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Hydride phases, structure, and magnetic properties of the UNiAlHy system
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The hydriding behavior of the heavy fermion compound UNiAl has been investigated. A range of hydride
compositions with orthorhombic structure~space groupPnma! has been stabilized. As a result, a different
nomenclature for the UNiAlHy hydride phases is proposed. X-ray diffraction and magnetic studies are reported
on three compositions in this range of hydrides, viz.,y50.06, 0.14, and 0.58. All these compositions do not
show magnetic ordering down to 2 K, though weak ferromagnetic correlations are apparent in their magnetic
studies. Low effective moment values on uranium atoms in these cases, appreciably below the value for
itinerant antiferromagnetic UNiAl, indicate increased itinerant character of U 5f electrons. We also report
magnetization studies on hexagonal UNiAlHy (y50.7). It shows ferromagnetic ordering below 87 K. This
means that in the hexagonal hydride phases, the nature of magnetic ordering changes from antiferromagnetic
(y50) to ferromagnetic (y50.7) and again back to antiferromagnetic fory52.3. It is shown that the moment
on the uranium atoms in the hexagonal hydride phases~y>0.7 and 2.0–2.5! is close to the free-ion local
moment value.

DOI: 10.1103/PhysRevB.63.094414 PACS number~s!: 75.30.Mb
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I. INTRODUCTION

Uranium-based intermetallic compounds present a hig
fascinating area of scientific investigations because of
vide variety of anomalous phenomena exhibited by the
The unusual properties of these compounds are related t
hybridization between U 5f electrons and the electrons o
the surrounding atoms. The U 5f electrons lie on the border
line between localized and itinerant behavior and are th
fore susceptible to undergo a change in the degree of~de!lo-
calization, depending on the strength of hybridization. T
development of the magnetic properties from t
temperature-independent Pauli paramagnetic state~i.e., itin-
erant and in some cases even superconducting at the lo
temperatures! to spin fluctuation and finally to the local mo
ment behavior also follows the extent of hybridization.1–7

This makes the crystallographic as well as electronic str
ture of these intermetallic compounds quite sensitive to
ternal perturbations like temperature, pressure, magn
field, and changes in the local surroundings of U atoms6,7

Hydrogen absorption can also be gainfully employed
probe the structural and magnetic instabilities of the U-ba
intermetallic compounds. In fact, it offers the advantage
least in cases where H2 absorption does not cause structu
change, of retaining the surrounding metallic neighbors o
atoms intact.3,7 It may, however, be noted that very few stu
ies of this kind have been reported for uranium-based s
tems. This is basically because, in most uranium contain
systems, H2 absorption does not take place. In most case
has been found to result in disproportionation, forming
nary hydride (UH3) plus some uranium-deficient compoun
instead of ternary~or quarternary! compound hydride.8

UNiAl is one among the few compounds which sho
hydrogen ~deuterium! absorption without disproportion
ation.5,7–13 It is reported to form two hydride~deuteride!
0163-1829/2001/63~9!/094414~9!/$15.00 63 0944
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phases, wherein each phase retains the hexagonal~Fe2P-type

or more accurately the HoNiAl-type, space groupP6̄2m!
structure of the parent compound, which is conside
unusual.8 As regards the composition of the two UNiAlHy

hydride phases, the lower hydride/deuteride phase is repo
to havey>0.7– 0.8.5,8 The value ofy for the higher hydride
phase is, however, reported to be quite at variance, being
2.2,8,10 2.5,13 and 2.7.14 According to our knowledge, there
are only two reports on the magnetization measurement
UNiAlH y system.9,10 The studies by Zogalet al.9 pertain to
an inadvertently formed biphasic hydride system. Their h
dride sample, having an average value ofy51.9, showed
two antiferromagnetic transitions withTN values of 122 and
34 K. The latter transition was ascribed possibly to t
hydrogen-solubility composition. In a very recent work, K
lomietset al.10 have reported antiferromagnetic ordering f
UNiAlH 2.3 and UNiAlD2.1 with TN599 and 94 K, respec-
tively. There are no reports of magnetization studies in
lower hydride phase withy50.7.

