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Hydride phases, structure, and magnetic properties of the UNiAIH system
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The hydriding behavior of the heavy fermion compound UNIAI has been investigated. A range of hydride
compositions with orthorhombic structufepace grougf®nma has been stabilized. As a result, a different
nomenclature for the UNiAltihydride phases is proposed. X-ray diffraction and magnetic studies are reported
on three compositions in this range of hydrides, wz0.06, 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 off l&lBctrons. We also report
magnetization studies on hexagonal UNi4lkly=0.7). It shows ferromagnetic ordering below 87 K. This
means that in the hexagonal hydride phases, the nature of magnetic ordering changes from antiferromagnetic
(y=0) to ferromagneticy{=0.7) and again back to antiferromagnetic yor 2.3. It is shown that the moment
on the uranium atoms in the hexagonal hydride phdges0.7 and 2.0-2)6is close to the free-ion local
moment value.
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. INTRODUCTION phases, wherein each phase retains the hexagoe#l-type

, , ) . or more accurately the HoNiAl-type, space groBEZm)
Uranium-based intermetallic compounds present a highl; . ~ture of the parent compound, which is considered

fascinating area of scientific investigations because of thg, suaf As regards the composition of the two UNiAJH

vide variety of anomalous phenomena exhibited by thernhé/dride phases, the lower hydride/deuteride phase is reported

The unusual properties of these compounds are related to tlil havey=0.7—0.858 The value ofy for the higher hydride

hybridization between U & electrons and the electrons on h s h dtob . 4 bei
the surrounding atoms. The U ®lectrons lie on the border- P asle 1S, 1owever, relzforte tq € quite atvariance, being 1.9,
' 2.28192 513 and 2.74* According to our knowledge, there

line between localized and itinerant behavior and are there- L
fore susceptible to undergo a change in the degredaib- are only two reports on the magnetization measurements on

i ,10 . 9 .
calization, depending on the strength of hybridization. TheYNIAIHy systent:*® The studies by Zogaet al” pertain to

development of the magnetic properties from the&n inadvertently fo_rmed biphasic hydride system. Their hy-
temperature-independent Pauli paramagnetic gtate itin- ~ dride sample, having an average valueyet1.9, showed
erant and in some cases even superconducting at the lowd¥o antiferromagnetic transitions wiffy, values of 122 and
temperaturesto spin fluctuation and finally to the local mo- 34 K. The latter transition was ascribed possibly to the
ment behavior also follows the extent of hybridizatfod. hydrogen-solubility composition. In a very recent work, Ko-
This makes the crystallographic as well as electronic struclomietset al*® have reported antiferromagnetic ordering for
ture of these intermetallic compounds quite sensitive to exJUNIAIH , 3 and UNIAID, ; with Ty=99 and 94 K, respec-
ternal perturbations like temperature, pressure, magnetiévely. There are no reports of magnetization studies in the
field, and changes in the local surroundings of U atbths. lower hydride phase witly=0.7.
Hydrogen absorption can also be gainfully employed to We have very recently reported hydriding behavior,
probe the structural and magnetic instabilities of the U-basedlossbauer, and magnetic studies of the Y(F8li,)Al sys-
intermetallic compounds. In fact, it offers the advantage, atem for 0<x=<0.75/ It was found that H absorption does
least in cases where,Hhbsorption does not cause structuralnot take place fok<<0.7 and that the maximum value pfn
change, of retaining the surrounding metallic neighbors of UJ(Fe 3Nig 7)AIH, was =0.8, which matches almost exactly
atoms intact’ It may, however, be noted that very few stud- with the hexagonal hydride phase of UNiAl, with similar H
ies of this kind have been reported for uranium-based syssontent. It was also found that no other hydride composition
tems. This is basically because, in most uranium containingtabilizes either along the absorption or the desorption route.
systems, K absorption does not take place. In most cases, iEurther, from the’’Fe Mssbauer studies, it was inferred that
has been found to result in disproportionation, forming bi-the electron charge transfer from hydrogen to the &é&and
nary hydride (UH) plus some uranium-deficient compound, (implying possibly to the Ni 8 band also results in a re-
instead of ternaryor quarternary compound hydridé. duction of the 5-3d hybridization, which in turn enhances
UNiIAIl is one among the few compounds which show the ferromagnetic correlations. Thus the large increase in fer-
hydrogen (deuterium absorption without disproportion- romagnetic Curie temperaturel §), paramagnetic Curie
ation>’~13 It is reported to form two hydridddeuteridé  temperature §p), and effective magnetic momeni§) val-
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TABLE I. Structural and magnetic parameters of the UNijsystem.

