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The magnetic and electronic properties of NpGa, and NpSi, were studied by Mdssbauer as well as ac
and dc magnetization techniques. NpGa, orders ferromagnetically at Tc=55(5) K with a Np-ion or-
dered moment of p,4=2.39up, which coincides with the value of the saturation moment pg,,. The
paramagnetic effective moment is p.s=2.6up. The Mossbauer isomer shift (IS) of NpGa, is +15.2
mm/sec relative to NpAl,, indicating a Np>* charge state. NpSi, has an IS of +7.9 mm/sec and orders
ferromagnetically at T.=48(5) K with p,4=1.1up, whereas pg, ~0.8up. The paramagnetic effective
moment is g.s=2.1up. A comparison of our data with the results for other NpX, (X=Al, As, Sb, and
Te) compounds indicates that NpGa, is a localized 5 f-electron system, whereas in NpSi, the 5f electrons
are partially delocalized. We show that at present the magnetic properties of the NpX, compounds can-
not be consistently explained within the conventional crystal-field picture nor by taking into account hy-
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bridization dressing or using local-spin-density models.

I. INTRODUCTION

The NpX, (X =s,p-electron ligand) intermetallic com-
pounds exhibit puzzling changes in their crystallographic
structures which are accompanied by large variations in
their magnetic properties. The NpX, compounds crys-
tallize in cubic Laves phase (Fd3m), tetragonal ThSi,-
type (I4,/amd), tetragonal Fe,As-type (P4/nmm), and
hexagonal AIB,-type (P6/mmm) structures. NpSb,
forms the orthorhombic LaSb, structure. The Np Np
spacing in the noncublc NpX, phases is about 4 A, and,
by the Hill criterion,! these compounds should all be
magnetically ordered. In the present systems, this expec-
tation is generally confirmed experimentally except for
NpTe,, which remains magnetically unordered down to
1.2 K. The magnetic behavior can be attributed to the
sensitivity of spatial distribution of the 5f-electron wave
functions to anisotropic hybridization with nearest-
neighbor orbitals especially in a noncubic environment.?
Recently it has been claimed that orbitally driven aniso-
tropic hybridization leads to ““crystal-field dressing” and
a local magnetic moment could develop.?™* Particularly,
unfilled s and p bands of the appropriate symmetry near
the Fermi energy mix with 5f crystal-field levels of the
same symmetry, causing hybridization dressing of the lo-
cal Np 5f levels.? Anisotropic hybridization may give rise
to a coupling between orbital moments establishing mag-
netic order and an effective crystal-field splitting. This
results in a fine structure in the 5f bands. Thus, orbital
moments are observed even in highly itinerant-electron
systems.>> On the other hand, anisotropic hybridization
may cause a suppression of the magnetic moment, as, for
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example, in CeTe and PuTe as described in Ref. 2. We
shall discuss the magnetic behavior of the NpX,
(X =Al,As,Si,Ga,Sb,Te) intermetallics in terms of this ap-
proach reviewed in Refs. 2 and 3.

From the Mossbauer isomer shift (IS) data, we argue
that the Np ion in this family could be close to 3+
charge state. The hybridization dressing of the
crystalline-electric-field (CEF) states introduces a com-
plex level structure that cannot consistently be described
by presently available models.

II. EXPERIMENTAL

NpGa, was prepared by arc melting stoichiometric
amounts of neptunium and gallium in a dry argon atmo-
sphere. X-ray- (Guinier) diffraction patterns showed that
the sample consisted of a single hexagonal AIB,-type
(space group P6/mmm) phase with the lattice parame-
ters a =4.259(3) A, ¢ =4.077(3) A in good agreement
with the values given previously.® The sample was
powdered and sealed in an aluminum container for the
Maossbauer experiments, and in a highly pure plastic con-
tainer’ for the magnetization measurements.

NpSi, was prepared by a similar technique. The phase
obtained also contained ~10% of NpSi;. NpSi, does not
order magnetically down to 4 K and thus contributes a
single absorption line of a different IS which was taken
into account when evaluating the Mossbauer spectra.
NpSi, crystallizes in a tetragonal structure Uy, /amd)

with lattice parameters a =3.968(6) A, ¢ =13.715(20)
A.

2'Np 60-keV Mossbauer transmission experiments
were carried out between 4.2 and 60 K in a conventional
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variable-temperature cryostat.® The Mossbauer source
was 'Am (6%) in the Th metal matrix of full width at
half maximum (FWHM) of 1.8 mm/sec. The dc magneti-
zation measurements were performed with a vibrating
sample magnetometer. The ac susceptibility results were
obtained with our low-field (=8 G), triple-coil suscep-
tometer, which is described elsewhere.’

