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Studies of magnetic properties of cubic Laves-phase compounds of Np have been performed using the
Mossbauer effect of the 59.5-keV transition in -'"Np. The compounds studied were NpA1„NpCo„
NpNi„NpFe„and NpIr, . Hyperfine-interaction parameters and ordering temperatures were deduced
from these measurements. If the values of H(T)/H(0) are plotted as a function of T /T&, the points

(except those of NpFe, ) lie on the molecular-field-theory curve for )=1/2. Quadrupole interactions
were found to be very small. This behavior is consistent with the assumption that the ground
crystalline state in these compounds is an isolated Kramers doublet. Relaxation phenomena were

observed in the spectra. The spectra could be fitted by assuming relaxation effects within the Kramers
doublet with a relaxation time of ~ 4 X 10 " sec, Isomer shifts were measured and found to change

regularly with the size of the unit cell.

I. INTRODUCTION

A detailed study of the magnetic properties of
cubic Laves-phase intermetallic compounds of nep-
tunium has been performed utilizing the Mossbauer
effect of the 59. 5-keV transition in Np. Recoil-
less absorption spectra were obtained for NpM~
(M=Al, Co, Ni, Fe, Ir) compounds at various
temperatures from 1.9 K to above the respective
ordering temperatures. From the spectra ob-
tained, the magnetic hyperfine fields acting on the

~ Np nuclei in the various compounds at different
temperatures and the ordering temperatures could
be determined. The fields at magnetic saturation
were found to vary significantly from one compound
to the other. The diversity of the values found for
the hyperfine fields indicates that the behavior of
the 5f ions is quite different from that of the 4f
(rare-earth) ions in similar compounds. In the
rare-earth region, the crystalline-electric-field
interactions are weak relative to the spin-orbit
interaction and J is a good quantum number. In
ordered rare-earth intermetallic compounds at low
temperatures the exchange interaction is usually
stronger than the crystalline-field interaction and
the ground state of the rare-earth ion is almost a
pure J,=J state. This leads to an effective mag-
netic field at the nucleus, which is close to the
free-ion field. In the actinide compounds, on the
other hand, the exchange interaction is usually not
large compared to the crystalline-field interaction.
The hyperfine field may depend therefore on the
size of the crystalline-field parameters B, and Bs
and on the size of the exchange field. The crys-
talline-field interactions are expected to be not
very weak compared to the spin-orbit interaction

and J mixing might be present in the various ionic
levels. The situation in Np (and other actinide)
metallic compounds might even be more compli-
cated. For compounds with relatively small Np-Np
distances (as, e.g. , in a-Np), ' the 5f electrons
are probably not localized, but are hybridized into
rather wide conduction bands. In such cases the
Np ions may even lose their paramagnetic charac-
ter. In addition, in magnetic metallic compounds,
one should expect a contribution to the hyperfine
fields from polarized conduction electrons, which
might be quite large and different in the various
compounds. It is therefore not surprising that the
hyperfine fields vary significantly from one Np
compound to the nther.

In the experimental spectra obtained in the pres-
ent work, some of the individual absorption lines
are significantly broadened and indicate clearly the
existence of relaxation phenomena. The spectra
cannot be fitted assuming the existence of one stat-
ic effective magnetic field acting on the Np nuclei.
A priori, very little is known about the nature of
the ionic levels associated with the observed relax-
ation phenomena. We have therefore used in the
first stage a general relaxation model described
by Wegener for the analysis of the experimental
spectra. In this model, no specific assumptions
concerning the character of the ionic levels are
made. Relatively good fits to the experimental
spectra were obtained using this model. This mod-
el introduces an average time-independent field
H, «and a time-dependent fluctuating field h(t) so
that the field acting on any nucleus at any time is
given by H(t) =H,«+h(t). It is based on the follow-
ing three assumptions: (i) The influence of the
nuclear spin on the ionic spin is negligible. This
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I' = I'o+y~ (m„mp), (2)

where I'0 is the FWHM of a Mossbauer absorption
line in the absence of relaxation broadening and

yI(m„mo)=2v (m„mo}(hg)vg/ff

is the broadening of the individual absorption lines
caused by relaxation effects. (ho~) is the average
of the square of h~(t) and vl, is the relaxation time.
&(m„mp) was found to be negligible in all our
spectra. (The same expressions were obtained by
van der Woude and Dekker, though they employed
a different approach to deal with the relaxation
phenomena. ) Gabriel' and Levinson and Lubano

