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The magnetic properties of a series of neptunium cubic C-15-type Laves phases (NpX,, where

X = Al, Os, I, or Ru) have been studied between 1.5 and 300 °K by means of magnetization and
nuclear vy-ray resonance measurements. The properties show a systematic variation with
neptunium-neptunium distance d y,. Thus, NpAl, (d \, = 3.37 A) is ferromagnetic with a transition
temperature T, = 56 °K and an ordered moment of 1.5u,/mole; NpOs, (dnp = 3.26 A) is ferromagnetic
with T, = 7.5°K and an ordered moment of 0.4p,/mole; Nplr, (dy, = 3.25 A) is antiferromagnetic
with T, = 7.5°K and an ordered moment of 0.6u,/mole; and NpRu, (dnp =3.23 A) does not order
magnetically down to 1.5°K. This trend is interpreted in terms of an increase in the delocalization of the
neptunium magnetic moment and the magnetic 5f electrons, as dy, decreases.

I. INTRODUCTION

Although the early actinide elements (uranium,
neptunium, and plutonium) are nonmagnetic, a wide
variety of their intermetallic compounds undergo
long-range magnetic order.' The absence of long-
range magnetic order in uranium, neptunium, and
plutonium has been attributed to the degree of
overlap of the 5f-electron wave functions on neigh-
boring atoms (the 5f-electron wave functions are
more spatially extended than the corresponding
4f-electron wave functions), which produces a 5f
‘bandwidth too broad to support an ordered magnetic
moment. 2 This bandwidth will alsobe effectively in-
creased by hybridization of the 5f-electron states
with the 6d-7s-Tp conduction bands.® In many
actinide intermetallic compounds, the actinide-
actinide distance is substantially greater than in
the pure elements, and the overlap of the 5f wave
functions is presumably much smaller; the 5f elec-
trons are then essentially localized, the bandwidth
is quite narrow, and magnetic ordering may occur.
On the basis of such a simple argument, and an
analysis of the literature, Hill* showed that critical
actinide-actinide spacings do exist in intermetallic
compounds beyond which long-range magnetic or-
dering occurs.

If we focus on compounds of a single crystal-
structure type in the region where the actinide-
actinide distance is close to the critical value,
then we might expect to see a systematic variation
of magnetic properties with lattice parameter.

As the actinide-actinide separation decreases to-
ward the critical value, a change from localized to
itinerant-electron magnetism should occur as the
5f electrons overlap and the 5f bandwidth increases.
We have studied the magnetic properties of a series
of NpX, compounds (where X=Al, Os, Ir, or Ru)
with the C-15-type Laves-phase structure by
means of magnetization and nuclear y-ray reso-
nance (NGR) measurements, and these properties
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do vary in a systematic manner. The results sup-
port the concept of a change from localized to
itinerant-electron behavior as the Np-Np distance
decreases below a critical value.

II. EXPERIMENTAL

The compounds were prepared by arc melting
the requisite amounts of the constituent metals in
an argon-helium atmosphere. Chemical analysis
of the electrorefined neptunium metal obtained from
the Los Alamos Scientific Laboratory (used in this
investigation) gave the following impurities (in weight
ppm): Li<1; Be<1l; Na<10; Mg<10; Al<5;
K<5; Ca<5; Ti<1l; V<1; Cr<1; Mn3; Fe5; Co<1;
Ni 6; Cu<1l; Zn10; Rb<1; Sr<1; Y<1; Zr<1;
Mo<1l; Cd<1; Sn<1l; Cs<b5; Ba<1; La<1l; Hf
<1; Re<1l; Pb3; Th5; U<50; and Pu 526. The
remaining materials used for compound preparation
were zone-refined aluminum (99. 9999% pure) high-
purity iridium (99, 95% pure), osmium (99. 95%
pure) and ruthenium (99, 99% pure). The samples,
weighing ~2 g, were arc melted three times,
homogenized at temperatures between 800 and
1000°C for several hours, and furnace cooled. X-
ray powder patterns indicated that each sample was
single phase with the C-15-type cubic Laves-phase
crystal structure. Resistivity specimens were
spark cut from the heat-treated buttons, and most
of the remainder was powdered. Approximately
100 mg of each alloy was sealed in an aluminum
capsule for magnetization measurements, and an
additional 300-700 mg was sealed in a separate
aluminum capsule for the NGR experiments.