Structural parameters Magnetic parameters
Position Temp- Mag. at
Structure Cell para- parameters Cellvol/  MinU-U erature ©, xq (107°  pen Hap=55 kOe
y type metergA) u Ni Al fu (A% distance(A) range(K) (K) emu/mo) (ug/fu)  (ug/f.u.
0.0 Hexagonal a=6.7347 x 0.579 0.198 52.86 3.49 30-300—-27.7 1.03 1.63
c=4.0371 150-300 —26.9 1.03 1.62
0.06 Orthorhombica=7.058 x 0.517 0.143 0.765 51.42 2.97
b=23.920
c=7.434 z 0.351 0.581 0.662
0.14 Orthorhombica=7.008 x 0.509 0.129 0.772 51.49 3.01 30-300 12 135 0.53 0.03
b=3.934
c=7.470 1z 0.348 0.583 0.674 150-300 52 137 0.50
0.58 Orthorhombica=6.722 x 0.513 0.210 0.776 54.86 3.69 30-300 8.0 157 1.29 0.28
b=4.130
c=7.904 0.307 0.605 0.552 150-306-117.0  0.46 2.38
0.70 Hexagonal a=6.9909 x 0.590 0.256 56.31 3.66 90-300 84.1 0.44 2.90 1.38
c=3.9910 150-300 824 031 2.94
2.30 Hexagonal a=7.1844 x 0.668 0.322 59.96 4.16 110-300-96.1  0.36 3.02
c=4.0244
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FIG. 1. (a), (b), (c), (d), and(e) X-ray diffraction patterns for UNiAll} with y=0, 0.14, 0.58, 0.7, and 2.3, respectively.
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FIG. 1. (Continued.

ues could be explained. This also implied that even hexagasut following the standard procedure involving the activation
nal UNiIAIH, (y=0.7-0.8) should also order ferromagneti- of the compound, before introducing,Hn the reaction
cally. chamber. For preparing the hydride with the highestbh-

In the present investigation, we have carried out elaboratgent (y ranging from=2 to =2.5), a maximum of 45 atm of
studies on the hydriding behavior of pure UNiAl along the 4, pressure was employed. The sample was cycled between
absorption as well as desorption routes. Itis found that a newgom temperature and 473 K several times. In order to obtain
hydride phase coexists with thye=2.3+0.2 hydride phase. pexagonal hydride withy varying from =0.7 to 0.8, in

The same could be stabilized in almost single phase for Va%ingle-phase form, the maximum, ldressure was restricted
ues ofy down to 0.06 along the desorption route. The new,, — 7 atm, and similar temperature cycling was employed.

hydridt_e phase is found to have different structioetho- In the case of incomplete conversion of the compound to the
rhombig compared to that of the parent compouhéxago- above-mentioned hydride phases, it was found thathe

nal), even fory=0.06. The structural as well as magnetic L . : .
) . . phase coexisting with the hexagonal hydride with0.7 was
parameters of all the hydride phases in the UNiAlsystem the parent compound itself arfii) the phase coexisting with