used other approaches to include the effect of re-
laxation phenomena on recoilless absorption spec-
tra. They arrive at explicit expressions for M5ss-
bauer spectra for short relaxation times. The
first assumption of Wegener is made by them too,
but they drop Wegener' s second assumption. They
obtain, therefore, an additional broadening of the
individual absorption lines caused by transverse
relaxation processes. Following Wegener' s nota-
tion of fluctuating fields h(t) at the nucleus, we as-
sume a longitudinal component hz, (f) as defined
above and a transverse component hr(t). . If we
denote the transverse relaxation time by v'&, we

is, in fact, the assumption of the validity of the
effective-field approximation. (ii} The precession
of the electronic spin around the direction of the
external (or exchange) field is so fast, that only
the component of the internal field in the direction
of the external (or exchange) field acts on the nu-
cleus. This assumption is equivalent to taking into
account instantaneous fluctuations of the longitudi-
nal hyperfine field only, and neglecting transverse
fluctuating hyperfine fields. (iii) Relaxation times
are short compared to the nuclear Larmor time:
v(m„m p)H, ~p/h«1, where v(m~, mp) = (g~,

gpmp)P» g and gp are the nuclear g factors, and

m, and mo are the magnetic quantum numbers of the
excited and ground nuclear levels, respectively.
p,„is the nuclear magneton and A, is the Planck con-
stant. According to this model, the recoilless ab-
sorption spectrum is a superposition of lines of
Lorentzian shape, the positions of which are given
by

E(m„mo) =Ep —v(m„mp}H, ~~+ n(m„mp), (1)

where Eo is the nuclear transition energy taking in-
to account isomer shifts and possible quadrupole
interactions, v and H,«were defined before, and
&(m„mp) is an energy shift of the line caused by
relaxation phenomena. The intensity of each ab-
sorption line is proportional to the square of the
appropriate Clebsch-Gordan coefficient for the
(m„mo) transition, and the full width at half-maxi-
mum (FWHM) of each line is given by

then obtain, according to Gabriel~ and Levinson
and Luban, an additional line broadening, given
by

yr(m, , Mp) = 2VP»(hor ) vr [go, (IP,+I,—m, )

+go (Io+Io —mo)]/h

where g„go, m„and mo were defined above and

I, and Io are the spins of the nuclear ground and
excited state, respectively.

The expression for the line broadening as ob-
tained by Gabriel and Levinson and Lubane owing
to longitudinal relaxation effects is identical to the
expression derived by Wegener3 and the total width
of an absorption line is given by

r = ro+yz (m„mo}+yT, (m„mp)'

It was found experimentally in the present work
that y& is at least ten times larger than y~, but
nevertheless, taking into account the transverse
relaxation process in theoretically constructed
spectra, improves somewhat the fit to the experi-
mental spectra. Gabriel' finds also a small second-
order energy shift, which was neglected by the au-
thors. It is assumed to be very small in all cases
and was not taken into account in our analysis.

From the analysis of the experimental spectra,
the temperature dependence of H,« for the various
compounds could be determined. It was found that
the temperature dependence for each of the corn-
pounds: NpCo» NpIr» NpNi» and NpAl~ was to a
good accuracy identical with that expected theoret-
ically for an isolated Kramers doublet split by the
magnetic exchange interaction. We have tried
therefore to fit the experimental spectra by assum-
ing relaxation within an isolated Kramers doublet.
A least-square-fitting procedure based on the
closed form relaxation formulas given by Nowik
and Wickman~ for the case of a Kramers doublet in
a magnetically ordered compound was used. In
order to explain the fact that even at low temper-
atures the spectra cannot be explained by one well-
defined hyperfine magnetic field, we had to modify
Nowik and Wickrnan' s formulas. The nature of the
modifications is discussed in Secs. II-IV.

II. EXPERIMENTAL DETAILS

The source used for the recoilless absorption
measurements of the 59. 5-keV yray of ~Np was

Am in the form of 6-at. % Am in Th. This source
gives, even at low temperatures, an unsplit emis-
sion line. The narrowest absorption line obtained
with the source had a FWHM of 1.7 mm/sec. It
was obtained, for example, with the source at 4. 2
K and a NpIr2 absorber at 77 K.

