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Magnetic and Mossbauer-effect studies of U6Fe hydride
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The dc magnetization, ac susceptibility, heat capacity, and Mossbauer effect for U6FeH~, and P-UH,
have been examined as a function of temperature (4.2—300 K) and magnetic field up to 140 kOe. The

U6FeH» crystallizes in the Pm3n space group where the metal arrangement is like that of P-W. The

compound turned out to be a ferromagnet with a transition temperature of 173 K differing only slightly

from that of P-UH~. The saturation magnetization of U6FeH&7 at 140 kOe and at 4.2 K is smaller than

that for P-UHz. The temperature dependence of the ac susceptibility showed a sharp maximum of the y'

and y" at the para-ferromagnetic transition temperature for both investigated hydrides. In the U6FeH»
hydride another steplike anomaly at about 140 K has been observed. This anomaly has been confirmed

by heat capacity measurements. No such anomaly in P-UH~ hydride has been reported for both men-

tioned above types of experiment. The valence-charge-density distribution and the main components of
the electric field gradient tensor were calculated using the modified Thomas-Fermi approach.
Mossbauer spectra analysis has shown that the iron atoms preferably occupy (6c) sites in the U6FeH, 7

lattice. It has been concluded that the [110] axis could be an easy magnetization direction in U6FeH, 7

hydride.

I. INTRODUCTION

The absorption of hydrogen gas by the compounds of
rare earth and actinide elements with 3d transition metals
leads to substantial changes of their magnetic properties. '

These include hydrogen-induced transitions from Pauli
paramagnetism to ferromagnetism. There are also ex-
amples of the reverse effect, i.e., where in the ferromag-
netic compound the 3d moment disappears upon hydro-
gen absorption. At first sight, no uniform behavior
seems to exist regarding the changes in magnetic ordering
temperatures accompanying the hydrogen absorption.

The changes in magnetic properties may have two
different origins. In the first place, the introduction of
hydrogen leads to the changes in the conduction electron
concentrations, in the electron band filling, and in
effective Coulomb repulsion. These effects, together with
an increase of interatomic separation, can inhuence the
exchange splitting of both the d and f electrons. The
most spectacular example of hydrogen infiuence on the
magnetic properties of actinide elements is UHz trihy-
dride. %'hereas a-uranium is a paramagnet with a rather
weak temperature-dependent susceptibility, its hydride,
P-UH~, turns out to be a ferromagnet below T, = 178 K.
The changes in magnetic properties were discussed in

Ref. 5 in terms of charge transfer and changes of inter-
atomic distances. It was assumed that the magnetic
properties of the hydride are due mainly to the localized
5f electrons which interact through the conduction elec-
trons. Appearance of a narrow 5f band in the uranium
hydride had been expected due to an increase of uranium
interatomic distances above the Hill limit. The hydro-
gen absorption in the actinide elements can also cause
quite different modifications. In thorium metal, for ex-
ample, it induces superconductivity.

Such a correspondence is unusual and it would be in-
teresting to investigate the hydrogen absorption effect on
the physical properties of U6Fe, one of the uranium
high-field superconductors. It belongs to the group of the
body-centered-tetragonal (bct) U6M (M=Mn, Fe, Co,
Ni) type compounds. U&Fe becomes a superconductor at
3.8 K. The superconducting phase in the materials is
characterized by rather small interatomic distances
(dU U =300 nm), falling below the Hill limit. The mag-
netic measurements have shown that all the compounds
are exchange-enhanced paramagnetics. '

To the best of our knowledge, of all mentioned com-
pounds only U6Co has been hydrogenated and its mag-
netic properties investigated. ' Hydrogenation of U6Co
leads to U6CoH&8 compounds with the crystal structure
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of the well-known UH3 hydride and ferromagnetic transi-
tion temperature of T, =185 K.