III. RESULTS

A. NpGa,

The dc and ac susceptibilities of NpGa, between 20
and 100 K are shown in Figs. 1(a) and 1(b). The dc mag-
netization as well as the cusp at about 56(3) K are indica-
tive of a ferromagnetic transition at this temperature
(T¢). The reciprocal susceptibility at elevated tempera-
tures [inset Fig. 1(a)] shows a Curie-Weiss behavior in the
temperature range 150-230 K with a paramagnetic
effective moment of p.=[2.6(2)]up and a paramagnetic
Curie-Weiss temperature ® =78 K. Below 100 K, the
effective moment increases slightly, a phenomenon we at-
tribute to crystal distortions similar to that observed in
UGa,.!% This feature will be discussed below.
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FIG. 1. (a) dc magnetization of NpGa, as function of temper-
ature at an applied magnetic field of 0.3 T. The reciprocal sus-
ceptibility data at elevated temperatures are inserted. (b) ac sus-
ceptibility of NpGa, as function of temperature indicating a fer-
romagnetic transition at T =55(2) K.
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The magnetization versus applied magnetic fields at 4.2
K is shown in Fig. 2. Saturation seems to be reached
only above 1 T. Since very large anisotropy is dominant
for actinide ferromagnets (except for highly itenerant fer-
romagnets), strong magnetocrystalline anisotropy should
be taken into account. If we assume that, indeed, satura-
tion has been achieved, and similar to the isostructural
UGa,,'""!? the hexagonal ¢ direction is the magnetic easy
axis, the relation between the saturation moment (u,,)
and the saturation moment derived from the saturation
magnetization experimental data (external applied field
extrapolated to B— ) of a powder sample (1, qyqe,) 18
given by pg, ~2p oyaer- - Thus, for NpGa,, a saturation
moment of ug,, =[2.4(3)]up per Np is obtained.

Typical 2’"Np Méssbauer absorption spectra of NpGa,
in the temperature region between 4.2 and 50 K are
shown in Fig. 3. Magnetically split patterns are observed
below 50 K, indicating magnetic order of the Np mo-
ments. The hyperfine field at 4.2 K is B,;=525(10) T,
which corresponds to an ordered Np moment of
Hora=12-39(10)]Jup."* This result is in good agreement
with the saturation moment derived from the dc magneti-
zation measurements and close to the free-ion value.

The normalized magnetizations, as derived from the
dc magnetization and the Mdssbauer hyperfine fields for
NpGa,, are depicted in Fig. 4(a). Although the dc data
are systematically somewhat lower than the Mossbauer
data, their general behavior is the same. The discrepancy
between the Brillouin curves and the experimental data
could indicate a possible biquadratic contribution.

B. NpSi,

dc and ac susceptibilities of NpSi,, shown in Figs. 5(a)
and 5(b), indicate that this compound orders ferromag-
netically below T-=~48(3) K. The normalized magneti-
zation displayed in Fig. 4(b) agrees with a Brillouin curve
for J=1. The ordering temperature was further
confirmed by a Mossbauer thermal scan measurement
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FIG. 2. dc magnetization of NpGa, (O) and NpSi, ()
(powder samples) vs the applied magnetic field at 4.2 K. The
determination of ug,, from the present data for powder samples
is explained in the text.
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and is compared in Fig. 5(c). Notable is the high agree-
ment between the three techniques in determination of
T.. From the Modssbauer Zeeman pattern at 4.2 K
shown in Fig. 6, a magnetic hyperfine field of
B,;=244(10) T is derived. This corresponds to an or-
dered moment of u, =[1.10(1)]ug at the Np ion. The
isomer shift of NpSi, is +7.9(5) mm/sec. The variation
of the magnetic moment of the NpSi, powder sample un-
der applied magnetic field is depicted in Fig. 2. It seems
that saturation is already reached above 0.3 T. A satura-
tion moment g, =[0.8(1)]up was obtained by extrapola-
tion using similar arguments as for NpGa,.