We have very recently reported hydriding behavio
Mössbauer, and magnetic studies of the U(Fe12xNix)Al sys-
tem for 0<x<0.75.7 It was found that H2 absorption does
not take place forx,0.7 and that the maximum value ofy in
U~Fe0.3Ni0.7!AlH y was >0.8, which matches almost exact
with the hexagonal hydride phase of UNiAl, with similar
content. It was also found that no other hydride composit
stabilizes either along the absorption or the desorption ro
Further, from the57Fe Mössbauer studies, it was inferred th
the electron charge transfer from hydrogen to the Fe 3d band
~implying possibly to the Ni 3d band also! results in a re-
duction of the 5f -3d hybridization, which in turn enhance
the ferromagnetic correlations. Thus the large increase in
romagnetic Curie temperature (TC), paramagnetic Curie
temperature (uP), and effective magnetic moment (meff) val-
©2001 The American Physical Society14-1



P. RAJet al. PHYSICAL REVIEW B 63 094414
FIG. 1. ~a!, ~b!, ~c!, ~d!, and~e! X-ray diffraction patterns for UNiAlHy with y50, 0.14, 0.58, 0.7, and 2.3, respectively.

TABLE I. Structural and magnetic parameters of the UNiAlHy system.

Structural parameters Magnetic parameters

Structure Cell para-
Position

parameters Cell vol./ Min U-U
Temp-
erature Qp x0 ~1023 meff

Mag. at
Happ555 kOe

y type meters~Å! U Ni Al f.u. (Å 3) distance~Å! range~K! ~K! emu/mol! ~mB/f.u.! (mB/f.u.!

0.0 Hexagonal a56.7347 x 0.579 0.198 52.86 3.49 30–300227.7 1.03 1.63
c54.0371 150–300 226.9 1.03 1.62

0.06 Orthorhombic a57.058 x 0.517 0.143 0.765 51.42 2.97
b53.920
c57.434 z 0.351 0.581 0.662

0.14 Orthorhombic a57.008 x 0.509 0.129 0.772 51.49 3.01 30–300 1.2 1.35 0.53 0.03
b53.934
c57.470 z 0.348 0.583 0.674 150–300 5.2 1.37 0.50

0.58 Orthorhombic a56.722 x 0.513 0.210 0.776 54.86 3.69 30–300 8.0 1.57 1.29 0.28
b54.130
c57.904 0.307 0.605 0.552 150–3002117.0 0.46 2.38

0.70 Hexagonal a56.9909 x 0.590 0.256 56.31 3.66 90–300 84.1 0.44 2.90 1.38
c53.9910 150–300 82.4 0.31 2.94

2.30 Hexagonal a57.1844 x 0.668 0.322 59.96 4.16 110–300296.1 0.36 3.02
c54.0244
094414-2
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FIG. 1. ~Continued!.
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ues could be explained. This also implied that even hexa
nal UNiAlHy (y50.7– 0.8) should also order ferromagne
cally.

In the present investigation, we have carried out elabo
studies on the hydriding behavior of pure UNiAl along t
absorption as well as desorption routes. It is found that a n
hydride phase coexists with they>2.360.2 hydride phase
The same could be stabilized in almost single phase for
ues ofy down to 0.06 along the desorption route. The n
hydride phase is found to have different structure~ortho-
rhombic! compared to that of the parent compound~hexago-
nal!, even fory>0.06. The structural as well as magne
parameters of all the hydride phases in the UNiAl-H2 system
have been determined. It is shown that~i! the hexagonal
hydride phase withy50.7 orders ferromagnetically below
TC587 K and~ii ! the moment on the U atoms, in the he
agonal hydride phases, is close to the free-ion local mom
value. In the orthorhombic hydride region, however, the it
erancy increases relative to parent itinerant antiferromagn
compound UNiAl.