The Np cubic Laves-phase compounds were pre-
pared by arc melting stoichiometric amounts of the
metals under a dry-argon atmosphere. Metallo-
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TABLE I. Crystal parameters, isomer shifts, ordering temperatures, and hyperfine interaction constants of NpM2
compounds.

Compound

NpA12

NpNi2

NpFe2
NpIr2

NpCo2

Unit cell

7.795 ~ 0.005
7.115+ 0.005
7.135+ 0.005
7.50 + 0.01
7.055+ 0.005

Isomer shift'
(cm/sec)

0
-1.79+ 0.04
—2.4+ 0.1
-1.08+ 0.04
—2.25 + 0.04

Tc
(K)

57.0+ 1.0
28.0+ 2.0

&300
5.8+ 0.2
8.4+ 0.2

goI"NH@f (0)/h
(MHz)

2570+ 20
1960+ 20
1420 + 20
1040 + 20
860+ 10

eqQ/4h
(MHz)

10+ 10
50+ 25

135 + 20
0+ 10

20+ 20

Relative to NpA12. The isomer shift of NpA12 relative to Np02 is 0.61 + 0.04 cm/sec.
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graphic and x-ray-diff raction measurements showed
that single phases were obtained. The lattice con-
stants were determined and are summarized in
Table I. The Np metal was produced by reducing

NpF4 with Ca metal.
The absorber material, in powder form, was

embedded between two thin copper foils and encap-
sulated in a double Lucite container. The copper
foils ensure the homogeneity of the absorber tem-
perature. A 0. 08-in. -diam gold- chromel ther-
mocouple was embedded inside the absorber pow-
der. The double Lucite container was used in or-
der to minimize the possibility of any contamina-
tions. All the absorbers were about 150 mg/cm
thick.

Measurements were carried out for absorber
temperatures between 1.9 and 125 K. The oven
used for heating the absorber to temperatures
above 4 K has been previously described. The
heating current was controlled by a temperature
stabilizer. The temperature stability was better
than + 0. 1 K. Temperatures below 4. 2 K were ob-
tained by pumping above liquid helium.

A constant-acceleration Mossbauer drive system
was used. In measurements below 4. 2 K the veloc-
ity was transferred into the cryostat through an
"Edwards Wilson seal. " Calibrations with a Co
in Pt source and a Fe&03 absorber, with and with-
out the seal, proved that the seal did not have any
effect on the motion of the source. The 59.5-keV
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FIG. 1. Unsplit recoilless absorption spectra of the
59.5-keV y rays of Np in NpCo2, NpNi2, NpIr2, and
NpA12.
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FIG. 2. Recoilless absorption spectrum of the 59.5-
keV y rays of Np in NpFe2 at 4.2 K. The solid line is
the theoretical spectrum using the parameters given in
Table I.
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y radiation was detected by a 3/8 x 2-in. Nal(Tl)
scintillation counter with a Be window.

NP Ir2

III. EXPERIMENTAL RESULTS

All the compounds investigated in the present
work (Nplro, NpCoo, NpNio, NpFeo, and NpAlo)

were found to be magnetically ordered at low tem-
peratures. The experimental spectra of NpAl~ ob-
tained in this work are very similar to those ob-
tained previously by Dunlap et al. and by Stone
and Pillinger. "

The absorption spectra of NpCo2, NpNi2, NpIr~,
and NpA1& at temperatures above their respective
ordering temperature are shown in Fig. 1. From
these spectra the linewidths and isomer shifts were
determined. The results obtained are summarized
in Table I. Because of the high ordering tempera-
ture of NpFe» we could not carry out measure-
ments above its Curie temperature. The isomer
shift of NpFez was determined from a split spec-
trum obtained at low temperatures. The spectrum
of NpFez at 4. 2 K is shown in Fig. 2. The narrow-
est linewidth FWHM was obtained with the NpIr2
absorber. Its FWHM was 1.71+0.05 mm/sec.
This is about 25 times the natural linewidth (2I'o)
as calculated from the half-life of the 59.5-keV
level of 3~Np. The FWHM obtained in NpNiz is
more than twice the linewidth obtained in NpIr~.
This broadening is probably caused by relaxation
times not fast enough to narrow the line to its nat-
ural width.