Presently, we report the results of the structure, mag-
netization, heat capacity, and Mossbauer-effect measure-
ments of U6FeH hydride with x =17. We also report
the outcome of a magnetic properties study of the pure
p-UH3 trihydride which has been synthesized from the
same uranium metal batch. These measurements have
made the analysis of the results obtained for U6Fe hy-
dride easier.

II. EXPERIMENTAL DETAILS

Initial samples of U6Fe were prepared by arc melting
of pure elemental uranium and isotopically enriched
(95%) Fe metal in the inert argon atmosphere. To
avoid the formation of UFe2, a small excess of uranium
was applied. After the arc melting the samples were
homogenized by a low-temperature annealing as de-
scribed elsewhere. '

The x-ray difFraction measurements made with Cu Ku
radiation showed that the samples were a single-phase
material of bct U6Mn type structure with the lattice pa-
rameters a=10.303 A and c =5.235 A. The powder
samples of the hydride were obtained by heating lumps of
the compound in hydrogen up to 300'C at a pressure of
0.1 MPa. The composition was determined from the
amount of H2 taken up, measured volumetrically. The
x-ray powder diffraction data were obtained using a Phi-
lips PW1050 diffractometer. The ac magnetic susceptibil-
ity measurements have been performed by the Lake
Shore Model 7000 ac susceptometer. The heat capacity
experiments were done with an adiabatic calorimeter in
the temperature range from 4 to 255 K.

The Mossbauer measurements were carried out using a
conventional constant acceleration spectrometer with

Co in chromium matrix. The velocity scale and isomer
shift were calibrated relative to an a-Fe absorber at room
temperature. The Oxford continuous-How type cooling
system was used to cool absorbers to low temperatures.
Samples for Mossbauer experiments were mounted on an
aluminum foil with BF6 varnish in an argon glove box
before transferring the absorber into the vacuum shroud
cryostat.

III. RESULT AND DISCUSSION

A. X-ray examination

The U6Fe absorbs hydrogen up to the stoichiometry of
U6FeH, 7. X-ray diffraction (XRD) patterns of the hy-
dride can be indexed in terms of a simple cubic structure
of P-UH3 type with lattice parameter a =6.631 A. The
XRD patterns were taken at room and liquid nitrogen
temperatures. No essential changes of the lattice con-
stant with temperature have been found.

Using the Rietveld profile analysis, the refinement of
the atomic coordinates has been performed. The best
fitting can be achieved for the space group Pm 3n in
which a metal arrangement is like that of p- JV: two metal
atoms are at (2e) sites (000), ( —,

'
—,
'

—,'), whereas six other

metal atoms occupy the (6c) positions k( —,'0—'), +(—,
' ~~0),

+(0—,
'

—,
' ). 24 hydrogen atoms per unit cell are arranged in

(24k) sites with two free position parameters: y =0.155,
z =0.303. Unfortunately, in the limits of our experimen-
tal accuracy, the Rietveld analysis does not allow us to
state what kind of crystallographic position is preferred
by the iron atoms. Various superlattice models of the
iron distribution have been considered, but they cannot
be distinguished by means of the analysis.

We dedicated a lot of attention to examining the hy-
pothetical tendency towards phase separation after U6Fe
hydriding. On the basis of our Mossbauer data and x-ray
analysis we have discovered that the
hydriding/dehydriding reaction at ambient temperature
is fully reversible without any evidence for the sample de-
gradation.

B. Magnetic studies

Magnetization-field data for the powdered samples of
U6FeH&7 and UH3 at 4.2 K are shown in Fig. 1. At 140
kOe the saturation magnetic moment per uranium atom
is equal to 0.86(1)p~ for UH3 and 0.79(1)pii for U6FeH, 7.
The measured saturation magnetization value for p-UH3
is comparable to that given by Trzebiatowski, Sliwa, and
Stalinski, and Kaufman, Lin' and Henry. ' Due to very
large anisotropy of magnetic actinide compounds, the
saturation moments obtained from magnetization mea-
surements on powders are usually lower than the mo-
ments calculated from the neutron diffraction studies. ' '
Therefore, we are going to discuss the difference in mag-
netization only. All independent magnetometric mea-
surements shown in Figs. 1 and 2 indicated evidently
(above experimental errors) that the magnetization in
UH3 is higher than for U6Fe hydride.

