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Effect of hydrogenation on crystal structure and magnetic properties
of UTSi „TÄPd,Ni… intermetallics
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The crystal structure and magnetic properties of UPdSi and UNiSi hydrides synthesized atT5923 K and
hydrogen pressurep5130 bars were studied. Hydrogenation results in modification of the lattice symmetry
from the orthorhombic~TiNiSi structure type! to hexagonal~ZrBeSi type! and in the increase of magnetic
ordering temperatures in both compounds. UPdSiHx orders antiferromagnetically atTN546 K compared to
TN531 K for UPdSi. UNiSiHx is a ferromagnet withTC598 K, whereas UNiSi is an antiferromagnet with
TN585 K. The observed changes are attributed to the increased uranium-uranium spacing in the hydrides.
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I. INTRODUCTION

Hydrogenation of uranium-based intermetallic co
pounds, leading to enlarged U-U spacing and modified bo
ing conditions, is an interesting probe of 5f -electron sys-
tems. Magnetic properties, which are very sensitive to
degree of the 5f localization, are important indicators o
electronic structure variations.1 In addition, hydride studies
are also relevant for hydrogen storage issues.2

However, not all U intermetallics absorb hydrogen und
the usual laboratory conditions. Attempts to hydrogenate
UTX materials (T5transition metal atom,X5p-electron el-
ement! crystallizing in the ZrNiAl structure type were suc
cessful in a few cases only,3,4 although rare-earth~R! iso-
types absorb H2 willingly. 5

In this work we describe the synthesis and study of t
hydrides based on UPdSi and UNiSi, representatives of
UTX compounds crystallizing in the orthorhombic TiNiS
structure type.

UPdSi was thoroughly investigated by several groups
means of x-ray and neutron diffraction, magnetization, a
transport measurements.6–11 It was established that UPdS
crystallizes in the TiNiSi-type of structure~space group
Pnma) having the shortest inter-uranium spacingdU-U
'350 pm. This value is close to the critical region betwe
localized and itinerant 5f -electron behavior.1 UPdSi is an
antiferromagnet, which undergoes two magnetic phase t
sitions atTN529 K and T1510 K according to Ref. 6 or
TN533 K andT1527 K according to Refs. 8 and 9. It ha
also two metamagnetic transitions atm0Hc1,2

54 T and 7 T

(T54.2 K), respectively, at which the antiferromagne
coupling of the U moments is gradually broken.9

The other intermetallic compound studied, UNiSi, h
also the TiNiSi-type of unit cell, but with a lowerdU-U
'330 pm.12 It shows more complicated magnetic behav
and three magnetic phase transitions are reported for
compound. Magnetization measurements point to antife
magnetic ordering atTN580 K followed by another phas
transition atT157.5 K.6 Specific heat studies revealed a
0163-1829/2002/66~14!/144423~7!/$20.00 66 1444
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additional transition atT518 K.8 The nonzero spontaneou
magnetization observed at lower temperatures is assoc
with ferromagnetic ordering or the presence of a ferrom
netic component. BelowT510 K, the magnetization curve
have a complicated S-shaped character, which indicates
in the ground state UNiSi is a ferrimagnet or a ferromag
with a canted structure.10 The low value of the effective mo
mentme f f52.1 mB /f.u. given in Ref. 6, as well as the poo
approach to saturation of the ‘‘free-powder’’ magnetizati
curve even in the field of 35 T (M35T50.52mB /f.u.), points
to strongly delocalized U 5f states~see Ref. 13 and refer
ences therein!. The ferromagnetic component disappea
aboveT518 K.10 The negative value of the paramagne
Curie temperatureQP5213 K estimated from the magneti
susceptibility measured above 80 K points to antiferrom
netic interactions dominating in the system.6

II. EXPERIMENTAL DETAILS

The parent compounds were obtained by arc melting
stoichiometric amounts of constituents under Ar atmosph
The phase composition was checked by means of x-ray
fraction on the Siemens D-500 diffractometer equipped w
Cu ~used for UPdSi-H! and Co~used for UNiSi-H! anodes.
Prior to exposing the samples to hydrogen, they w
crushed to submillimeter particles and their surface was
tivated by annealing for 2 h at T5473 K in the dynamic
vacuum of p5231025 mbar. Hydrogenation was per
formed at T5923 K under hydrogen pressurepH2

5130 bars. Several attempts to obtain the hydrides at lo
H2 pressure and lower temperature were unsuccessful.
absorption process was monitored by the pressure variat
in closed calibrated volume. It was considered to be co
pleted after the pressure drop finished. The crystal struct
of the synthesized products were checked by x-ray diffr
tion. It was not possible to determine precisely enough
hydrogen content directly during the synthesis, so the we
change due to the H2 uptake was used to estimate the hydri
composition. It appeared that the samples of both compou
©2002 The American Physical Society23-1
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contain about 2 H atoms/f.u. immediately after the synthes
and with time they tend to decompose losing about 1
atoms/f.u. In order to decompose the hydrides complet
they were heated to 973 K in the closed evacuated volu
The pressure increase due to the H2 release usually starte
around 723 K and reached the saturation until 923 K.
ensure that all hydrogen was removed from the sample it
heated further to 973 K, held at that temperature, and t
the reactor was pumped down to,3 mbar. The sample wa
cooled at continuous pumping. The products of decomp
tion were again analyzed by x-ray diffraction.