The isomer shifts of the NpM~ compounds rela-
tive to a NpOoabsorber are between+0. 61 and —2. 8
cm/sec (see Table 1). If these shifts are compared
to those obtained in Np salts, it is seen that they
lie between the regions corresponding to 4+ and 5+
charge states of Np. This tends to indicate that the
Np ions in the Laves-phase intermetallic com-
pounds are probably in a 4+ state, ' the extra shift

100.0 ~~ ww~ev V

98.0 6.3 K

100.0

9 9.9
m

100.0

K

995

I 0 0.0

K

996- K

9 9.2
i l I I I I I i I I

1000 - ~
I

9 9.8

9 9.6
i I I I I I I I I I I

-4 -2 0 2 4

VEL 0 C I T7 cm/sec

FIG. 4. Recoilless absorption spectra in NpIr2. The
solid lines are the theoretical best fits using Gabriel' s
theory. The parameters of the fits are given in Table II.
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being caused by the conduction-electron density at
the nucleus.

The shapes of most of the spectra clearly reveal
the effects of relaxation phenomena. Only the
NpA12 up to 25 K and NpFe& spectra at low tempera-
tures could be fitted by assuming the existence of
one static effective magnetic field and an electric
field gradient (EFG) acting on the Np nuclei. Least-
square computer fits to these spectra were per-
formed: The position of a line corresponding to
the transition between the sublevel m, and the sub-
level mo is

-4 -2 0 2 6

V E L 0 C I T Y cm/sec

FIG. 3. Recoilless absorption spectrum in NpCo2 at
7.2 K. The solid line is the best fit obtained using
%'egener's theory. The dashed line is the best fit taking
into account transverse relaxation effects.

E(m„mo) =4E+v(m„mo)K n

eqQ, [3m, —I, (I,+ 1)]
4I, (2I, —1)

eqgo (3m o —Io(Io+1)]
4Io (2Io —1)

(6)
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FIG. 5. Recoilless absorption spectra in NpCo2. The
solid lines are the theoretical best fits using Gabriel' s
theory. The parameters of the fits are given in Table III.

where Q, and Qo are the quadrupole moments of the
nuclear excited and ground states, respectively,
~E is the isomer shift, H,« is the magnetic hyper-
fine field, and 'q is the EFG acting on the Np nuclei.
All other parameters were defined in Sec. I. In
the analysis, the values of g, /gs were taken as
0. 537 and the value of Q, /Qs was taken as 1.0."
Nuclear-polarization effects (the different popula-
tion of the nuclear levels at low temperatures)
were taken into account in all fittings.

slsssslsssslsssslssssls
-10 -5 0 5 10

&EL 0 C I T Y cm/sec

FIG. 6. Recoilless absorption spectra in NpNi2. The
solid lines are the theoretical best fits using Gabriel' s
theory. The parameters of the fits are given in Table IV.

For the least-square fits to all other experimen-
tal spectra, relaxation phenomena had to be taken
into account. The experimental spectra were first
analyzed by applying the theory developed by Weg-
ener, discussed in Sec. I. The fits obtained using
Wegener' s theory were quite good (for example,

TABLE II. Hyperfine interaction and relaxation parameters of NpIr2.

1.9
2.6
4.2
5.1
5.7

g~NH&f/h
(MH2', )

1040 + 20
1040+ 20
840+ 20
580 + 140

40

V OLTL
2

{MHz)

120+ 15
140 + 20
430+ 40

1250 + 300

VO~T
(MHE)

2.5 + 1.0
2.5+ 1.0
15+ 2
40+ 10

eq@/4h
(MHz)

0+ 10
0+ 20
5+ 20

T
Tc

0.33+ 0.02
0.45+ 0.03
0.72+ 0.03
0.88 + 0.04
0.98 + Q. 05

a(T)
e(0)

1.00+ 0.02
1.00+ 0.02
0.81 + 0.03
0.56+ 0.15

~Q 04
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the solid line in Fig. 3), but I'0 could not be kept
constant for the various spectra analyzed. By in-
cluding transverse relaxation effects, as suggested
by Gabriel' and. Levinson and Luban, 1"p could be

