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Magnetic properties of neptunium and plutonium hydrides

A. T. Aldred, G. Cinsder, * D. J, Lam, and L %. Weber
Argonne National Laboratory, Argonne, Illinois 60439

(II'.eceived 7 August 1978)

The magnetic susceptibility and magnetization of NpH and PuH„(2.0 & x ( 3.0) compounds have been
measured between 4 and 700 K, The susceptibility of the NpH„compounds is weakly temperature dependent
and a crystal-field calculation based on the 5f '(Np'+) ground-state configuration was in reasonable agreement
with the experimental results for the dihydride (cubic CaF, -type structure). The cubic plutonium dihydride
has a susceptibility maximum, indicative of antiferromagnetic ordering, at 30 K. Cubic plutonium
compounds with higher hydrogen concentrations order ferromagnetically with transition temperatures that
increase with an increase in x and reach a maximum of 66 K at x = 2.7. The hexagonal plutonium
trihydride becomes ferromagnetic at 101 K. Although the details of the ordering scheme and a complete
crystal-field calculation await a neutron-scattering study, it appears that the most likely ground-state
configuration is 5f '(Pu'+).

I. INTRODUCTION

A considerable body of literature exists on the
magnetic' and electronic' properties of rare-earth
hydrides. The dihydrides, which are cubic with
the CaF, -type structure, are metallic and order
magnetically below 40 K. The CaF, -type structure
can take up additional hydrogen, which has the
effect of decreasing both the transition tempera-
ture and the "metallic" behavior of the compound.
The hexagonal rare-earth trihydrides are semi-
conducting and do not order magnetically above 4
K. This relationship between the magnetic and
electrical properties suggests' that the main mag-
netic coupling interaction involves indirect ex-
change via the conduction electrons, i.e, , the
Ruderman-Kittel- Kasuya- Yosida mechanism.

Both neptunium and plutonium form analogous
cubic dihydrides and hexagonal trihydrides. ' In
view of the more extended nature of the 5f -elec-
tron wave functions of the actinide ions, as com-
pared with the 4f-electron wave functions of the
rare-earth ions, it is of interest ta compare the
magnetic properties of the actinide and rare-earth
hydrides. Very few magnetic studies of either
neptunium or plutonium hydrides have been made.
The Mossbauer spectra ('"Np) of cubic neptunium
hydr ides' with H to Np ratio& 2 show that the nep-
tunium atoms are sensitive to their local environ-
ment, i.e. , the number of near-neighbor hydrogen
atoms in the octahedral sites of the CaF, -type
structure. There is no evidence of long-range
magnetic ordering. A brief report' showed that
PuH, ,4 was ferromagnetic, with a Curie tempera-
ture (Tc) of 107 K. At 76 K, the magnetic moment
was 0.24 pe/mole at -1 kOe. In a proton NMR study
of the cubic plutonium hydride system, ' it was con-
cluded that the Pu ions possess localized 5f elec-

trons for all hydrogen concentrations, and that the
Ruderman-Kittel-Kasuya- Yosida coupling mech-
anism is dominant. From a comparison between
the Knight-shift and spin-lattice relaxation-time
results, antiferromagnetic ordering was predicted
for the stoichiometric dihydride. A more detailed
analysis was precluded by the lack of magnetic-
susceptibility data. In light of the above, mag-
netization measurements have been performed on
neptunium and plutonium hydrides in both the cubic
and hexagonal phases over the temperature range
4-700 K.