Magnetic measurements on fine powders with partic
fixed in a random orientation were performed in the sup
conducting quantum interference device~SQUID! magneto-
meter~Quantum Design! in the temperature range 5–300
and magnetic fields up to 5 T. The Quantum Design PP
measuring system equipped with a 9 T magnet was use
few cases.

III. RESULTS AND DISCUSSION

A. Crystal structure

Since both UPdSi and UNiSi hydrides were synthesiz
for the first time, the determination of their crystal structu
was the primary goal.

Structural properties of both materials are analogous
differ in lattice parameters only. Therefore, the structu
modification upon hydrogen absorption will be illustrated
detail for the case of only one of them: UPdSi. It is importa
to stress that the following discussion concerns only the
rangement of metal atoms in the UTSi hydrides. The hydro-
gen atoms practically do not contribute to the intensities
the diffraction peaks due to the very small scattering fac
The x-ray powder diffraction pattern obtained for UPdSix
has several interesting features: it shows notably less p
than the pattern of the parent UPdSi@compare Figs. 1~a! and
1~b!#, and the quality of the pattern~i.e., peak widths, back
ground level! is unexpectedly good for the hydride. The r
duction of the number of the diffraction peaks indicates t
the structure of the hydride has a higher symmetry than
of pure UPdSi, which crystallizes in the orthorhomb
TiNiSi-type structure@Fig. 2~a!#.10 This structure, as well as
several others, can be derived by displacement-diso
transformations from the hexagonal AlB2 unit cell shown in
Fig. 2~b!.

So it was natural to expect that the UPdSiHx lattice is one
of the AlB2 derivatives, too. A comprehensive description
the structure types relevant for hydrides belonging to t
family is given, for example, in Ref. 14. The best matches
the experimental diffraction pattern were obtained assum
that UPdSiHx adopts either ZrBeSi- or GaGeLi-type hexag
nal structure. The ZrBeSi structure type@Fig. 2~c!# can be
obtained from the AlB2 type@Fig. 2~a!# when its 2d site~1/3,
2/3, 1/2! is occupied selectively by Pd and Si atoms, so t
the positions~1/3, 2/3, 1/2! and~2/3, 1/3, 1/2! are no longer
equivalent. In addition Pd and Si atoms should be orde
along thec axis, forming the Pd-Si-Pd-Si-••• chains. As the
result thec parameter would be doubled compared to that
the AlB2-type structure, and thez coordinate of Pd or S
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would becomez51/4. In order to get the GaGeLi-type struc
ture one more transformation should be added; namely,
and Si atoms should be moved off the planez51/4 in oppo-
site directions. The assumption about doubling along thc
axis is easy to check: if true, there should exist at least
reflection with an oddl parameter in a pattern indexed wit
the doubledc. On the contrary, if only evenl indices are
present, then the real parameterc is twice smaller than as
sumed. The diffraction pattern of UPdSiHx shows the strong
~101! reflection as well as several other lines with an o
index l: namely,~103!, ~201!, and ~203!. Consequentlyc is
really close to 800 pm~Table I!, and the crystal structure i
either of ZrBeSi or GaGeLi type. Still the calculated patte
based on the GaGeLi structure model significantly devia
from the experimental intensities at high diffraction angle
This is not the case for the ZrBeSi-type structure, wh
provides the calculated pattern closely tracing the obser
peak intensities. Therefore, the Rietveld analysis assum
that the UPdSi hydride has a hexagonal unit cell of
ZrBeSi type yielded a significantly lower value of the Brag
R factor compared to the one based on the GaGeLi-t
structure model—namely, 11.7% vs 39.8%. X-ray diffracti
showed also the presence of a small amount of UPdSi in
hydride. A summary of the fit is presented in Table I. Plea
note that due to the symmetry change upon hydrogenat
the values of the unit cell volume in the table are normaliz
per formula unit.

FIG. 1. ~a! X-ray diffraction pattern of UPdSi. All peaks, excep
for the one marked by a question mark, are indexed within TiN
structure type. The calculated peak positions are shown by mar
~b! Experimental and calculated x-ray diffraction patterns for t
UPdSi hydride as well as the difference curve. The upper row
markers denotes the positions of the UPdSiHx peaks and the lower
one of the UPdSi peaks.
3-2
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FIG. 2. ~a! The unit cell of UPdSi-TiNiSi-type structure. The atoms outside the unit cell are shown to emphasize the similarity w
AlB2-type structure.~b! Unit cell of the AlB2-type crystal structure.~c! Unit cell of UPdSiHx-ZrBeSi type. Note that crystal axes ar
interchanged as the symmetry gets modified:a, b, c of the AlB2- or ZrBeSi-type structure correspond tob, c, a of the TiNiSi-type structure.
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The conclusion is that UPdSiHx has the ZrBeSi-type@Fig.
2~c!# crystal structure and space groupP63 /mmc~No. 194!.
The metal atoms occupy the following positions in the u
cell: U ~0, 0, 0!; Pd, Ni ~1/3, 2/3, 1/4!; Si ~1/3, 2/3, 3/4!
~positions of the H atoms have not been determined!, which
consists of alternating U and ordered Pd-Si layers stac
along thê 001& direction and separated by exactly 1/4 of t
parameterc. This arrangement transforms into the AlB2-type
structure if only one sort of atom occupies the Pd-Si layers
if both sites in this layer are occupied statistically by t
atoms of different sorts. The latter can be indeed found in
U-Pd-Si and other U-T-Si systems with nonequal concentr
tions of T and Si atoms, usually described as as U2TSi3
compounds.13