In conclusion, our measurements on NpSi, show
discrepancies between the paramagnetic effective moment
Her=[2.15(5)]Jup [see inset in Fig. 5(a)] and p,4 and pg,,.
In Table I, we summarize our experimental results on
these two compounds and compare them with other in-
termetallics of the NpX, family. Within the systematics
of the Mossbauer IS (Ref. 15) (see discussion) together
with the experimental values of the paramagnetic
effective moments (u.4) given in Table I, the Np ions in
the NpX, intermetallics could be claimed to be close to
the formal 3+ charge state. We will further discuss this
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FIG. 3. **Np Médssbauer absorption spectra of NpGa, at
various temperatures. The Mdssbauer source was 2*! Am(Th).
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problem below in general and separately for each NpX,
compound.

IV. DISCUSSION

The electronic and magnetic properties of the NpX,
intermetallics sequenced according to their isomer shifts
relative to NpAl, are compared in Table I. It has been
pointed out previously that, for Np nonmetallic com-
pounds, five distinct IS groups are identified correspond-
ing to their 5" (n=0,1,2,3,4) Np charge states. The
separations between the groups exceeds 20 mm/sec and
are due to the strong shielding of the s electrons by the 5f
electrons.’® This demonstrates the major role of the
shielding phenomenon in establishing the IS. However,
the small variation of the IS within each group (charge
state) is often explained by the covalency of the chemical
bond which may include s-, p-, and d-electron densities
pumped from the ligand by the Np 5f core, affecting the
s-electron density at the Np nucleus directly, or by small-
er additional shielding effects. This phenomenon of co-

FIG. 4. (a) Normalized magnetization of NpGa, derived
from MGssbauer (O) and dc magnetization (A). The dashed
lines are intended as a guide to the eye. The solid lines
represent the Brillouin function for J =1 and «. (b) Normal-
ized magnetization of NpSi, derived from dc magnetization.
The solid line represents the Brillouin function for j =1.
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valent electrons in insulators'® is similar to hybridization
of band electrons in metallic compounds.!’
Experimentally, shielding effects can be detected pri-
marily by the Mossbauer isomer shift technique provid-
ing a unique tool for studies of the 5f covalency as well
as hybridization. Indeed, covalent effects can be observed
for Np** through Np’™, with the exception of Np** for
which the 5/ shielding is already so high that the IS of all
nonmetallic Np*" compounds falls within a narrow re-
gion of +0.5 mm/sec at +38 mm/sec.!® Therefore, in
metallic systems also having a Np-ion close to a formal
3+ charge state, the conduction s electrons are also high-
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FIG. 5. (a) dc magnetization of NpSi, as function of tempera-
tures at an applied magnetic field of 0.3 T. The reciprocal sus-
ceptibility data at elevated temperatures are inserted. (b) ac sus-
ceptibility for NpSi, as function of temperature. The sharp cusp
indicates a ferromagnetic transition at T-=48(2) K. (c) Deter-
mination of the ferromagnetic transition temperature T, for
NpSi, by Mossbauer thermal scan.
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FIG. 6. »’Np Mossbauer absorption spectrum of NpSi, at
4.2 K. A small amount of NpSi; is revealed by an unsplit ab-
sorption line at = +11 mm/sec.

ly shielded and thus contribute little additional density at
the 237Np nucleus. It is concluded that, in order to ob-
serve a significant IS in the metallic 3+ region, the 5f-
electron density must be strongly affected. This is possi-
ble by hybridization. We have shown recently that, by
application of external hydrostatic pressure on metallic
Np’* compounds [e.g., NpSn; (Ref. 5)], hybridization
can be increased decisively and the degree of the hybridi-
zation can be scaled to the volume dependencies of 4,
Tc and p(0).°> In addition, under pressure, the change in
the Mossbauer IS is always more negative [p(0) increases]
because 5f delocalization decreases the shielding of s
electrons. We conclude that increasing hybridization in
the Np>™ region must be associated with a more negative
IS. This is the reason for comparing the NpX, systems
according to their IS sequence (Table I) thus providing a
measure of 5f-d-p-s band hybridization.

The principal component of the EFG tensor eq, evalu-
ated at the nucleus in noncubic symmetry originates
mainly from 5f electrons.'® Together with the lattice
field gradient, a noticeable quadrupole interaction should
be expected, as actually found for many nonmetallic Np
compounds. For the NpX, systems, however, no (or very
small) quadrupole interaction is experimentally observed
as shown in Table I. This hints that hybridization can-
cels, or partially suppresses, eq.

The discrepancy between u 4 and ug,,, which is present
in all compounds investigated except for NpGa, (Table
I), probably is another indication for the delocalization of
5f electrons. Recent relativistic calculations by Eriksson
et al. utilizing local-spin-density (LSD) formalism!'’
showed that, by taking into account the conduction elec-
tron polarization, this discrepancy can be resolved. At
present, such LSD calculations are available only for
NpAl, and we shall further comment on this below.