hav n rmined. It is shown th@at the hexagonal : ' .
h;dﬁdte)ere)hacsj:u\e/viﬂyE%.7torsdesrsoferrgr(na)z;g;n(;tic;I?gk?elsw the one with highest hydrogen content was a hitherto un-
T.=87K and(ii) the moment on the U atoms, in the hex- k_nown phase. In order to prepare this un_known phase in its
agonal hydride phases, is close to the free-ion local momert"9/e-phase form, the hydride with maximynalue was
value. In the orthorhombic hydride region, however, the itin-N€ated at a temperature:463 K, while simultaneously
erancy increases relative to parent itinerant antiferromagneti@vacuating the lioerated hydrogen. Following this procedure,
compound UNIAI. we have stabilized and studied three compositions with
=0.06, 0.14, and 0.58. It may be mentioned that in this pro-
Il EXPERIMENT cedure, a prolonged evacuation can result in partial conver-
sion to the parent compound. Also, a small distribution
UNiIAl was prepared by argon arc melting the pure metalsaround the averagg value can be expected because of the
in stoichiometric proportion. Melting was done severalsolubility range in this hydride phase. The procedure was
times, and the button was turned upside down after evergtandardized to minimize the presence of the parent com-
melting for better homogenization. Hydriding was carriedpound. For further experiments, the hydrides formed in the
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FIG. 1. (Continued.

reaction chamber were cooled to liquid nitrogen temperaturéguration as well as the size of the constituent atoms. A
before exposing them to the ambient atmosphere. Thiarge number of these intermetallic compounds stabilize in
amount of hydrogen absorbed by a given sample was estihe hexagonal, Fe-type or more accurately HoNiAl-type
mated by(i) monitoring the change in Hpressure in the gy cryre, with space group62m. UNIAI belongs to this

?bsor?tlon prtOC(fas:;, aﬁ ‘(’j"‘?g as by Tomplete decomtpc()ja- ategory. In this case, the structure consists of alternate
lon of a part of the hydride sample in an evacuate an‘%Ianes containing Al and Ni metal atomszat 0 and U and

calibrated chamber. Our estimates along the two route i atoms atz=(1/2). The Ni atoms in these planes occu
agreed within the experimental error of less thaB%. The 2(c) and 1b) sites rés ectivelv. The U and Alpatoms occupy
hydrogen content in samples with low valuesyef0.1 had a , Tesp Y by

maximum uncertainty of+10%. X-ray diffraction studies 3(g) and 3h) sngs, respeguvely. I IS now widely accepteq
were used to ascertain the single-phase formation and R}hat, the magnetic pro_pertles are mainly gpvemed by hybrid-
etveld profile analysis of the data was used to derive thdzation betyveep uranium gnd other constituent metal atoms.
structural parameters. Magnetization measurements, in the'€ contribution from direct U-U overlap towards the
temperature range 2—300 K and in magnetic fields up to 55-moment (de)stabilization is considered to be less
kOe, were carried out using a commercial superconductingnportant, even when the separation between near-neighbor
quantum interference devi¢8QUID) magnetometefQuan-  Uranium atoms is less than the Hill limit. In UNiAl, U-U
tum Design. The magnetization vs temperature data wereSeparation equals 3.49 &able ), which is very close to the
fitted to a modified Curie-Weiss law to obta#ty, xo, and  Hill limit. In such a situation, the hybridization due to direct
Lot ValUES. overlap between the neighboring U atoms is reported to give
a negligible contribution to the magnetic propertids. the
new UNIAIH, hydrides, however, it appears that, at least for
Ml RESULTS AND DISCUSSION y=0.06 andy 0.14, the direct U-U hybridization may have
Intermetallic compounds with a general formula ATX appreciable role towardsf&electron delocalization and con-
(A=uranium or rare-earth elemefit=3d, 4d, or 5d atom, sequent loss of uranium moment value. This is because the
andX = p-electron atom like Si, Ge, ejcare among the most U-U separation, which is found to 3 A, is much smaller
widely studied systems. These compounds are reported than the Hill limit. This is not the case for=0.58 hydride,
show systematic trends as a function of the electronic conwhere the U-U separatiof8.48 A) is very similar to that of
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FIG. 1. (Continued.