Details of the equipment and techniques for the
NGR measurements have been given previously®;
hyperfine interaction constants and isomer shifts
were obtained from 1.5 to 10°K by means of the
59. 6-keV resonance in #'Np. The magnetization
results were obtained from 4 to 300°K in fields
between ~ 0.5 and ~13. 5 kOe by a force method.
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FIG. 1, Typical magnetization vs field plots for NpAl,
between 100 and 300 °K,

The basic experimental arrangement has also been
described previously, ® but, in an effort to automate
the system, the techniques for data acquisition,
reduction, and analysis have been changed and will
be described here.

The force on the sample is measured by a Cahn
model RH electrobalance; the temperature is
monitored by a AuFe/Cu thermocouple, the junc-
tion of which is embedded in a copper-specimen
support block in contact with the aluminum capsule
containing the sample. This entire assembly is
suspended from the balance arm by a 2-mm-diam
thin-wall quartz tube. The AuFe/Cu thermocouple
has the following advantages: (a) only a small con-
tribution is made to the addenda correction, (b)
sensitivity is essentially independent of tempera-
ture, and (c) almost no correction is required for
magnetic-field effects. The thermocouple, which
has an electronically controlled 0°C reference
junction, was calibrated at ~ 2° increments against
a AuFe/Chromel thermocouple embedded in a
dummy aluminum sample capsule. The voltage
versus temperature relationship for the AuFe/
Chromel thermocouple was taken from the NBS
table, 7 and a power-series fit of voltage versus
temperature for the AuFe/Cu thermocouple was
obtained. It is estimated that the accuracy of the
temperature is +1°K, although the relative pre-
cision should be close to +0. 2°K.

In operation, the voltage outputs from the balance
and thermocouple are monitored sequentially, with
the Varian electromagnet off, and recorded on
paper tape. The magnet is switched on at the low-
est setting (nominally 0. 5 kOe) and, after a 30-sec
delay to allow the field and balance reading to sta-
bilize, the monitoring and recording process is
repeated. The field is then increased at 1-kOe in-
tervals up to 13.5 kOe, and readings are taken at
each field. The field is then switched off, and,
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after a 90-sec interval to allow the field to decay,
the voltages are again recorded. This entire
operation is controlled automatically, and after
one sequence of readings is taken, the procedure
is continuously repeated.

The experiment starts with the cryostat and sam-
pleat4°K. After onerunatthistemperature, the
sample temperature is slowly increased (~ 0. 5° K/
min) by applying a voltage to a manganin heater on the
tail section of the cryostat; this voltage is programmed
toincrease asafunctionof time. Dataareaccumulated
continuously until a temperature of ~300°K is
reached; this takes ~17 h and, after initial com-
puter analysis, an array of ~ 100X 14 data points
is obtained. Each point is a value of the specific
magnetization ¢ (emu/g) at one of 14 applied fields
H (Oe) and at a given temperature T(°K).

To evaluate the magnetization as a function of
field at any particular constant temperature, we
submit the data at each field to a cubic spline pro-
gram, which determines an arbitrary interpolating
function to give the magnetization for that field at
any temperature between the maximum and mini-
mum measured values. These functions are then
stored within the computer and can be evaluated,
when required, at any interpolated temperature.

The magnetic-field gradients at each applied
field were calibrated internally with a high-purity
single-crystal nickel sample [0(4. 2°K)= 58, 57
emu/g].® The magnetic field was determined by
a rotating coil gaussmeter (0. 1%) that had been
calibrated against an NMR proton-probe gauss-
meter in a different constant-field electromagnet.

Il RESULTS
A. NpAl,

Some typical plots of magnetization versus in-
ternal field H; in the temperature range (100-
300) °K are shown in Fig. 1. (The internal field
was obtained by subtracting an appropriate de-
magnetizing field based on the geometry and density
of the sample from the applied field; over the tem-
perature range of the data in Fig. 1 this correction
is <0.1% of H;, whereas at lower temperatures the
maximum correction is ~3% of H;.) The linear
field dependence of the magnetization is evident;
the data at lower fields, not shown in Fig, 1, fall
systematically below extrapolations of the linear
field dependence, and this fact as well as the non-
zero extrapolated values of o at H; =0 suggest the
presence of an easily saturated ferromagnetic
component of the total magnetization. The sus-
ceptibility x (emu/gOe) was thus determined by
least-squares fitting to an equation of the form

o=0g+XxH; , (1)

where o, represents the ferromagnetic component.