II. EXPERIMENT

UNiAl was prepared by argon arc melting the pure met
in stoichiometric proportion. Melting was done seve
times, and the button was turned upside down after ev
melting for better homogenization. Hydriding was carri
09441
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out following the standard procedure involving the activati
of the compound, before introducing H2 in the reaction
chamber. For preparing the hydride with the highest H2 con-
tent ~y ranging from>2 to >2.5!, a maximum of 45 atm of
H2 pressure was employed. The sample was cycled betw
room temperature and 473 K several times. In order to ob
hexagonal hydride withy varying from >0.7 to 0.8, in
single-phase form, the maximum H2 pressure was restricte
to >0.7 atm, and similar temperature cycling was employ
In the case of incomplete conversion of the compound to
above-mentioned hydride phases, it was found that~i! the
phase coexisting with the hexagonal hydride withy>0.7 was
the parent compound itself and~ii ! the phase coexisting with
the one with highest hydrogen content was a hitherto
known phase. In order to prepare this unknown phase in
single-phase form, the hydride with maximumy value was
heated at a temperature>463 K, while simultaneously
evacuating the liberated hydrogen. Following this procedu
we have stabilized and studied three compositions withy
50.06, 0.14, and 0.58. It may be mentioned that in this p
cedure, a prolonged evacuation can result in partial con
sion to the parent compound. Also, a small distributi
around the averagey value can be expected because of t
solubility range in this hydride phase. The procedure w
standardized to minimize the presence of the parent c
pound. For further experiments, the hydrides formed in
4-3
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reaction chamber were cooled to liquid nitrogen tempera
before exposing them to the ambient atmosphere.
amount of hydrogen absorbed by a given sample was
mated by~i! monitoring the change in H2 pressure in the
absorption process, as well as by~ii ! complete decomposi
tion of a part of the hydride sample in an evacuated a
calibrated chamber. Our estimates along the two rou
agreed within the experimental error of less than63%. The
hydrogen content in samples with low values ofy'0.1 had a
maximum uncertainty of610%. X-ray diffraction studies
were used to ascertain the single-phase formation and
etveld profile analysis of the data was used to derive
structural parameters. Magnetization measurements, in
temperature range 2–300 K and in magnetic fields up to
kOe, were carried out using a commercial superconduc
quantum interference device~SQUID! magnetometer~Quan-
tum Design!. The magnetization vs temperature data w
fitted to a modified Curie-Weiss law to obtainuP , x0 , and
meff values.

III. RESULTS AND DISCUSSION

Intermetallic compounds with a general formula AT
~A5uranium or rare-earth element,T53d, 4d, or 5d atom,
andX5p-electron atom like Si, Ge, etc.! are among the mos
widely studied systems. These compounds are reporte
show systematic trends as a function of the electronic c
09441
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figuration as well as the size of the constituent atoms
large number of these intermetallic compounds stabilize
the hexagonal, Fe2P-type or more accurately HoNiAl-type

structure, with space groupP6̄2m. UNiAl belongs to this
category. In this case, the structure consists of altern
planes containing Al and Ni metal atoms atz50 and U and
Ni atoms atz5(1/2). The Ni atoms in these planes occu
2~c! and 1~b! sites, respectively. The U and Al atoms occu
3~g! and 3~h! sites, respectively. It is now widely accepte
that the magnetic properties are mainly governed by hyb
ization between uranium and other constituent metal ato
The contribution from direct U-U overlap towards th
U-moment ~de!stabilization is considered to be les
important,1 even when the separation between near-neigh
uranium atoms is less than the Hill limit. In UNiAl, U-U
separation equals 3.49 Å~Table I!, which is very close to the
Hill limit. In such a situation, the hybridization due to dire
overlap between the neighboring U atoms is reported to g
a negligible contribution to the magnetic properties.1 In the
new UNiAlHy hydrides, however, it appears that, at least
y50.06 and 0.14, the direct U-U hybridization may ha
appreciable role towards 5f -electron delocalization and con
sequent loss of uranium moment value. This is because
U-U separation, which is found to be>3 Å, is much smaller
than the Hill limit. This is not the case fory50.58 hydride,
where the U-U separation~3.48 Å! is very similar to that of
4-4
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the parent compound. In this case, the nonobservanc
magnetic ordering down to 2 K can only be understoo
~qualitatively! in terms of structural differences relative
UNiAl. In Table I we have also listed the values of volum
per formula unit. Based on the lower value of this volume
y50.06 and 0.14~relative to the parent compound! reduction
in U-moment value may be expected, but not fory50.58
case where this volume has increased.