the parent compound. In this case, the nonobservance cfeases from 7.058 to 7.008 and to 6.722 A. Brandc cell
magnetic ordering downot2 K can only be understood parameters, on the other hand, increase with increasing hy-
(qualitatively in terms of structural differences relative to drogen content. The corresponding values for the three com-
UNIAL In Table | we have also listed the values of volume positions are found to be=3.920, 3.934, and 4.130 A and
per formula unit. Based on the lower value of this volume forc=7.434, 7.470, and 7.904 A, respectively. An important
y=0.06 and 0.14relative to the parent compounekduction  observation that needs to be emphasized here is that even a
in U-moment value may be expected, but not o+ 0.58  very small amount of hydrogery=0.06 (i.e., hydrogen-to-
case where this volume has increased. metal ratio of 0.02 destabilizes the hexagonal structure of
UNIAI and converts it to the orthorhombic forr(TiNiSi
type, space groupnmaNo. 62). This clearly brings out the
built-in structural instability, which is typical of the actinide
Figures 1a), 1(b), 1(c), 1(d), and 1e) show the x-ray compounds where f5electrons are on the borderline be-
diffraction patterns of UNIAIY, for y=0, 0.14, 0.58, 0.70, tween itinerant and localized character. We will, hereafter,
and 2.3, respectively, along with the results of Rietveld pro+efer to the hydrides, witly values ranging fron=0.06 to
file analysis. It may be noted that a small amount of impurity=~0.58 and having orthorhombic structure, as hehase.
phase linegmost likely due to uranium suboxideare also  This low hydrogen containing phase has to be distinguished
present. It will be shown latter thdt) the impurity phase from the normally accepted-hydride phase, wherein hydro-
does not show magnetic ordering down2 K and(ii) the  gen dissolves in the parent compound, without change of
moment associated with the impurity phase, if any, is verystructure. In a very recent study Yamanaital® have pre-
small, so that all the observed magnetic properties are chasented a nhomenclature based on the already reported hydride
acteristic of the main phase. The x-ray spectrum yor phases. The maximum hydrogen content in thehlydride
=0.06 looks very similar to that of 0.14 and has not beerphase corresponds {6<0.02. In view of the hydride phase
plotted. The fitted structural parameters are listed in Table Ifound in our present work, a nomenclature needs to be pre-
It is seen that in a given structure type, the change in latticacribed for the higher hydride phases. Therefore, the hexago-
parameters is highly anisotropic. For exampleyahanges nal hydrides with approximate compositign=0.7—0.8 and
from 0.06 to 0.14 and to 0.58, the lattice parametate- ~2.0-2.5 will be termed ay and & phases, respectively.

A. Structure of various UNIAIH , hydride phases
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FIG. 1. (Continued.

The absorbed hydrogen brings about a considerable changbility (y) for our polycrystalline UNiAl under an applied
in the magnetic properties of the compound, as describefield (H,,) of 5 kOe. A clear peak at25 K and the derived
below. value of Ty=19K (not shown are in complete agreement
with Ref. 6. It may be noted that thg, in UNIAI and many
B. Magnetic properties other antiferromagnetic systems is identified with the maxi-
mum in d(xT)/dT and not with the maximum in suscepti-

UNiAl is a well-known heavy fermion compound and is bility. The latter is =5-7 K highe® The value of o

reported to show itinerant antiferromagne(ir) orderin%. =1.6ug/f.u. is appreciably below that expected for free-ion
The reportedry values range from 18 KRef. 16 to 23 K. U3 or U** values &3.6u5). This low value is in confor-
Figure 2 shows the temperature dependence of molar SusceIIr)fity with partial delocalization of U 6 electrons and heavy

fermion behavior.

0.0071 . ' ' ' ' ' {500 In Fig. 3@), the temperature dependencesyoénd y *
—_ L are shown for they=0.14 sample. A large increase in tie
E 0.0061 - 1400 w value at low temperatures indicates the onset of ferromag-
3 0_005-/' g netic correlations at low temperatures. This is corroborated
E Ja00 Py from the observe_d hystere5|s curve at 5 K, shown in F_|g.
=, 0.0041 e 3 3(b). The magnetization curve does show a slight bending
£ 0003, 200 Py towards the field axis, but shows no tendency to saturate up
. & el ) 3 to 55 kOe, and the hysteresis curve shows zero remanent
ooo2{ ~° Tt = magnetization. Further, the value of magnetization for an
50 100 %0 200 280 300 a5 applied field of 55 kOe is very smal~0.03ug/f.u.). This
Temp. (K) also implies that the contribution to magnetization arising

from the impurity phase, if any, is negligibly small. From our
FIG. 2. Temperature dependence pfand y ! for UNIAI field-dependent magnetization studies at various tempera-
(Haps=5 kOe). tures, we conclude that for this hydride composition, al-
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UNIAIH .14 (Hap="5kOe). (b) Magnetic hysteresis curve for UNiAIH 55 (Hap=5kOe). (b) Magnetic hysteresis curve for
UNiAIH 4 at 5 and 35 K.