I i I I ~ I I

-10 -5 0 5 10
V E I. 0 C I T Y cm/sec

FIG. 7. Recoilless absorption spectra in NpA12. The
solid lines are the theoretical best fits usirg Gabriel' s
theory. The parameters of the fits are given in Table V.

kept constant and somewhat better fits were ob-
tained (for example, the dashed line in Fig. 3).
The solid lines in Figs. 4-7 are the theoretical
spectra obtained by least-square fitting to the ex-
perimental spectra, using Eqs. (3)-(6) given in
Sec. I. From these least-squares fits, the follow-
ing parameters were deduced: gpss y& ff —,'eqQ,
4' 0 p pf ( hg ) v g/h = v 0 17'I, , and 4v g 0 p, N ( h r ) v r/h
= v p&v &. The values of these parameters are sum-
marized in Tables II-V. The same values for
gppNH, «and 4eqQ were obtained using either Weg-
ener or Gabriel' s methods of analysis. vp&w& is
always much smaller than vp~Lv L.. As can be seen
from Figs. 4-7 the fits are quite good, though
some of them are not perfect. In Table I, the val-
ues of the hyperfine constants at 0 K (obtained by
extrapolation) are summarized. As seen from
Table I, the quadrupole interactions are very small
in NpAl» NpIr» NpCo» and NpNiz and are larger
in NpFe2. The point symmetry of the Np nuclei in
the Laves compounds is cubic, so that only the po-
larized 5f electrons may contribute to the electric
field gradients. The magnetic fields at the Np nu-
clei are very different in the various compounds.
The largest field (which is about half of the free-
ion value for Np ) is obtained in NpA12, This field
is about three times as large as the field in NpCo&
at 1.9 K.

In Figs. 8 —10, the values of gpss, „H,«and the val-
ues of vpLTL are plotted as a function of tempera-
ture. From these figures the ordering tempera-
ture of the various compounds and the effective
magnetic fields at 0 K, as summarized in Table I,
were determined. As can be seen from Tables II-
V and Figs. 8- 10, vpL7L rises first slowly with
temperature. Near the ordering temperature a
sharp increase of this parameter is seen. The in-
crease of the parameter is probably due to the in-
crease of the time-dependent fluctuation field. In
Fig. 11 the reduced effective fields [H(T)/H(0)] are
plotted as a function of the reduced temperature
T/To, where Tc isthemagnetic ordering tempera-
ture. As seen from Fig. 11, all points lie within

TABLE III. Hyperfine interaction and relaxation parameters for NpCo2.

1.9
2.5
4.2
5.7
7.0
7.2
8.0
8.2

gp&rH&f /h
(MHz)

870+ 10
850 + 10
860+ 10
735 + 15
655+ 20
586+ 15
312 + 70

-30

V OLTL
2

(MHz)

200+ 20
220+ 20
220+ 20
250+ 25
280+ 30
300 + 30
580+ 100

V pzTg
2

(MHz)

8+3
8+3
8+3
8+4
8+4

10+ 5
8+8

eqQ/4h
(MHz)

20 +20
20+ 20
15+ 20
50+ 50
50+ 50
25+ 50

0

0.23+ 0.01
0.30+ 0.02
0.50 + 0.02
0.68+ 0.03
0.83 + 0.03
0.86+ 0.04
0.95~ 0.04
0.98 + 0.04

a(r)
a(0)

1.01+ 0.02
0.99+ 0.02
1.00 + 0.02
0.85+ 0.02
0.76+ 0.02
0.68 + 0.03
0.36+ 0.08

0.04
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TABLE IV. Hyperfine interaction and relaxation parameters for NpNi2.

1.9
4.2

10.0
15.0
20. 0

g+~H.~~/h
(MHz)

1910+20
1950+ 20
1960 + 20
1870 + 30
1370+ 100

2
V OLTL

(MHz)

130+ 15
200+ 20
150 + 20
240+ 50
800+ 100

2
VOTTT

(MHz)

12+ 5
24+ 5
14+ 5
19~5
60+ 20

eqQ/4h
(MHz)

60+ 20
80+ 20
40+ 20
50+ 25
50+ 30

T
Tc

0.07+ 0.01
0.15+ 0.01
0.36+ 0.03
0.54+ 0.04
0.71 + 0.05

a(z")
H(0)