A. Structure of various UNiAlH y hydride phases

Figures 1~a!, 1~b!, 1~c!, 1~d!, and 1~e! show the x-ray
diffraction patterns of UNiAlHy , for y50, 0.14, 0.58, 0.70,
and 2.3, respectively, along with the results of Rietveld p
file analysis. It may be noted that a small amount of impur
phase lines~most likely due to uranium suboxides! are also
present. It will be shown latter that~i! the impurity phase
does not show magnetic ordering down to 2 K and ~ii ! the
moment associated with the impurity phase, if any, is v
small, so that all the observed magnetic properties are c
acteristic of the main phase. The x-ray spectrum fory
50.06 looks very similar to that of 0.14 and has not be
plotted. The fitted structural parameters are listed in Tabl
It is seen that in a given structure type, the change in lat
parameters is highly anisotropic. For example, asy changes
from 0.06 to 0.14 and to 0.58, the lattice parametera de-
09441
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creases from 7.058 to 7.008 and to 6.722 Å. Theb andc cell
parameters, on the other hand, increase with increasing
drogen content. The corresponding values for the three c
positions are found to beb53.920, 3.934, and 4.130 Å an
c57.434, 7.470, and 7.904 Å, respectively. An importa
observation that needs to be emphasized here is that ev
very small amount of hydrogen,y>0.06 ~i.e., hydrogen-to-
metal ratio of 0.02!, destabilizes the hexagonal structure
UNiAl and converts it to the orthorhombic form~TiNiSi
type, space groupPnmaNo. 62!. This clearly brings out the
built-in structural instability, which is typical of the actinid
compounds where 5f electrons are on the borderline b
tween itinerant and localized character. We will, hereaft
refer to the hydrides, withy values ranging from>0.06 to
'0.58 and having orthorhombic structure, as theb phase.
This low hydrogen containing phase has to be distinguis
from the normally accepteda-hydride phase, wherein hydro
gen dissolves in the parent compound, without change
structure. In a very recent study Yamanakaet al.15 have pre-
sented a nomenclature based on the already reported hy
phases. The maximum hydrogen content in theira-hydride
phase corresponds toy<0.02. In view of the hydride phas
found in our present work, a nomenclature needs to be
scribed for the higher hydride phases. Therefore, the hexa
nal hydrides with approximate compositiony'0.7– 0.8 and
'2.0–2.5 will be termed asg and d phases, respectively
4-5
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The absorbed hydrogen brings about a considerable ch
in the magnetic properties of the compound, as descri
below.

B. Magnetic properties

UNiAl is a well-known heavy fermion compound and
reported to show itinerant antiferromagnetic~AF! ordering.
The reportedTN values range from 18 K~Ref. 16! to 23 K.9

Figure 2 shows the temperature dependence of molar sus

FIG. 2. Temperature dependence ofx and x21 for UNiAl
(Happ55 kOe).
09441
ge
d

ep-

tibility ~x! for our polycrystalline UNiAl under an applied
field (Happ) of 5 kOe. A clear peak at>25 K and the derived
value of TN>19 K ~not shown! are in complete agreemen
with Ref. 6. It may be noted that theTN in UNiAl and many
other antiferromagnetic systems is identified with the ma
mum in ](xT)/]T and not with the maximum in suscept
bility. The latter is >5–7 K higher.6 The value of meff

>1.6mB /f.u. is appreciably below that expected for free-io
U31 or U41 values (>3.6mB). This low value is in confor-
mity with partial delocalization of U 5f electrons and heavy
fermion behavior.