II. EXPERIMENTAL PROCEDURES AND RESULTS

The phase diagrams of the neptunium-hydrogen'
and plutonium-hydrogen' systems show that in both
cases the cubic dihydride exists over a range of
stoichiometries, i.e. , 1.9 &g &2.7, where g is the
ratio of H to Np or H to Pu. Samples of neptunium
hydride (x= 2.04 and 2.67) and plutonium hydride
(x=1.99, 2.33, 2.66, and 2.75) were prepared by
reacting neptunium or plutonium metal with a
known amount of hydrogen at -200 C. The resul-
tant powders were encapsulated in aluminum tubes
without exposure to the glove-box atmosphere, and
reannealed to improve homogenization. The es-
timated uncertainty in the compositions is -1%.
Because of the difficulty in attaining thermodynam-
ic equilibrium in the formation of neptunium and
plutonium trihydrides, "' these samples were pre-
pared by saturating the metal with hydrogen, so
that g =3. An x-ray determination of the phase
structure is difficult because the hydride powders
react very rapidly with oxygen to form NpO, or
PuO» which also have the CaF, -type structure;
additionally, PuO, has a lattice parameter almost
identical to that of PuH, .
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The magnetization of each sample was measured
in applied fields up to H, = 14.5 kOe over the range
4-700 K by the Faraday method. The upper tem-
perature limit was determined by the phase dia-
gram. "' The experimental procedure has been
described previously', the data above room tem-
perature were obtained in an equivalent apparatus
in which a furnace replaced the cryostat.

The field dependence of the magnetization for the
neptunium hydride samples was of the form

o'= o'0+ XH .

H is the internal field, i.e. , the applied field cor-
rected for the demagnetizing field of the sample.
A small remanent magnetization o, was present
in all samples even up to 700 K. The origin of this
term, which is common in neptunium compounds, '
is unclear. The molar susceptibility of the nep-
tunium hydrides is plotted as a function of temper-
ature in Fig. 1. In each case there is a weak tem-
perature dependence. The susceptibility of the
nominal dihydride has been calculated by a crystal-
field model (discussed in Sec. III) and is shown as
the solid line. The data for the NpH2 67 sample
shows that additional hydrogen in the CaF, -type
structure increases the molar susceptibility, while
leaving the temperature dependence essentially un-
affected. Because the site symmetry around each
Np atom in the hyperstoichiometric dihydride is
unknown, an analogous crystal-field calculation
cannot be made.

The reciprocal molar susceptibilities of the
plutonium hydrides are shown as a function of
temperature in Fig. 2. The susceptibility maxi-
mum at 30 K in the stoichiometric dihydride (x
= 1.99) is indicative of antiferromagnetic ordering,
as suggested by the NMR results. ' The samples
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FIG. 2. Reciprocal molar susceptibility vs tempera-
ture for plutonium hydrides.
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with higher hydrogen concentrations, including the
nominal trihydride, all order ferromagnetically as
indicated by Fig. 2. The Curie temperatures were
determined by plotting the data in the form o' vs
H/o as illustrated in Fig. 3, which yields To=101
K for PuH, . In the ferromagnetic regime, the
magnetization of the compounds cooled in zero
field showed a large field dependence, indicative
of a large magnetocrystalline anisotropy. Field
cooling of these powdered samples through the
Curie temperature, as shown in Fig. 4, substan-

' tially increased the magnetization and decreased
the field dependence. The remaining field depen-
dence was fitted, by least-squares analysis, to
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FIG. 1. Molar susceptibility vs temperature for
neptunium hydrides. The solid line represents the re-
sults of a crystal-field calculation (see text).

FIG. 3. 0 vs H/g plots for PuH3 at temperatures in
the vicinity of the Curie temperature (Tz =101 K).
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FIG. 4. Magnetization at the maximum applied field
(14.5 koe) vs temperature for PuH3 cooled in both zero
field and the maximum applied field.