10 MAGNETIC PROPERTIES OF NEPTUNIUM LAVES PHASES:...

58°K

60 60°K e

B
El
€ 62°K
2
“é)u

64°K
20r B
66°K

68°K
10+ / / -
0 1 [} a ol 1

(0] | 2 3 4 5
Hj/0¢ (Oe g/emu)

FIG. 2. Arrott plots for NpAl, at the temperatures in-
dicated.

In view of the purity of the starting materials (Sec.
o), it is difficult to ascribe the nonzero value of

0y to an impurity effect. The only known neptunium
compound ferromagnetic at room temperature is
NpFe,, ® and 0. 2% of NpFe, would be required in
the sample to give the observed value of o;,. Every
precaution was taken in cleaning the aluminum
sample capsule prior to insertion in the apparatus.
The only other possibility of sample contamination
would occur during the capsule welding operation.
Such contamination was unlikely because the opera-
tion was performed in a clean glovebox in an inert
atmosphere. Also, the temperature dependence

of 0y, to be shown later, suggests that the impurity
is homogeneously distributed within the sample.
NpAl, is the most stable phase (has the highest
melting point) in the Np-Al phase diagram; it is a
line compound and the adjacent phases are pure
neptunium, which is not magnetically ordered, and
NpAl;, which becomes ferromagnetic only at

62°K. ' The other potential source of a ferromag-
netic component would arise from a lack of com-
plete chemical ordering, which could produce
neptunium-rich clusters that may order magneti-
cally. However, the lack of any range of stoichi-
ometry of the compound, the x-ray results, and the
well-defined NGR spectra indicate that NpAl, is
highly ordered.

It should be noted here that the presence of a o,
term is a rather general occurrence in neptunium
compounds, including all compounds studied in the
present work., The random nature of the magnitude
of the term and its temperature dependence would
indicate that o, is not related to an experimental
problem in the magnetization measurements.

Below 90°K, the magnetization versus field plots
become curved, characteristic of the approach to
a ferromagnetic transition. The data were sub-
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jected to the usual Arrott plots!* (H/c vs 0%), but
the presence of a 0y component gave these plots a
strongly curved low-field tail. To obviate this
problem, data evaluated at 1°K intervals were
fitted by an iterative least-squares procedure to
the equation

H;/(0-04)=A(0c -0y)°+B, (2)

with 0y, A, and B (=x;!) treated as disposable
parameters. Such a fit obviously presupposes a
linear H/o vs o® relationship, whereas a more
complicated expression may be appropriate. In
fact, allowing o, to vary produces reasonable lin-
ear plots as may be seen in Fig, 2, which shows
H/o, vs 02 (6,=0 - 0,) for several temperatures just
above the Curie temperature T,. (Because of ex-
perimental uncertainties, the higher field points
are weighted more heavily in the least-squares
analysis). For temperatures of 57 °K and below,
the fits did not converge, and this suggests that
Eq. (2) is not appropriate in the temperature range
close to and below T.. On the basis of an extrap-
olation of the y;' values between 65 and 58°K, we
estimate that 7,=(56.5+1)°K. The fits yield
04(68°K)=0. 24 emu/g and 6,(58°K)=1.32 emu/g,
compared with the value of 64(300°K)=0. 05 emu/g.
The rapid increase in oy as the temperature ap-
proaches T, presumably reflects the increase in
response of the matrix to the ferromagnetic “im-
purity” as the matrix susceptibility increases.

The reciprocal molar susceptibility shows a
smooth, slightly curved temperature dependence
between 300 and 60°K (Fig. 3). A small anomaly
occurs between ~ 170 and ~ 130°K that seems to be
associated with the rapid increase in ¢g in this
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FIG. 3. Temperature dependence of the reciprocal
molar susceptibility and o (see text) for NpAl,.
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FIG, 4. Typical magnetization vs field curves for
NpAl, between 5 and 65 °K,

temperature range (upper portion of Fig. 3). The
scale for o, was chosen, for reference purposes,
to be the same for all compounds in this study, and
the low-temperature values for NpAl, are too large
to be plotted in Fig. 3.