0.97+ 0.02
1.00+ 0.02
1.00+ 0.02
0.95+ 0.03
0.70 + 0.08

the limits of error on the solid line, which repre-
sents the theoretical curve of H(t)/H(0) as a func-
tion of T/Tc assuming J= —,

' in the molecular-field
approximation [H(T)/H(0)]=B«3(L/2kT), where ~
= 2kToH(T)/H(0). For comparison the theoretical
curve for J=f (corresponding to a Np

' free ion) is
also shown in Fig. 11. Such a temperature depen-
dence is expected theoretically for an isolated
Kramers doublet split by an exchange interaction.
The fact that the quadrupole interactions are almost
negligible in the cases studied (except in NpFea)
lends support to the assumption that we are dealing,
to a good approximation, with an isolated Kramers
doublet. If the Np ions in the Laves-phase com-
pounds were tetravalent, the lowest levels in a cu-
bic crystalline field for J=

& would be a I"6 dou-
blet. ' A weak exchange interaction might split
this doublet without appreciable mixing of higher
states into the ground doublet. Even if J is not a
good quantum number, the lowest level in the cubic
crystalline field could still be a Kramers doublet.
For such an isolated doublet in a cubic crystalline
field, the quadrupole interaction would be iden-
tically zero and the temperature dependence of

M c/sec

NP I) 2

H(T)/H(0) would follow the solid curve in Fig. 11.
If this assumption of an isolated Kramers doublet

were rigorously true, well-defined spectra with un-
broadened lines, showing no relaxation effects,
would be obtained at 1.9 K (as only the lower level
of the split doublet would be populated at this tem-
perature). This is obviously not the case for NpCoz,
NpIr» and NpNi2. We have to assume, therefore,
some kind of mechanism which causes a spread in
the hyperfine fields even at low temperatures. The
spectra obtained for NpCoa, NpIr» and NpNi, were
reanalyzed, making the following two assumptions:

(i) The lowest ionic Np state in these compounds
is an isolated Kramers doublet split by the ex-
change interaction. At temperatures below T~, only
this doublet is populated. Effects of relaxation
within the Kramers doublet are calculated by using
the closed relaxation formulas (based on the modi-
fied Bloch equations) derived by Nowik and Wick-
man for such a case.

(ii) A small spread in the values of the average
hyperfine magnetic field, H(T) exists. This spread
is responsible for the broadening of the lines in the
spectra at 1.9 K and has an effect on the shapes of
the spectra at higher temperatures. As mentioned
before, the spectra at 1.9 K can be analyzed by as-
suming that the positions of a line corresponding to
a m, —mo transition is given by Eq. (6). Each line
has a Lorentzian shape with a width I'(m„mo) given

PN 90 Hei'/h
1000

M c/sec

1000
PN 9o He~(/h

HpCo2

500

2
~L~OL

500
2

&.~oL
Pl re

0 0

K 0 1 2 3 4 5 6 7 8 9 10 K

FIG. 8. Values of p~+@f/h and wLvoL for NpIr2 (given
in Table II) as function of temperature.

FIG. 9. Values of ppgoH~f/h and v'LvoL for NpCo2 (given
in Table III) as function of temperature.
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are taken from Tables D-V. The solid line is the theo-
retical curve for J=~. The dashed line is the theoretical
curve for J'=y.9

by

I'( m„m )0= Fo+ B(m,g,/go- mo} (7)

B is a broadening factor constant for all the lines
of a spectrum and 10 is the narrowest experimental
linewidth observed, determined by the width of the
emission line. In the present analysis we attribute
the broadening of the lines at 1.9 K to a spread in
H and not to relaxation effects. Equation (7) is a
good approximation for the broadening effects due
to a spread in H. (It is exact if the initial lines
have Gaussian shapes, the spread in H is Gaussian
and T —I'0 is small compared to I'o. ) The values of
B (in mm/sec) which fit the spectra at l. 9 K are
given in Table VI.