(r= o,(1 —a/H)+ yH (2)

over the field range 2.0-14.5 kOe for each iso-
therm. A plot of o,(T) vs T'~' was used to yield
an extrapolated value of o,(0) from which the satu-
ration moment p,, ( p, ~/atom) was determined. A

summary of these results is given in Table I.
As noted earlier, there was cause for concern

about the composition and crystal structure of
"PuH, ." To elucidate this point, one additional
sample with H to Pu ratio of 2.75 was made up;
according to the phase diagram, ' this sample
should contain both the cubic and hexagonal phases.
An analysis of the magnetic isotherms obtained
from this sample showed that it indeed had two
magnetic transitions (Fig. 5), at -100 K (hexagonal

FIG. 5. Spontaneous magnetization 0 ~, obtained by
fitting to Eq. (2), vs temperature for PuH2 7&. Note the
presence of two ferromagnetic transitions at - 65 and
—100 K.

phase, "PuH, ") and -65 K (cubic phase, H to Pu
ratiq=2. 7). The saturation magnetizations of the
two phases (Fig. 5) indicate a mass ratio of ap
proximately 90% cubic phase to 10%%uz hexagonal
phase, which is again consistent with the phase
diagram. This result strongly suggests that the
PUH 3 samp le is hexag ona l, a lth ough the pre cis e
stoichiometry is not defined.

III. DISCUSSIPN

The actinide -actinide interatomic distances in
these hydrides are -5 A in the cubic CaF, -type
structure and -4 A in the hexagonal structure, and
the 5f electrons are probably well localized —a
conclusion also drawn from previous NMR re-
sults. ' It thus seems appropriate to use a crystal-
field model to calculate the temperature depen-

TABLE I. Magnetic properties of Pug„compounds.

Tc
(K )

~. (o)
(emu/g)

Po
(p & /atom) (Oe)

X
(10"5 emu/g)

2.33
2.66
3

46(1) '
66(1)

101(1)

10.24 (3)
7.28 (3)
8.14 (1)

0.442 (1)
O.315(1)
0.353(1)

119(25)
35(2)
30(2)

5.8(3)
3.6 (3)
o.8(3)

Average value for isotherms up to 0.5 T
Numbers in parentheses represent estimated uncertainties in last significant figure.
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dence of the magnetic susceptibility. The applica-
tion of crystal-field calculations to actinide ions
has been considered in detail by Chan and Lam. "
Because of the large magnitude of both the crystal
field and the spin-orbit interaction, J is generally
not a good quantum number for Sf ions. It is
therefore necessary to use. intermediate coupling
rather than B,ussell-Saunders coupling in the
calculation, and to take into account mixing

of the various J manifolds. In applying such

a calculation, the first problem is to assign
an electron configuration to the actinide ion. In

view of the weakly temperature-dependent sus-
ceptibility of the neptunium hydrides, the most
likely nonmagnetic .ground-state conf iguration is
5f'(Np"). On this basis, a complete calculation
can then be made, but only for the stoichiometrie
dihydride in which the local site symmetry around
each actinide ion (i.e. , eightfold cubic) is well de-
fined. The solid line in Fig. 1 represents the re-
sults of such a calculation with the fourth- and
sixth-order crystal-field parameters V'= 550 cm '
and V'= -210 cm ', respectively. The ground
state is a I', doubl. et; the first and second excited
states, I'4 and I", triplets, are located 512 and
549 cm ' above it, respectively. The next state,
a I', singlet, is 1851 cm ' above 1",. Note that the
characteristics of the experimental temperature
dependence of the susceptibility (Fig. 1) provide
a severe constraint on the size and magnitude of
the crystal-field parameters. In the context of a
point-charge model, the sign of the parameters
should determine the sign of the surrounding ligand

charges, and presumably, the charge of the hydro-
gen ion. .However, the t, band of actinide 6d elec-
trons is fairly narrow and probably near the Fermi
energy. In the case of PuP, " the existence of this
narrow actinide 6d band causes a large conduc-
tion-electron polarization and also accounts for
the sign of the fourth-order crystal-field param-
eter, which is opposite to that derived from the
point-charge model.