The low-temperature magnetization data for
NpAl, are plotted in Fig. 4. The field dependence
at 5°K is greater than at higher temperatures, and
this is consistent with the presence of a large mag-
netocrystalline anisotropy that increases with a
decrease in temperature; this behavior is typical
of actinide ferromagnets, !¢ Although the anisot-
ropy constant (as well as the saturation magnetiza-
tion) in a polycrystalline ferromagnet can, in prin-
ciple, be determined from the H 2 dependence of
the magnetization, ¥ such a procedure gives poor
fits to the present data. The inclusion of a linear
H (susceptibility) term improves the fit slightly,
but the errors are still substantially greater than
the experimental errors. The magnetization, in
fact, appears to be saturating much more slowly
than the conventional H -2 dependence, and this is,
again, characteristic of actinide ferromagnets.
Thus, we cannot determine a reliable saturation
moment [4,, for this compound from the present
magnetization results. The magnetization at the
maximum field (~ 13,5 kOe) at the lowest tempera-
ture corresponds to a moment of 1, 19u5/mole.

We can obtain a reasonable estimate of the
neptunium moment from the hyperfine field as de-
termined by the NGR measurements. The NGR
spectrum for NpAl, at 4. 2°K (Fig. 5) yields a
neptunium hyperfine field of 2900 kOe. A constant
relationship between the neptunium hyperfine field
Hy, (in kOe) and the magnetic moment uy, (in Bohr
magnetons), as determined by neutron-diffraction
experiments, has been established in the neptunium
monopnictides*
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Bxp= (5. 2X 1074 H,, . (3)

With this expression, an error of roughly +0, 15ug
occurs in values of uy, derived from a given hyper -
fine field. The same constant is also found to apply
to cubic NpPd,, !* where the measured hyperfine
field gives a moment of (1.9+0, 15)u; in compari-
son with the neutron value (2.0+0.1)uy;. More
importantly in the Laves-phase compounds NpNi,
and NpFe,, the measured hyperfine fields!® give
moments of (1.4+0.15)us and (0.9+0. 15)uy, re-
spectively, in comparison with neutron values?!’ of
(1.2+0.15)u5 and (1.05+0. 10)up. Thus, in the
subsequent discussion, we presume that Eq. (3)
holds for the present compounds. The neptunium
hyperfine field in NpAl, yields a moment of 1.5
+0,15u5/Np, a value consistent with the slow ap-
proach to saturation of the magnetization data.

B. NpOs,

The magnetization versus field curves for NpOs,
in the range (30-300)°K are qualitatively similar
to those of NpAl, shown in Fig. 1, i.e., the data
between 3.5 and 13. 5 kOe fit good straight lines
that extrapolate to values of o, which are nonzero
but are at least a factor of 5 smaller than for
NpAl,. Below 30°K, the ¢ vs H plots become non-
linear, and the data were treated in terms of Eq.
(2), as in the case of NpAl,. In this manner, good
straight-line plots of H/ o, VS of were obtained down
to 14°K, with a value of oy that increased only
slowly with a decrease in temperature and was
much smaller in magnitude (~ 0. 03 emu/g) than the
0 value obtained for NpAl,. Below 14°K, the data
did not give a good fit to Eq. (2), and the values of
0g did not vary systematically with temperature.
Accordingly, the weak temperature dependence of
0o above 14 °K was extrapolated down to 4°K, and
values of 0,=0 -0 were calculated and then plotted
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FIG. 5. NGR spectra for NpAl,, NpOs,, and NpRu, at
4.2°K,
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FIG. 6. Arrott plots for NpOs, at the temperatures in-
dicated.

in the normal Arrott manner., Some of these data
as well as data above 14 °K that appear to be linear
in H/o, vs o2 are shown in Fig. 6. The increasing
curvature evident in the low-temperature data

(Fig. 6) makes the extrapolation to determine x5!
somewhat difficult. A detailed plot of x;! vs T be-
low 30°K shows a linear region down to 12°K,
which extrapolates to zero at 9°K. However, based
on extrapolations of the data shown in Fig, 6, the
X5 vs T plot below 12°K curves away from the
temperature axis and yields a Curie temperature

of 7.5+0.5°K., The value compares with 7T,="7.4
+0. 5°K determined by resistivity measurements?®
and T.=8.0+0.5°K indicated by the Mdssbauer
data to be presented later. The Curie tempera-
ture for NpOs, appears to be much less well defined
by the magnetization results (Fig. 6) than in the
case of NpAl, (Fig. 2).