According to Nowik and Wickman's formulas, '
the relaxation spectrum is a functionof thefollowing
parameters: (i) gp, „H«(0)- the magnetic hyper-
fine interaction constant corresponding to each of
the two levels of the Kramers doublet; (ii) n, —the
splitting of the doublet in the exchange field; (iii)r- the relaxation time between the two sublevels of
the doublet; (iv) I'(m„mo) —the widths of the spec-

FIG. 10. Values of p~oH&&/h and r&v« for NpA12 (given
in Table V) as function of temperature.

tral lines in the absence of relaxation effects. In
the analysis of the spectra, the value of goy„H(0)
for each compound was assumed to be equal to the
value found for goy„H~, at 0 K (Table I). It was al-
so assumed that the values of I'(m„mo) are given
by Eq. (7). B, n, and r were taken as free param-
eters in the least-square analysis. Relatively good
fits were obtained. The fits obtained for NpCo& at
5. 7, 7.2, and 8 K are shown in Fig. 12. The fits
for NpIr~ at 4. 2 and 5. 1 K are shown in Fig. 13 and
the fit for NpNi2 at 15 K is shown in Fig. 14. The
values of the parameters which gave the best fits to
the experimental results are summarized in Table
VI. From the values of d(T) derived from the fits,
values of H(T) were determined using the relation
H(T)/H(0) =tanh[6(T)/2kT]. If these values of H(T)/
H(0) for NpCom, Npirz, and Np¹3 are plotted as a
function of T/To, the points are found to lie very
well on the theoretical curve corresponding to J= —,

'
shown in Fig. 11. The good agreement between the
experimental values of H(T}/H(0} determined for
NpCo& and NpNi2 and the molecular field, S= —,', theo-
retical values show that the Co-Np and the Ni-Np ex-
change interactions are small in these compounds
compared to the Np-Np exchange interactions. Mag-
netization measurements of the RNi2 compounds,

TABLE V. Hyperfine interaction and relaxationparameters of NpA12.

4.2
25. 0
45. 0
50.0
52. 0
56.0

ggpNHef f/h
(MHz)

2570 + 20
2405+ 20
2035+ 50
1700 + 50
1460 + 100

-550

V OgTg
2

(MHz)

15+ 15
20+ 20
75+ 25

290+ 50
360+ 100

2
Vomer
(MHz)

0
0

7+ 10
10+ 5
10+ 5

eq@/4h
(MHz)

0+20
15+20
15+ 20
15+ 20
15+ 20

T
Tc

0.07 + 0.01
0.44+ 0.03
0.79+ 0.04
0.88+ 0.05
0.91+0.05
0.98+ 0.05

H(T)
H(0)

1.00+ 0.03
0.94+ 0.03
0.79+ 0.03
0.66+ 0.03
0.57 + 0.06-0.21
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FIG. 14. Recoilless absorption spectrum in NpNi2 at
15 K. The solid line is the theoretical best fit assuming
relaxation effects within an isolated Kramers doublet.
The parameters of the fits are given in Table VI.
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respectively.

IV. CONCLUSIONS

FIG. 12. Recoilless absorption spectra in NpCo2.
The solid lines are the theoretical best fits assuming
relaxation effects within an isolated Kramers doublet.
The parameters of the fits are given in Table VI.

where R is a rare-earth ion, have shown that the
Ni ion in these compounds has no magnetic mo-
ment.

It is seen from Table VI that the values of B are
about the same for all the cases analyzed [(3 ~ 1)

H P lr2

The experimental results for the temperature de-
pendence of H(T) and for the size of the quadrupole
interactions in NpCo~, Np¹ia, and NpA1~ are con-
sistent with the assumption that the ionic ground
state of Np in these compounds is essentially an
isolated Kramers doublet split by a relatively weak
exchange interaction. Similar results were obtain-
ed by Dunlap et al. "for NpOsa. In NpFe~ the ex-
change field acting on the Np ion is large, as proved
by the fact that the value of H,«(77 K) is very close
to the value of H,«(4 K). For such a large ex-
change interaction, the ionic ground state of Np
cannot be considered as an isolated Kramers dou-
blet.
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FIG. 13. Recoilless absorption spectra in NpIr2. The
solid lines are the theoretical best fits assuming relaxa-
tion effects within an isolated Kramers doublet. The
parameters of the fits are given in Table VI.
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FIG. 15. Isomer shifts of NpM2 compounds as a func-
tion of the size of their respective unit cells. (The points
for NpOs2, NpMn2, and NpRu2 are taken from Ref. 15.)
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TABLE VI. Values of parameters derived for NpCo2, NpIr2,
Kramers doublet.