UNIAIH o sg at 2 K.

though appreciable ferromagnetic correlations set in belowhis means that AF correlations prevalent in the high-
~10 K, long-range ferromagnetic ordering does not percotemperature region change over to ferromagnetic type at low

late into the bulk down te=5 K. A small positive value of
fp~1 to 5 K and quite low value of.#=0.5ug/f.u. (see

temperatures. All the same, the magnetic ordering does not
take place down to 2 K. This is supported by the hysteresis

Table |) also corroborate the presence of weak ferromagneticurve a 2 K shown in Fig. 4b). The presence of ferromag-

correlations. Since the concentration of hydrogen is venynetic correlations is seen in the form of bending of the curve
small, the loss of moment on U atoms should be relatedowards the field axis, but the zero value of the remanent
mainly to the change of structure. From Table I, it is seemmagnetization rules out ferromagnetic ordering out down to
that fory=0.06 and 0.14, the U-U separation is unusually2 K.

small, =3 A, which is appreciably below the Hill limit. In

Figure 5a) shows the temperature dependenceydbr

this case, U-U hybridization may also be expected to delohexagonal UNIAIH for y=0.7 (H,,=5 kOe), which is
calize & electrons and consequent loss of U moment. Evettypical of a ferromagnetically ordered state. The ferromag-

in this case, the hybridization between @ Blectrons with

netic ordering temperaturd ) is found to be=87 K. Large

those of the ligands is considered to be the major componemiositive values 0bp=84 K andus=2.9ug/f.u. are derived
towards delocalizatiohThe above observations imply that if from the paramagnetic state data. The field dependence of
UNIAI could be stabilized in orthorhombic structure, the mo- magnetization, shown in Fig($), gives a saturation moment

ment on U atoms would be quite low.

Figure 4a) shows the temperature dependenceyand

value of =1.4ug/f.u., and the remanent magnetization is

also close to this value. The above observations not only

x 1 for orthorhombic UNIAIH, with highest hydrogen con- support ferromagnetic ordering for thishydride phase, but
centration §=0.58) studied here. No magnetic ordering is also indicate increased local moment on U atoms relative to

indicated. The values dfp, xo, andu.s derived from these
data are listed in Table I. Unlike the caseyst 0.14 sample,

pound.

the orthorhombic hydride phase as well as unhydrided com-

the values of these fitted parameters change very consider- Figure 6 shows the temperature variationyaindy ~* for
ably when susceptibility data in a different range of temperathe y=2.3 hexagonal hydride phase. A peak in thevs
tures are used to obtain a least-squares fitting. For exampleemperature curve is found at105 K. The value ofl, as

the fitted value ofp from 150-300 K data is—117 K,
whereas that obtained from 30-300 K data+8 K. The

defined earlier, being the temperature having a maximum in
d(xT)/JT, is found to be=98 K. The parameters derived

values of other parameters are also similarly quite differentfrom the paramagnetic region are found to #je=—96 K
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3 101 . Ni 3d electrons, thus strengthening the ferromagnetic corre-
A ] lations. Similar arguments can be directly extended to the
3';3 v-hydride phase of the present system. It may be noted that
o %% 1 all the magnetic parameters, ViZ¢, 6p, and ue, for the
(] . . ..
= 04, _ . v-hydride phasdin Table ) are very similar to those re-
02 UNiAIH, 7 ported earlier for WFe, Nip-)AlHy " Thus we infer that at
5K least in the hexagonal structure of the HoNiAl-type, electron
00 o 20 20 20 20 60 charge transfer from H to thed3band plays an important
(b) H,pp (kO€) role in determining the strength of ferromagnetic interaction.