A plot of reciprocal molar susceptibility versus
temperature for NpOs, is shown in Fig. 7. The
data vary smoothly over most of the temperature
range, although there may be an anomaly between
~70 and ~30°K similar to that seen at somewhat
higher temperatures in NpAl,. However, in the
case of NpOs, the anomaly is not associated with
any rapid increase in o, with a decrease in tem-
perature, and is, apparently, an inherent feature
of the material. The plot of o, versus temperature
is shown in the upper portion of Fig. 7. The term
is much smaller than in NpAl,, and, although an
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upturn is evident at low temperature as T is ap-
proached, the relative increase is again much
smaller in magnitude than in NpAl,.

Some typical low-temperature magnetization data
for NpOs, are plotted in Fig. 8. The lowest tem-
perature corresponds only to ~0.57T., therefore,
additional measurements were made in another
apparatus at 1, 8°K, and the field dependence fol-
lows the 4°K isotherm in Fig. 8 quite closely, al-
though at a higher level. The field dependence of
0 in NpOs; is similar to that in NpAl,. A careful
examination of the data shows that the relative
curvature is somewhat less in NpOs,, although the
change in magnetization between 3.5 and 13. 5 kOe
at the lowest temperature is ~15% in NpOs, com-
pared with only ~ 10% in NpAl,. If we take the ratio
Of [Lgae/ Hy3.5 (=1.34) for NpAl, and scale it to
NpOs, based on the relative field dependence from
3.5 to 13.5 kOe, the moment at 13.5 kOe and 1.8°K
for NpOs, (=0.46ug/mole) yields a saturation mo-
ment of ~0.7ug/mole,

The NGR spectrum of NpOs, at 4. 2°K is shown
in Fig. 5. Measurements have also been made
between 1.7 and 10°K; extrapolation of the hyper-
fine field values determined from these spectra to
absolute zero yields H,,=815 kOe, which converts,
via Eq. (3), to a neptunium moment (0.4p5) some-
what lower than that based on an approximate ex-
trapolation of the magnetization data. The temper -
ature dependence of the hyperfine field (Fig. 9) fits
a J =3 Brillouin function, and a transition temper -
ature of 8.0+0,5°K is obtained from an analysis
of the linewidth as a function of temperature. The
hyperfine fields of other neptunium Laves phases
have been found to follow a J =3 Brillouin func-
tion, 1°
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FIG. 7. Temperature dependence of the reciprocal
molar susceptibility and o, (see text) for NpOs,.
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FIG. 8. Typical magnetization vs field curves for
NpOs, between 4 and 20 °K.

C. Nplr,

The magnetization curves of Nplr, are linear
from 1.5 to 13. 5 kOe over the entire temperature
range. The value of ¢y is zero (within experimental
error) from 300 to 250°K and increases slowly to
reach a maximum value of 0. 013 emu/g at the
lowest temperatures. The small value of gy is
consistent with the greater range of linearity of the
magnetization data (down to 1.5 kOe).

The reciprocal molar susceptibility is plotted as
a function of temperature in Fig. 10, which also
shows the small magnitude and weak temperature
dependence of 0;. The two striking features of the
susceptibility plot are the susceptibility maximum
at 7.5°K, and the discontinuity near 220°K. The
susceptibility maximum (see inset of Fig. 10) is
characteristic of an antiferromagnetic transition;
additional magnetization data were obtained down

1000 T T T T

NpOs,

800
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400

Jeg
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FIG. 9. Temperature dependence of the hyperfine
field for NpOs,. The solid line represents a J =3 Bril-
louin function.
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FIG. 10. Temperature dependence of the reciprocal
molar susceptibility and ¢ (see text) for NpIr,. The in-

set shows an enlarged plot of the susceptibility maximum
near 7,5 °K,

to 1.5°K to define the peak more clearly. The
presence of magnetic ordering is substantiated by
the NGR spectrum at 4. 2°K; the hyperfine field
has been determined only at this temperature and
has a value of 1080 kOe. More detailed data as a
function of temperature have been obtained by Gal
et al., " and the saturation hyperfine field of 1220
kOe gives a neptunium moment [via Eq. (3)] of
~0.6up.