In Fig. 3~a!, the temperature dependences ofx and x21

are shown for they50.14 sample. A large increase in thex
value at low temperatures indicates the onset of ferrom
netic correlations at low temperatures. This is corrobora
from the observed hysteresis curve at 5 K, shown in F
3~b!. The magnetization curve does show a slight bend
towards the field axis, but shows no tendency to saturate
to 55 kOe, and the hysteresis curve shows zero rema
magnetization. Further, the value of magnetization for
applied field of 55 kOe is very small (;0.03mB /f.u.). This
also implies that the contribution to magnetization arisi
from the impurity phase, if any, is negligibly small. From o
field-dependent magnetization studies at various temp
tures, we conclude that for this hydride composition,
4-6
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though appreciable ferromagnetic correlations set in be
;10 K, long-range ferromagnetic ordering does not per
late into the bulk down to'5 K. A small positive value of
uP'1 to 5 K and quite low value ofmeff50.5mB /f.u. ~see
Table I! also corroborate the presence of weak ferromagn
correlations. Since the concentration of hydrogen is v
small, the loss of moment on U atoms should be rela
mainly to the change of structure. From Table I, it is se
that for y50.06 and 0.14, the U-U separation is unusua
small, >3 Å, which is appreciably below the Hill limit. In
this case, U-U hybridization may also be expected to de
calize 5f electrons and consequent loss of U moment. E
in this case, the hybridization between U 5f electrons with
those of the ligands is considered to be the major compo
towards delocalization.1 The above observations imply that
UNiAl could be stabilized in orthorhombic structure, the m
ment on U atoms would be quite low.

Figure 4~a! shows the temperature dependence ofx and
x21 for orthorhombic UNiAlHy with highest hydrogen con
centration (y50.58) studied here. No magnetic ordering
indicated. The values ofuP , x0 , andmeff derived from these
data are listed in Table I. Unlike the case ofy50.14 sample,
the values of these fitted parameters change very cons
ably when susceptibility data in a different range of tempe
tures are used to obtain a least-squares fitting. For exam
the fitted value ofuP from 150–300 K data is2117 K,
whereas that obtained from 30–300 K data is18 K. The
values of other parameters are also similarly quite differe

FIG. 3. ~a! Temperature dependence ofx and x21 for
UNiAlH 0.14 (Happ55 kOe). ~b! Magnetic hysteresis curve fo
UNiAlH 0.14 at 5 and 35 K.
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This means that AF correlations prevalent in the hig
temperature region change over to ferromagnetic type at
temperatures. All the same, the magnetic ordering does
take place down to 2 K. This is supported by the hystere
curve at 2 K shown in Fig. 4~b!. The presence of ferromag
netic correlations is seen in the form of bending of the cu
towards the field axis, but the zero value of the reman
magnetization rules out ferromagnetic ordering out down
2 K.

Figure 5~a! shows the temperature dependence ofx for
hexagonal UNiAlHy for y50.7 (Happ55 kOe), which is
typical of a ferromagnetically ordered state. The ferroma
netic ordering temperature (TC) is found to be>87 K. Large
positive values ofuP>84 K andmeff52.9mB /f.u. are derived
from the paramagnetic state data. The field dependenc
magnetization, shown in Fig. 5~b!, gives a saturation momen
value of >1.4mB /f.u., and the remanent magnetization
also close to this value. The above observations not o
support ferromagnetic ordering for thisg-hydride phase, but
also indicate increased local moment on U atoms relative
the orthorhombic hydride phase as well as unhydrided co
pound.

Figure 6 shows the temperature variation ofx andx21 for
the y52.3 hexagonal hydride phase. A peak in thex vs
temperature curve is found at>105 K. The value ofTN , as
defined earlier, being the temperature having a maximum
](xT)/]T, is found to be>98 K. The parameters derive
from the paramagnetic region are found to beuP>296 K

FIG. 4. ~a! Temperature dependence ofx and x21 for
UNiAlH 0.58 (Happ55 kOe). ~b! Magnetic hysteresis curve fo
UNiAlH 0.58 at 2 K.
4-7
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and meff53.0mB /f.u. This means that, as in the case of t
y50.7 composition, the uranium moment is fairly localize

C. Magnetic properties and 5f -3d hybridization

We will now try to rationalize the observed variation
the magnetic properties, as a function of hydrogen conten
terms of hybridization. It should, however, be emphasiz
that only qualitative trends can be predicted. This is beca
the hydriding not only changes the transition-metald-band
occupancy, the lattice expansion is also anisotropic. In
present system, even structural changes are found. Thi
sults in a quite different variation of the competing hybri
ization components, viz., U-U, U-T, and U-X.

