced in the
upper part of the figure, Within the limits of measure-
ment errors the Kj -line shifts of Eu and Sm were close
to zero at all the temperatures investigated. Since the
Kp,-line shifts upon total removal of a 4f-electron from
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