The lower saturation magnetization in U6FeH&7 rela-
tive to UH3 can be consistent with (1) an appearance of a
relatively large magnetic moment on Fe atoms (about
0.42pz per iron atom) and its antiparallel orientation to
the U moment, (2) diminishing of uraniuin magnetic mo-
ment, or (3) a rotation of the spin direction from one ma-
jor cubic axis to another one due to the change of magne-
tocrystalline anisotropy.

A change in the Fe moment upon the hydrogen ab-
sorption has been observed in many intermetallic com-
pounds. ' But in our case, as it results from the
Mossbauer data (see Fig. 9), the average hyperfine field on
iron nuclei appears to be too small to explain the ob-
served magnetization differences. Therefore, the assump-
tion that hydrogenation induces the large magnetic mo-
ment on the iron atom in U6FeH, 7 must be rejected.

In Fig. 2 the temperature dependences of magnetiza-
tion of U6FeH&7 and UH3 in the field of 10 kOe are de-
picted. As is seen, the temperature dependences (M '1)-
are similar for both samples, which indicates that in
U6FeH, 7, as in UH3, the dominant interaction is that be-
tween the U moments which determines the transition
temperatures T, of both hydrides. The suggestion about
uranium moments diminishing in U6FeH&7 remains
unproved, although it cannot be excluded.
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FIG. 1. Magnetization versus magnetic field at 4.2 K for
U6FeH, 7 and P-UH3.
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To verify the possibility of spin-reorientation transition
(SRT) mentioned in (3), the ac susceptibility and the heat
capacity measurements as a function of temperature were
performed. Figure 3 shows the temperature dependence
of the ac susceptibility of U6FeH&7 and UH3 measured for
powdered samples in zero dc external magnetic field. The
sharp maxima on the real and imaginary parts of ac sus-
ceptibility at 176 and 183 K, respectively, in both investi-
gated hydrides reQect the para-ferromagnetic transitions
at these temperatures. At about 140 K another second
steplike anomaly appears in the ac components of
U6FeH&7. There is no such anomaly for UH3 samples.
Unfortunately, this low-temperature anomaly has not
been clearly observed when the ac magnetic susceptibility
measurements were performed for randomly oriented
powder samples.

C. Heat capacity measurements

FIG. 3. The real y' and imaginary y" parts of the ac suscep-
tibility as measured in U6FeH» and UH3.

as a function of the temperature is shown for U6FeH$7.
There are two anomalies in Cz( T). The high-temperature
anomaly at 173 K displays a para-ferromagnetic phase
transition. The low-temperature anomaly has the
behavior typical for the first-order type transition' and
appears in the same temperature range where the ac sus-

ceptibility anomaly was registered. The specific heat data
for UH3 (Ref. 20) have not shown this type of anomaly.

We think that the low-temperature anomaly observed
in the heat capacity experiments in U6FeH, 7 should be
ascribed to spin-reorientation transition. Since the Fe
moment in U6FeH, 7 is questionable, we think that the
SRT could be successfully explained in terms of the com-
petition between the electric field anisotropies of the two

To explain the origin of the low-temperature anomaly
in the ac susceptibility, additional heat capacity measure-
ments were performed. In Fig. 4 the molar specific heat
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FIG. 2. Magnetization vs temperature for U6Fe hydride in 10
kOe magnetic field.
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FIG. 4. The specific heat as a function of temperature of
U6Fe hydride sample. The dashed line represents the calculated
electronic and lattice contributions.
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noncrystallographically equivalent uranium sites. The
change of the local environment of one of the uranium
atoms, due to the iron presence in U6FeH&7, can strongly
act on the tendency to change an easy magnetization
direction with temperature lowering. More information
about the new magnetic state of U6FeH&7 at low tempera-
tures could be brought by neutron diffraction measure-
ments.