and NpNi2 assuming relaxation effects within an isolated

Compound

NpCo2

NpIr2

NpNi2

Temp.
(K)

1.7
5.7
7.2
8.0

1.7
4.2
5.1
1.7

15

eq@/4h
(MHE)

20+ 20
40 +20
30+ 20
30+ 20

50+25
50+25

Relaxation time
(10 sec)

3+1
3+1
3 + 1

4+1
5+1

0.7 + 0.2

14.8 + 0.4
10.8 + 0.4
5.0+ 0.2

9.0+ 0.4
5.6 + 0.3

15 + 0.5

B
(mm/sec)

4.0+ 0.5
2.0+ 0.5
1.5+ 0.5
2.0+ 0.5

2.5+ 0.5
2.6 + 0.5
4.0+ 0.5

2.5+ 0.5
2.3+ 0.5

The experimental spectra obtained at 1.9 K show
that even at this low temperature H,« is not per-
fectly well defined. There exists a small spread in
the values of H,«which is responsible for the ob-
served line broadenings. The reasons for this
spread are not clear. Possible explanationsfor this
phenomenon are the following:

(i) A small spread in the stoichiometric compo-
sition of the samples is investigated. Some of the
lattice positions which should be occupied by the M
atoms (M =Ir, Co, Ni, Al, or Os) may be vacant
and the local stoichiometric composition of the sam-
ple may be NpM„with a small spread in x-2. The
value of H,«may then be a function of x and not be
the same. for all parts of the sample. (ii) The tem-
perature of the absorber is not uniform. The ~37Np

nuclei are z emitters. The e particles and the re-
coiling nuclei cause a temporary local heating of
their immediate environment. H,« is a function of
temperature and a spread in temperature in the
various parts of the absorbers may reveal itself as
a spread in the hyperfine magnetic fields. (iii)
There is a new physical effect. It is possible that
even for constant soichiometry and uniform tem-
perature throughout the samples, a spread in H,ff
at very low temperatures would exist. Such a
spread may be associated with the nonlocalized be-
havior of the electrons in the actinide compounds.
The exact mechanisms which may be responsible
for such an effect are not yet clear.

The present experimental results show that the
values of H,«(0) at the Np nuclei differ significant-
ly in the various Np Laves-phase compounds. If
Jwere a good quantum number, the wave functions
of the ground-state doublets of the Np ions in the
various NpM2 compounds (excluding NpFem) would
be identical (wave function of a I'6 doublet) and one
would expect the same contribution of the 5f elec-
trons to H,« in all NpM3 compounds. The diversity

in the values of H,« is probably mainly due to the
fact that J is not a good quantum number. The
wave functions of the ground doublets depend there-
fore on the crystalline-field parameters which vary
from one NpM~ compound to the other. The values
of H», produced by the 5f electrons may therefore
not be the same in all NpMa compounds. In addi-
tion, the contributions of the polarized conduction
electrons to H,«are not expected to be the same in
the various compounds.

The isomer shifts of all the measured Np Laves-
compounds fall within the region corresponding to
Np

' or Np salts. It is therefore very likely that
the Np ions are tetravalent in these compounds with
the additional shifts being caused by the conduction
electrons. This assignment is consistent with our
analysis which assumes that the ground crystalline
state of the Np ion in these compounds is an iso-
lated Kramers doublet. In Fig. 15 the values of
the isomer shifts are plotted as a function of the
lattice parameters of the NpMz compounds. (The
figure includes three points taken from Ref. 15).
It is seen that the size of the isomer shifts changes
regularly with the size of the unit cell, being the
most negative for the smallest unit cell. This indi-
cates that the smaller the Np-Np distance, the
larger is the density of s (or P, I~) electrons at the
Np nuclei. According to Dunlap et al. ,

' the de-
pendence of the isomer shift on lattice spacing is
associated with the change in the degree of localiza-
tion of the 5f electrons as a function of the Np-Np
distance. When the Np-Np distance is relatively
small, the overlap between the 5f electrons of
neighboring atoms is large and the 5f electrons are
not well localized. Hence, by decreasingthe Np-Np
distance, 5f electrons are effectively removed from
the ion and shield less the s (or P, &z) electrons
from the nuclear charge, resulting in a larger elec-
tron density at the nucleus.
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