In conclusion, anisotropic 5f-electron hybridization
should affect all the Mossbauer hyperfine parameters,
namely, the magnetic hyperfine field (and accordingly
Uora)s the quadrupole interaction, and the isomer shift.
These parameters of the NpX, family are thus compared
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TABLE 1. Properties of NpX, intermetallics. The isomer shifts are the same above and below T¢
and are given with respect to NpAl,. NpF; is shifted +38 mm/sec relative to NpAl,.

Compound NpAl, NpAs, NpSi, NpGa, NpSb, NpTe,

Isomer shift 0 3 7.9 15.2 18 28
(mm/sec)

Hyperfine 330 319 244 525 424 ~0
field By (T)

Quadrupole int. =0 +24 =0 =0 ~0 +12
e2gQ (mm/sec)

Tc (K) 56 52/18 48 55 45

Magnetic structure F AF/F F F F

Ordered moment 1.5 1.45 1.1 2.39 1.93 ~0

Saturation moment 1.38 1.32 0.8 2.4 1.3
(,U B )

Paramagnetic 2.3 1.88 2.15 2.60 2.87 2.88
moment (ug)

Crystallographic Cubic Tetr. Tetr. Hexa. Orto. Tetr.
structure laves Fe,As ThSi, AlB, LaSb, Fe,As

Fd3m P4/nmm I14,/amd P6/mmm ? P4/nmm

Np-Np spacing 3.37 3.96 3.92 4.08 ? 442
(A)

References 24 22,23 This This 23,27 23,27

paper paper
in Table I. pling).!»2%21  These calculated values are surprisingly

NpSi, and NpGa, have isomer shifts in between NpAs,
and NpSb,. Within the Mdssbauer IS systematics, the
Np ion in these compounds should be classified as Np>*.
If this assumption is correct, hybridization has to be
significant since, as discussed above, it is mainly this
mechanism that can cause the observed increase of the s-
electron density at the Np nucleus when compared to the
Np’" ion in highly ionic compounds like, e.g., NpF;.
Most striking and surprising is the fact that a simple lo-
calized model of the crystalline electric field using a free-
ion Russell-Saunders (RS) coupling reveals reasonable
values for the ordered moments of a Np®>* ion in a large
number of compounds.!* According to Hund’s rule, the
ground term of Np** (5f%) is °I,. In an ionic model, the
3I, state in a cubic CEF generally splits into a singlet r,
a non-Kramer’s doublet I';, and two triplets 'y and I's."”
When lowering the symmetry, the degeneracies of the T',
and the I' are lifted. Intermediate coupling usually im-
proves the RS approximation, leading to correct values of
the calculated order moments in a variety of 5f sys-
tems.”®2! This gave legitimization to the use of CEF
models, which, by definition, apply to localized f elec-
tronms, in interpreting the magnetic properties of many ac-
tinide intermetallics.

Based on magnetic form-factor measurements, it has
previously been suggested by Amoretti et al. that the
ground state of NpAs, is probably Np** (°1,).2° At low
temperatures, exchange splitting removes the degeneracy
of the doublet I's, leading to a calculated ordered mo-
ment of 1.5y and an effective moment of 2. 1up (RS cou-

close to the experimental results.?>23 Further support of
this picture comes from the observation of a rather
significant quadrupole interaction. However, the low
value of the observed saturation moment (u,,) of NpAs,,
in addition to the large IS relative to NpF;, is not ex-
plained by this approach (Table I). Therefore, we believe
that hybridization of the 5f electrons plays an important
role also in this system.

As stated earlier, within the general systematics of the
Np Mdssbauer isomer shifts,'> NpGa, should be con-
sidered a Np*>* (5f%) non-Kramer’s ion with a °I,
Hund’s-rule ground term. Assuming a free-ion Russell-
Saunders coupling scheme for this ground state, an
effective moment p.z=2.68u; and an ordered moment
Uo=2.4up are calculated,'>?! in very good agreement
with the experimental values. The magnetic hyperfine
field is practically the free-ion value pointing to a highly
localized (narrow-band) 5f-electron system. This ap-
proach is further supported by the value of the saturation
moment which is close to that of the ordered moment
(Table I). However, with respect to NpF;, the Mdssbauer
IS is =23 mm/sec more negative, i.e., the s-electron den-
sity at the Np nucleus is higher and even more surprising,
no quadrupole interaction is observed in NpGa,. Both
effects strongly indicated 5f hybridization in this com-
pound, and thus the CEF levels are influenced by the hy-
bridization dressing. According to Ref. 2, crystal-field
dressing of hexagonal CEF will lead, for example, to ad-
mixture of the I's and I'y symmetry bands with the ap-
propriate local levels. This will push certain CEF levels
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down in energy. But still, the ground state might be
represented by an effective °I, term.