D. Fe Mossbauer-effect study
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FICx. 5. The ' Fe Mossbauer spectra of the nonhydrogenated
U6Fe at 13 and 295 K.

The Fe Mossbauer spectra of the U6Fe intermetallic
compound measured at two different temperatures are
shown in Fig. 5. The nuclear hyperfine structure parame-
ters [isomer shift IS= —0.34(3) mm/s and quadrupole
splitting QS=0.67(3) mm/s are in reasonable agreement
with those reported previously in Refs. 21—23. Contrary
to U6Fe, quite different temperature dependence of
Mossbauer spectra in U&FeH, 7 hydride is observed (com-
pare Figs. 6 and 7). At low temperatures a strong
broadening and complex structure of the spectra appear,
which is associated with magnetic ordering. The com-
plex structure can additionally be complicated by the fact
that the iron atoms in U6FeHI7 lattice might, in princi-
ple, occupy two nonequivalent crystallographic positions:
(2e) and (6c).

For the (2e) site (m3 symmetry) the nearest coordina-
tion sphere is formed by 12 equidistant hydrogen neigh-
bors at an average distance 2.30 A and by 12 uranium
atoms at the distance 3.72 A. The (6c) sites have point
symmetry 4m2 with two neighbors at 3.31 A and 12 hy-
drogen atoms at 2.30 A. These two coordinations pro-
duce, of course, somewhat different charge-density distri-
butions around the metal atoms.

To compare the electron density (ED) distribution
around given sites in U6FeH&7, we have performed the
ED calculations using the modified statistic method of
the Thomas-Fermi approach. As in (Ref. 25), the sim-
ple form of pseudopotential has been used.
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FIG. 6. The ' Fe Mossbauer spectra of U6FeH» before and
after air exposure at room temperature.
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In Fig. 8 the valence-charge-density map in the plane
of z =

—,
' is shown. As one can see, the electron cloud

around the (2e) ( —,
'

—,
'

—,
'

) site is much more symmetric than
that around the (6c) site. In Table I the calculated values
of the main components of the electric Beld gradient
(EFG) tensor for the obtained valence-charge distribution
are shown. The direction coeKcients of the EFG tensor
are given in the last column. Table I reveals that if the
iron atoms were statistically distributed among the (2e)
and (6c) sites, the Mossbauer spectra of U6Fe hydride in
the paramagnetic state ~ould consist of the quadrupole
doublet and singlet with the area ratio of 3:1. However,
as can be seen in Fig. 6, the experimentally found area ra-
tio was close to 6:1. Moreover, one shall note that the
isomer shift value for the singlet [IS=+0.32(3) inm/s] is
much larger than that for the doublet [IS=—0.22(3)
mm/s] and that for the initial U6Fe [IS= —0.34( 3 )

mm/s]. The observed contradictions have inclined us to
conclude that the singlet Mossbauer line probably does
not belong to the U6Fe hydride structure at all. This as-
sumption has been confirmed by the line intensity in-
creasing upon the exposure of the hydride sample to air
[compare Figs. 6(a) and 6(b)). All of these entitled us to
state that the singlet belongs to an air-induced impurity
and that the iron atoms preferably occupy the (6c) sites in
U6FeH &7 only.

As it can be seen from, Table I, the main axes of the
EFG tensor are parallel to [100], [010],and [001] crystal-
lographic axes, respectively. For crystals with cubic sym-
metry, the easy magnetization axes are directed, as a rule,
either along the [ill], [110], or [001] type axes. Since
there is no access to the data on the easy magnetization
axis for the studied hydride, the experimental spectra in
Fig. 7 were fitted considering three diff'erent options:

(1) The easy magnetization direction in U6FeH, 7 crys-
tal is the [111]axis and thus the angles 6 between this
direction and the EFG tensor components are the same
for all (6c) sites and equal to e=54.74'. In such a case,

TABLE I. The main components of the EFG tensor, q, and
directional cosines of EFG main components, calculated by the
modified statistic method of the Thomas-Fermi approach.