In hexagonal UTX compounds of the type UNiAl, it has
been suggested that the magnetic interaction between Uf
electrons andd electrons of theT atoms is ferromagnetic in
nature, whereas the interaction between the U 5f andp elec-
trons of theX atoms is of antiferromagnetic type.17 As the
number of electrons in thed shell increases~which is similar
to theT atom moving to the right of the periodic table!, the
U-T hybridization decreases and ferromagnetic interac
gains in strength. We had explained a large increase inTC ,
uP , and meff values, on hydriding U~Fe0.3Ni0.7!Al to
U~Fe0.3Ni0.7!AlH0.8, in terms of charge transfer from the
atom to the 3d band of transition metals.7 The filled 3d band
results in a reduction of the hybridization between U 5f and

FIG. 5. ~a! Temperature dependence ofx and x21 for
UNiAlH 0.7 (Happ55 kOe). ~b! Field dependence of magnetizatio
for UNiAlH 0.7 at 5 K ~only the first quadrant!.
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Ni 3d electrons, thus strengthening the ferromagnetic co
lations. Similar arguments can be directly extended to
g-hydride phase of the present system. It may be noted
all the magnetic parameters, viz.,TC , uP , andmeff , for the
g-hydride phase~in Table I! are very similar to those re
ported earlier for U~Fe0.3Ni0.7!AlH0.8.

7 Thus we infer that at
least in the hexagonal structure of the HoNiAl-type, electr
charge transfer from H to the 3d band plays an importan
role in determining the strength of ferromagnetic interactio

The antiferromagnetic ordering of thed-hydride phase
(y'2.3) cannot be understood by simply extending the
gument of further increase in 3d-band occupancy. It can
however, be understood from the following arguments. S
isfactory Rietveld fitting of the x-ray diffraction data of th
hexagonal hydride phase withy52.3 requires that there b
no Ni atoms in the plane containing U atoms. In fact, the
atoms which exist in the 1~b! position in UNiAl and the
g-hydride phase are shifted to the 1~a! position or Al-Ni
plane in thed-hydride phase, so that all Ni and Al atoms no
lie in the same plane. The same conclusion has been dr
in recently reported neutron diffraction study of UNiAlD2.2.

8

These authors also reported that the D atom lies close to
U-atom plane. Complete absence ofT atoms in the U plane
drastically reduces the ferromagnetic interactions, so that
antiferromagnetic interactions between U and Al atoms
account for the observed antiferromagnetic ordering.

It appears that the explanation put forward for the hexa
nal hydride phases cannot be directly extended to the or
rhombic structure. At present, we do not have a satisfac
explanation for the loss of uranium magnetic moment a
nonobservance of magnetic ordering in the orthorhom
b-hydride phase. In fact, the reason for the very differe
magnetic properties of orthorhombicb-UNiAlH 0.58 and hex-
agonalg-UNiAlH 0.7, both having similar values of H con
tent as well as minimum U-U separation, has to be relate
their structural differences. At present, this is not understo

IV. CONCLUSIONS

It is shown that in the UNiAlHy system, in addition to the
reported hexagonal hydride phases withy50.7– 0.8 and

FIG. 6. Temperature dependence ofx and x21 for UNiAlH 2.3

(Happ55 kOe).
4-8
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'2–2.3, a new range of hydride compositions with orth
rhombic structure~space groupPnma! also exists. This ne-
cessitates a new nomenclature for all the hydride phases
same has been proposed. Three composition withy50.06,
0.14, and 0.58, belonging to the new orthorhombic structu
have been stabilized and their structural and magnetic
rameters have been estimated. These compositions sho
increased itinerancy of 5f electrons relative to that in th
parent compound UNiAl and do not show magnetic order
down to 2 K. The reduction in the U-moment values,
compositions withy50.06 and 0.14, is likely to have a con
.

d

09441
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tribution from hybridization between the neighboring U a
oms also, which are unusually close~>3 Å!. Magnetization
studies on hexagonal hydride phase, UNiAlH0.7, are reported
in this paper. In hexagonal hydride phases, the change
from antiferromagnetic to ferromagnetic and again to the
tiferromagnetic ordering, asy increases from 0 to 0.7 and t
2.3, has been explained. The increase in ferromagnetic
relations and the localization of moment on U atoms h
been rationalized in terms of increasing 3d-band occupancy
with increasing H content.
.
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