The susceptibility discontinuity near 220°K to-
gether with the complicated temperature dependence
above and below this temperature region are pre-
sumably associated with some type of change in
crystal structure. A similar, but smaller, anomaly
is seen in NpRu,, and this is associated with a
lattice distortion observed by low-temperature x-
ray measurements. It is tempting, therefore, to
associate the discontinuity in the susceptibility of
NpIr, with a lattice distortion. We hope to clarify
this situation with low-temperature x-ray mea-
surements,

D. NpRu,

The magnetization curves of NpRu, are linear
from 3.5 to 13.5 kOe over the entire temperature
range. The low-field data fall systematically be-
low the line, and this is consistent with a rather
large value of gy(~0.05 emu/g) that shows essen-
tially no temperature dependence. This is evident
in Fig. 11, which also shows the reciprocal molar
susceptibility as a function of temperature. The
main feature of this curve is the anomaly around
160°K alluded to above. Resistivity measurements
on this compound!® also show a small reproducible
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TABLE I. Magnetic properties of neptunium Laves-phase compounds.
a, dyy Ordering temp. Hy° Isomer shift?¢
Compound (A) (X) Magnetism® (°K) (kOe) (mm/sec) Hgat®
NpAl, 7.785 3.371 F 56,5+1 2900 + 50 0 1.5+0.2
NpOs, 7.528 3.258 F 7.5+£0.5 760+ 50 -15+1 0.4+0,1
Nplr, 7.509 3.251 AF 7.5+£0.5 1080 + 50 -11+1 0.6+0,1
NpRu, 7.446 3.230 P te e =171 v

2F, ferromagnetism, AF; antiferromagnetism; and P, paramagnetism.

At 4.2 °K.

‘Isomer shifts relative to NpAl,. Ionic Np3’ is approximately +35 mm/sec, and ionic Np* is approximately —10

mm/sec.
9Saturation moment calculated from Eq. (3).

°Broadened line indicates unresolved hyperfine splittings.

discontinuity at 163°K. Low-temperature x-ray
measurements?® have shown that a tetragonal dis-
tortion of the cubic C-15 structure occurs at this
temperature. Apart from the anomaly, the sus-
ceptibility of NpRu, varies quite smoothly with tem-
perature. The susceptibility increases more
rapidly with a decrease in temperature below 30°K
but is still relatively small (compared with the
other Np Laves phases) at 4°K; no evidence of any
magnetic ordering down to 1. 8°K exists. The ab-
sence of magnetic ordering is confirmed by the
NGR spectrum at 4, 2°K (Fig. 5); the broadness of
the single line is most probably related to the
known crystallographic distortion. NGR measure-
ments have also been taken in an external field of
44 kOe. The data are difficult to analyze because
of uncertainties in the zero-field spectrum, but the
results are consistent with no local moment. This
conclusion is supported by the resistivity measure-
ments of this compound, 1
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IV. DISCUSSION

The systematic variation of magnetic properties
with neptunium-neptunium distance dy, in the com-
pounds we have studied is demonstrated in Table I.
The compound with the largest value of dy, (NpAl,)
has by far the highest transition temperature
(56.5°K) and substantially the highest ordered mo-
ment (~1.5u5). The value of T, obtained in this
study is in agreement with previously published
values, »2!  Although the high-temperature sus-
ceptibility of NpAl, does not follow the Curie-Weiss
law precisely (Fig. 3), the x;! vs T plot is less
curved than for the other compounds. The devia-
tions from linearity may well be associated with
crystal-field effects as in the case of NpAl, !°
(cubic AuCu,-type structure)., The value of the
ordered moment, the almost Curie-Weiss behav-
ior, and the linearity of the Arrott plots for NpAl,
(Fig. 2) all suggest that this is a local-moment
system. However, the more fundamental question
of whether the 5f electrons are truly localized can-
not be answered within the context of the present
results,