Although a full crystal-field calculation has not
been made for neptunium trihydride, the site sym-
metry of the Np ion here is hexagonal, and the 5f
electrons will be affected by an additional axial
field V'. This field will perturb the cubic crystal-
field levels and modify the energy-level diagram
of the 5f' configuration. The fact that both the
magnitude and temperature dependence of the sus-
ceptibility are almost the same for both neptunium
di- and trihydride (Fig, 1) indicates that either the

level scheme for the trihydride gives coincidental-
ly the same susceptibility as the dihydride, or,
more likely, the axial field in the trihydride is
weak and the energy-level diagram of the Np" ion
is not substantially changed from the dihydride.

An initial analysis of the temperature dependence
of the molar susceptibility X of the plutonium hy-
drides (Fig. 2) was made in terms of a modified
Curie-Weiss law:

x„=x.+x,= x.+~/(&-e),
where X& is the susceptibility of the local 5f elec-
trons and X, represents a temperature-indepen-
dent (Pauli) susceptibility. The results of this
analysis are given in Table II. Note that only in

the case of the ~= 1.99 sample does Eg. (3) pro-
vide a good representation of the data. The value
of y, ,«(-1.0) for PuH, » is close to that found in

many plutonium intermetallie compounds contain-
ing Pu" ions." There is a monotonic decrease in

pl ff and an increase in X, and 8 as the hydrogen
concentration increases.

By analogy with NpH„and other plutonium inter-
metal. lic compounds with p, ,«=1p.~, the expected
electron configuration for the Pu ion in plutonium
hydride is 5f'(Pu"). If the sign and magnitude of
the crystal-field parameters are assumed to be
the same for NpH, and PuH„ the crystal-field
ground state is a doublet I'„with a quartet 1', ex-
cited state located 70 cm ' above it. Because of
the small energy separation, the I'7 ground state
and the I', excited state will be mixed by the ex-
change field in the ferromagnetic regime. The
magnetic ground-state wave function consists of
a mixture of 9'l%%uo of the J= —', manifold and approxi-
mately 2%%uo and 1%%uo of the J= —' and J= —' manifolds,
respectively. A Brillouin plot of reduced magnet-
ization versus reduced temperature for the ferro-
magnetic hydrides (Fig, 6) shows reasonable con-
formance to J= —,

' behavior. The ordered moment

per Pu ion given by the magnetic ground state
(1.0 ps) is substantially higher than the values de-
rived from the experimental. saturation magnetiza-
tion and given in Table I. Such behavior is typical
of ferromagnetic actinide intermetallics, "although
a detailed analysis of this point in the plutonium

hydrides awaits a neutron-diffraction study. The
apparently low values for the ordered moment de-
rived from the bulk magnetization values, usually
taken as evidence of a negative conduction-el. ec-
tron polarization, "are also indicated by the P,/
pt f f ratio for the ferromagnetic compounds
(~0.56), which is lower than expected for a purely
local 5f moment. " The persistence of magnetic
order as g increases from 2 to 3 suggests that the
conduction-electron concentration is not substan-
tially decreased. This behavior is in contrast to
that of the rare-earth hydrides, ' where the metal-
lic behavior of the dihydrides gives way to semi-
conducting behavior in the trihydrides.

The Knight shift K of the ligand nucleus in inter-
metallic actinide compounds may be given [cf. Eq.
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TA]ALE II. Results of modified Curie-gneiss fit [Eq. (3)] to the paramagnetic susceptibilities of plutonium hydrides
PuH„.

C

(K )
C

(K )

-C
(10 2 emu K/mole)

I"eff
(p, a jmole)

Xo
(10 4 emu/mole)

Temperature
range

1.99
2.33
2.66
3

~ ~ ~

46 (1)
66(1)

101(1)

30(1) '
~ ~ ~

5(1)
45 (1)
68(1)
98(1)

11.3(1)
8,0 (1)
7.3(1)
5.0(2)

0.96 (1)
0.80 (1)
0.77 (1)
0.63 (2)

2.7(1)
3.9(1)
3.7 (2)
4.4(2)

40—300
50-315
75-310

110—315

Calculated from C by the expression p, eff 2.84 C
"Numbers in parentheses represent estimated uncertainties in last significant figure.