The non-Curie-Weiss paramagnetic susceptibility
below 110 K and the non-Brillouin-like behavior below
T, may be explained by temperature-dependent ortho-
rhombic distortions associated with anisotropic hybridi-
zation. Similar distortions have previously been reported
for the isostructural intermetallic UGa,."”

The IS of NpSi, (+7.9 mm/sec) lies in between NpAs,
and NpGa,, i.e., =30 mm/sec more negative than for
NpF;. From the Zeeman split MGssbauer absorption pat-
tern at 4 K and the susceptibility measurements, it is con-
cluded that ferromagnetic order is established below 48
K. Again, negligible quadrupole interaction is observed,
which, together with the negative value (as compared to
NpGa,) of the IS and the low p 4, gives a strong hint for
severe 5f hybridization. Since Fig. 2 shows that satura-
tion has been reached, the large discrepancy between p 4
and u,, can by no means be described by a CEF model.

Even stronger hybridization is revealed in NpAl, if we
assume that the Np ion has a formal Np*™ charge state.
This assumption is in discrepancy with Ref. 24. For a
non-Kramer’s Np** ion in a I's doublet ground state, the
calculated values of ps=2.1up and p,4=1.5up are in
close agreement with the experimental results given in
Table I. In addition, the Mdssbauer spectra under pres-
sure at 4 K were successfully interpreted by assuming a
relaxation process within a doublet and a singlet state®’
which supports a °I, ground state. However, the
discrepancy between the ordered moment u, 4 and the
saturation moment p,,, together with the absence of a
quadrupole interaction, is an indication that ionic models
are not valid for NpAl,. Again, we are driven to the con-
clusion that hybridization processes together with relativ-
istic effects must be considered when analyzing the exper-
imental data. The relativistic calculations by Eriksson
et al. utilizing local-spin-density formalism?® show that,
by taking into account electronic pressure and conduc-
tion electron polarization, the discrepancy between the
ordered moment g4 derived from Mossbauer and
neutron-diffraction studies and the saturation moment
e, measured by dc magnetization (Table I), is justified.
Unfortunately, in Ref. 26 no value for the isomer shift is
given. This type of calculation, which we hope will be
performed in the future for NpAl, as well as for other
NpX, systems, should reproduce the magnetic moments,
the quadrupole interaction, and the IS. At present, such
LSD calculations are not available. As for NpGa,, a

much simpler model invoking the CEF dressing can only
give a qualitative description for the magnetic properties
of NpAl,.

The systematics of the Mossbauer IS also predicts that
NpSb, is in a Np>* (°I,) ground state. The experimental
values for the moments p.s=2.87up and p,4=1.9up
(Refs. 13 and 27) are much too high to be explained
within an ionic model for a Np** and too low for a Np**
configuration.!® In addition, the discrepancy between the
ordered moment and the saturation moment of NpSb,
can definitely not be accounted for by CEF ionic models.
Although the IS of NpSb, is close to that of NpGa,, the
magnetic hyperfine fields (ordered moments) as well as
the saturation moments of these two compounds are
quite different. Therefore, hybridization dressing of the
CEF levels alone may not be sufficient to explain the
properties of NpSb,.

The IS of NpTe, is already rather close to that of NpF;
and the Np ion is expected to be in the Np>* ionic charge
state,!>23?7 thus hybridization plays a minor role. NpTe,
stays paramagnetic down to 1.2 K (Ref. 27) (Table I).
This might be attributed to the large Np-Np separation
where coupling between orbital moments is already rath-
er weak. In the low-temperature limit NpTe, is expected
to order magnetically. Further experiments are needed
to test this prediction.

V. CONCLUSIONS

(a) The magnetic properties of NpGa, indicate a nar-
row 5f band whereas NpSi, hints partial 5f delocaliza-
tion.

(b) All the investigated NpX, compounds, with the
possible exception of NpTe,, show the importance of 5f
hybridization processes and relativistic effects in estab-
lishing their magnetic and hyperfine properties.

(c) Although CEF dressing turns out to be important,
at present there exists no theoretical model which might
explain consistently the magnetic moments p 4 and p,,,
as well as the IS and quadrupole interaction in the NpX,
family.
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