Site

(6c)

Vzz~ Vxx ~ Vyy

X 10 a.u.

—10.59
5.29
5.29

V —
Vyy7l=

V„

0.00

Orientation cosines
of main axes

of EFG tensor

100
010
001

(6c)

—10.60
5.30
5.30

0.00
001
100
001

(6c)

—10.60
5.30
5.30

0.00
001
100
010

the Mossbauer spectra would consist of only one
hyperfine pattern. This fitting is shown in Fig. 7(a).

(2) The easy magnetization axis is parallel to the crys-
tallographic axis of [001] type and then, for —', of iron
atoms, 6=90', whereas for the remaining ones, 8=0'.
In this option, the Mossbauer spectra should consist of
two hyperfine components with the area ratio of 2:1. The
best fit for this possibility is displayed in Fig. 7(b).

(3) The easy magnetization direction is set along the
[110] axis. Now, the Mossbauer spectra should be also
analyzed in terms of two six-line Fe patterns with the
area ratio of 2:1, but this time for the majority com-
ponent the e should amount 45' and for the minority
one, 6=90'.

As one can see from Fig. 7(c), the last case seems to be
the best Stting for the low-temperature Mossbauer spec-
tra. For this y is almost three times smaller than in the
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FIG. 8. The valence-charge-density distribution map in the
plane of z =

2 of U6FeH» unit cell.
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previous cases. No improvement of the y value was ob-
served taking into account all these three options simul-
taneously.

For all the cases, the fittings of experimental spectra
were performed assuming that the linewidth and the iso-
mer shift for both hyperfine components are the same.
Both Mossbauer components differ from each other by 6
value only. As the free parameters, the following were
chosen: magnetic hyperfine field Hhf, quadrupole splitting
QS, and B—the angle between magnetic-field direction
and the main axis ( V„) of the EFG tensor. We also ac-
cepted an axial-symmetry model of the EFG with

g) =g2=0.
The fitting procedure for the low-temperature

Mossbauer spectra in case (3) gives the following values:
Hht=33. 9 kOe, Hht=14. 9 kOe; QSt=0. 56(3) mm/s,
QSz=0. 66(3) mm/s; Bt =42.5(5)', 62=93.1(5)'. The
obtained values of Hht and QS for both components ap-
peared to be somewhat different. This is unexpected in
light of the fact that both the components originated
from the Fe nuclei occupying probably the one type of
crystallographic site only.

We think that the difference in the quadrupole splitting
values and the small deviations of 8 from 45' and 90' in-
dicated the possibility of small crystallographic deforma-
tions created by magnetostriction. In such a case, the
crystallographic sites of Fe atoms, which are equivalent
in the paramagnetic state, are no longer equivalent in the
magnetically ordered state. In UFe2, for example, these
interactions induce the orthorhombic deformation and
the difference in the quadrupole splitting values can even
reach the value of 0.25 mm/s; also the change of B in
comparison to the ideal structure can be as large as 20',
up to 25'. In our case b,QS =0. 10(3 ) mm/s,
b,Bt= —2.5(5)', EB2=3.1(5)'. The observed difference
between the hyperfine fields on iron atoms or U6Fe hy-
dride is very similar to that registered in UFe2. ' Its
origin is mainly in the dipolar fields.

The temperature dependence of the average hyperfine
field on Fe nuclei in U6FeH, 7 is shown in Fig. 9. The
solid line represents the approximation of the experimen-
tal data by the power function of Hh&=H&(1 —T/T, )~

type, where Ho=27 kOe, T, =180 K, and P=0.38(2).
The dashed line is a Brillouin type curve with J=—,',
Ho =23 kOe, and T, = 178 K.

U6Fe H)p

~20

100
T (K)

Oi

150 200

FIG. 9. Temperature dependence of the average hyperfine
field, Hhf.
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