In the case of NpOs,, the fractional value of the
neptunium moment (~0,4pup), the low ordering
temperature (7.5°K), the substantial curvature of
the x™* vs T plot (Fig. 7), and the curvature of the
Arrott plots near the Curie temperature (Fig. 6)
all suggest that the neptunium moment is much less
localized than in NpAl,. Stronger evidence comes
from the field dependence of the magnetization at
the lowest temperatures. As we noted in Sec. III,
an approximate extrapolation of this field depen-
dence to saturation gave a moment (~ 0. 7u5/mole)
considerably larger than the moment deduced from
the NGR hyperfine field data. It is tempting to
suppose, therefore, that the field dependence of
the magnetization at the lowest temperatures may
be due, in part, to a field-induced band magnetism.
If this is true, the field dependence at high fields
should be linear, yielding a band susceptibility,
and should extrapolate back to zero field to give a
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value of the spontaneous moment. The four highest
field points at 4°K (Fig. 8) do lie on a good
straight line, which yields a susceptibility of 2.5
%102 emu/mole Oe and extrapolates to zero field
to give a spontaneous moment (0.4p5/mole) in
agreement with the neptunium moment deduced
from NGR results. The magnetic properties of an
itinerant ferromagnet have often been discussed.
According to Murata and Doniach, 2 a relationship
exists between the Curie-Weiss constant C deter-
mined immediately above the transition tempera-
ture and the bulk susceptibility x at T=0 of an itin-
erant ferromagnet such that

ZXTC/C:R’ (4)

where R is a parameter less than unity. Murata
and Doniach calculate a value of R=0, 62 for SczIn
(T,=6°K) from experimental data. A similar cal-
culation for NpOs; based on the susceptibility value
given above, a Curie temperature of 7.5°K, and a
value of C=0. 6 determined from the data in Fig, 7
between 10 and 40°K, also yields R=0, 62.

The temperature dependence of the susceptibility
in both Nplr, (Fig. 10) and NpRu, (Fig. 11), al-
though obscured by the effects of lattice distortion,
appears to be more curved than in the case of
NpAl,. The small value of the ordered moment in
Nplr, (~0. 6 /Np) again suggests that the mag-
netism is not completely localized. The transition
temperature of NplIr,, although it orders antiferro-
magnetically, is essentially identical to that of
NpOs,, and this correlates with the fact that they
have almost the same lattice parameter value (Ta-
ble I). The value of Ty determined in the present
work is slightly larger than that obtained by Gal
et al.'® Long-range magnetic ordering does not
occur in NpRu,, which has the smallest dy, value
of the compounds studied here. The NGR data
in an external magnetic field suggest that no local
moment is present. Presumably, the overlap of
the 5f electron wave functions in NpRu, is sufficient
to produce a bandwidth too broad to support a local
moment, The low-temperature resistivity of
NpRu, ' has a 72 dependence, which is usually as-
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sociated with spin-fluctuation effects®®; the resis-
tivity of NpOs, is typical of a ferromagnet.

The aim of the previous discussion has been to
show the systematic change in the electronic struc-
ture that accompanies a decrease in the neptunium-
neptunium distance on going from NpAl, to NpRu,.
Thus, NpAl, appears to be a good local-moment
system with T,=56°K, and g, =1.5u5/mole;
NpOs; is weakly magnetic (probably itinerant) with
T.=7.5°K, and pg, =0.4up/mole; Nplr, is weakly
magnetic with Ty=7.5°K, and pg, =0.6u5/mole;
and NpRu, does not order magnetically but shows
evidence, in the resistivity data, of spin-fluctua-
tion effects. We may understand all these results
qualitatively in terms of a band model in which the
neptunium 5f electrons form a narrow band close
to the Fermi level. In NpAl,, the width A of this
band is small, and the moment is essentially lo-
calized. As dy, decreases, overlap of the 5f wave
functions and hybridization of the 5f states with the
spd conduction band causes an increase in A and a
commensurate delocalization of the 5f electrons.
This in turn results in a decrease in the amount
of unpaired 5f spin, which eventually causes the
disappearance of local moments. In addition, A
becomes so large that itinerant magnetism does
not occur. Below an Np-Np separation of ~ 3. 23
A, magnetic ordering from the neptunium alone is
no longer possible. In the NpX, Laves phases in
which X is a 3d element, which will be considered
in a separate publication (see also Ref. 19), mag-
netic ordering again occurs even though dy, is less
than in NpRu,. This is associated with the magnetic
behavior of the 3d partner and the possibility of in-
ducing a moment on the neptunium atom as a con-
sequence of the exchange field of the 34 atom.
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