(3)] by

K= Ko+ K~ (4)

where K, represents a contribution from s elec-
trons that is approximately temperature indepen-
dent, and the temperature-dependent term K& is
thought to arise from the localized 5f electrons.
In the indirect exchange-coupling model, K& can
be expressed by the relation"

de d((S,)/H)
dxy

where H,«[=J,)0)N,(E~)H„„j is an effective field
per Bohr magneton at the ligand nucleus, and (S,)
is the spin projection of the magnetic moment.
Z„(0) is the exchange-coupling parameter per spin,
determined by the Fourier component of the effec-
tive s-f exchange integral for momentum transfer

Q=K-K'=0, X,(Ez) is the s-electron density of
states for one, -spin direction at the Fermi level,
and H„f, is the contact hyperfine'field.

Figure 7 shows K (for protons) for PuH, „(cal-
culated from the parameters in Table II of Ref. 6),
plotted against X for PuH, «with temperature as
an implicit parameter. The behavior is linear
over the temperature range 160-300 K. The nega-
tive intercept for y= 0 indicates the presence of a
high-frequency susceptibility term. The slope of
the K vs X curve in Fig. 7 is 1.1 mole/emu; dZ/dx
varies between 1.0 and 1.5 for other hydrogen con-
centrations. The calculated value of d((S,)/H)/dx
= —1.28, based on the crystal-field eigenvalues
and eigenvectors of the Pu" ion, when taken with
the experimental de/dy and substituted in Eq. (5)
yields H, ff -4.8 kOe. By comparison, if J is as-
sumed to be a good quantum number and the op-
erator equivalent S,=(gz —l)J, is employed, then
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FIG. 6. Reduced magnetization vs reduced temperature
for ferromagnetic plutonium hydrides. The solid line
represents the J= ~ Brillouin function.

FIG. 7. Proton NMR Knight shift K for PuH2 q5 (Ref.
6) vs the molar susceptibility of PuH2 66, with tem-
perature (ranging from 160 to 300 K) as an implicit
parameter.
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H,«= -2.5 kOe. Both of these H,«values are
smaller than the value of -6.5 kQe derived in Ref.
6, with no magnetic-susceptibility input. If we
assume the same H„„for the hydrogen in PuH„as
in P-UH„" namely, H~„=19.7 kQe, then

J,z(0)N, (E~) = -0.243. This can be compared to the
value of J,&(0)N,(Ez) = -0.297 derived for P-UH, .
Again, a complete analysis, along the lines of Ref.
13, awaits a neutron-scattering study to determine
the crystal-field parameters for the plutonium
ions in PuH„.

In summary, the weak temperature dependence
of the measured magnetic susceptibility of the nep-
tunium hydrides implies a Np"(5f') ground-state
conf iguration. A crystal-f ield calculation yields
a good fit to the experimental data with cj.osely de-
fined fourth- and sixth-order parameters. Mag-
netic ordering occurs in the plutonium hydrides,
varying from antiferromagnetic in the stoichiomet-
ric cubic dihydride (T„=30 K) to ferromagnetic in

the cubic dihydrides with excess hydrogen and the
hexagonal trihydride (Tc = 101 K). The temperature

dependence of the paramagnetic susceptibility sug-
gests that the ground-state configuration is
Pu"(5f'). With the same crystal-field parameters
as for neptunium dihydride, the magnetic ground-
state wave function consists almost entirely of the
J= —,

' manifold, and the experimental Brillouin plot
shows reasonable conformance to J= —,

' behavior.
However, the expected ordered moment per Pu
ion (1.0 p, s) is substantially higher than the ex-
perimental bulk moment value (&0.5pe). The sig-
nificance of this discrepancy may be ascertained
by a neutron-diffraction study. Additionally, in-
elastic-neutron-scattering exper iments are nec-
essary to determine the crystal-field levels. Only
when such results become available is a more-
complete theoretical investigation justified.
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