The antiferromagnetic ordering of th&hydride phase
FIG. 5. (3 Temperature dependence of and y * for  (Y~2.3) cannot be understood by simply extending the ar-
UNIAIH ¢ 7 (Hap=5 kOe). (b) Field dependence of magnetization gument of further increase ind3band occupancy. It can,
for UNIAIH ;7 at 5 K (only the first quadrant however, be understood from the following arguments. Sat-
isfactory Rietveld fitting of the x-ray diffraction data of the

and por=3.0ug /f.U. This means that, as in the case of thehexagonal hydride phase with=2.3 requires that there be

y=0.7 composition, the uranium moment is fairly localized. "0 Ni atoms in the plane containing U atoms. In fact, the Ni
atoms which exist in the (b) position in UNIAlI and the

v-hydride phase are shifted to th€all position or Al-Ni
C. Magnetic properties and 5-3d hybridization plane in thes-hydride phase, so that all Ni and Al atoms now
We will now try to rationalize the observed variation in lie in the same plane. The same conclusion has been drawn
the magnetic properties, as a function of hydrogen content, it recently reported neutron diffraction study of UNIiAIR®
terms of hybridization. It should, however, be emphasizedrhese authors also reported that the D atom lies close to the
that only qualitative trends can be predicted. This is becausé-atom plane. Complete absenceToatoms in the U plane
the hydriding not only changes the transition-maiddand  drastically reduces the ferromagnetic interactions, so that the
occupancy, the lattice expansion is also anisotropic. In th@ntiferromagnetic interactions between U and Al atoms can
present system, even structural changes are found. This raccount for the observed antiferromagnetic ordering.
sults in a quite different variation of the competing hybrid- It appears that the explanation put forward for the hexago-
ization components, viz., U-U, T; and UX. nal hydride phases cannot be directly extended to the ortho-
In hexagonal O X compounds of the type UNIAl, it has rhombic structure. At present, we do not have a satisfactory
been suggested that the magnetic interaction betweefi U 32xplanation for the loss of uranium magnetic moment and
electrons andl electrons of thel atoms is ferromagnetic in Nonobservance of magnetic ordering in the orthorhombic
nature, whereas the interaction between theflasdp elec-  B-hydride phase. In fact, the reason for the very different
trons of theX atoms is of antiferromagnetic typéAs the ~ magnetic properties of orthorhomiz UNIAIH o s3and hex-
number of electrons in thet shell increaseéwhich is similar ~ @gonaly-UNIiAlIH 7, both having similar values of H con-
to the T atom moving to the right of the periodic taplehe  tent as well as minimum U-U separation, has to be related to
U-T hybridization decreases and ferromagnetic interactiorheir structural differences. At present, this is not understood.
gains in strength. We had explained a large increask:in
Op, and wer Vvalues, on hydriding (Fe aNig)Al to
U(Fey 3Nig7)AlH g g in terms of charge transfer from the H
atom to the & band of transition metalsThe filled 3d band It is shown that in the UNIAIH system, in addition to the
results in a reduction of the hybridization between Uahd  reported hexagonal hydride phases with-0.7—0.8 and

IV. CONCLUSIONS
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~2-2.3, a new range of hydride compositions with ortho-tribution from hybridization between the neighboring U at-
rhombic structurgspace grougPnma also exists. This ne- oms also, which are unusually cloée3 A). Magnetization
cessitates a new nomenclature for all the hydride phases, tkgudies on hexagonal hydride phase, UNijlHare reported
same has been proposed. Three composition witf0.06, in this paper. In hexagonal hydride phases, the changeover
0.14, and 0.58, belonging to the new orthorhombic structurefrom antiferromagnetic to ferromagnetic and again to the an-
have been stabilized and their structural and magnetic paiferromagnetic ordering, agincreases from 0 to 0.7 and to

rameters have been estimated. These compositions show am has peen explained. The increase in ferromagnetic cor-
increased itinerancy of f5electrons relative to that in the g|ations and the localization of moment on U atoms has
parent compound UNIAl and do not show magnetic ordering,een rationalized in terms of increasing-Band occupancy
down to 2 K. The reduction in the U-moment values, in, .. ;

- ) - with increasing H content.
compositions withy=0.06 and 0.14, is likely to have a con-
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