The diffraction patterns of UNiSi and UNiSiHx show
analogous variations as those of UPdSi-H. Also the ZrBe
type structure provides the best model for the Rietveld
finement of the x-ray data in the case of UNiSiHx . The low-
est value of theR factor achieved in this case was 19.5%
The structural data for the UNiSi hydride are listed in Tab
I.

The increase of symmetry upon hydrogenation is one
the two typical scenarios observed so far in the ternaryATX
compounds (A5 f -electron metal,T5transition metal,X
5p-electron element! with the TiNiSi-type structure. It was
reported, for example, for TbNiSiD1.78,14 CeIrGaHx ,15 and
CeIrAlHx .16 On the contrary, in NdNiSn-D deuteration re
sults in the decrease of the lattice symmetry from the sp
14442
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group Pnma to Pna21.17 Neutron diffraction studies per
formed by Brinks and co-workers14 on one of the com-
pounds, which yields hexagonal symmetry after deuterat
TbNiSiD1.78, give an idea about the hydrogen location
such structures. Namely, in the studied deuteride D ato
occupy the crystallographic position 4f (1/3, 2/3,z)—the in-
terstitial site having 3 U atoms and 1 Pd atom as the near
neighbors. Full occupation of this site would yield 2
atoms/f.u. Our decomposition studies indicate that there
probably two hydrogen sites in UTSiHx because hydrides
lose about 1 H atom/f.u. already at room temperature
then the temperature dependence of H2 pressure shows a
large step around 450 K followed by another one at 873
The decomposition of UPdSiHx and UNiSiHx by annealing
in vacuum recovers the original orthorhombic crystal stru
ture. The temperature of 923 K is required for the compl
desorbtion of hydrogen. Diffraction patterns of the deco
posed materials indeed match those of respective pa
intermetallics.

B. Magnetic properties

1. UPdSi

Hydrogenation has a significant impact on magnetic pr
erties of UPdSi. It increases the ordering temperature fr
TN531 K in UPdSi to 46 K in the hydride, which was de
termined as the position of the maximum on theM /H(T)
curve @Figs. 3~a! and 3~b!#.
TABLE I. Summary of crystal structure parameters~lattice parameters, interuranium spacingdU-U , vol-
ume per formula unit, and its relative change! for UPdSi, UNiSi, and their hydrides.

UPdSi UPdSiH1.0 UNiSi UNiSiH1.0

Structure Orthorhombic Hexagonal Orthorhombic Hexagonal
~TiNiSi-type! ~ZrBeSi-type! ~TiNiSi-type! ~ZrBeSi-type!

a ~pm! 702.6 417.66~4! 695.2 403.2~1!

b ~pm! 420.5 - 412.7 -
c ~pm! 767.0 799.53~9! 705.5 777.6~2!

dU-U ~pm! 348 417 329 403
Volume per f.u. (nm3) 0.056 65 0.060 39 0.050 60 0.054 74
DV/V ~%! - 1 6.6 - 1 8.2
3-3
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We attribute all other anomalies on the temperature
pendence of susceptibility, i.e., the low-T upturn and the
stepwise increase around 90 K, to the presence of UPdSi
another impurity phase, respectively. Indeed the low-T fea-
ture, which is especially well pronounced form0H,0.5 T,
coincides with the magnetic phase transition temperatureT1
of the parent compound.6,9 There is a certain ambiguity in
assignment of the steep increase at about 90 K. From
3~a! it follows that this magnetic phase transition persi
until m0H50.5 T, and it is suppressed at 2 T. Its extrins
origin is deduced from the fact that the same anomaly
present in the original UPdSi@Fig. 3~b!# and even survives
the decomposition: the magnetic susceptibility of the deco
posed UPdSiHx shows the same steep increase. Thus,
90 K anomaly has to be attributed to a secondary ph
present already in the parent UPdSi. It may be, for exam
off-stoichiometric UPd2Si2 . UPd2Si2 normally orders anti-
ferromagnetically atTN5136 K,18,19 but since in this case i
forms as a side product of the UPdSi synthesis, the fi
spurious phase need not be of the exact 1:2:2 stoichiom
Therefore, the resulting compound may not have fully co
pensated spins. This would explain theM /H(T) values of
UPdSiHx below 90 K, which are still too low for a ferromag
net, even though the transition itself reminds ferromagn
rather than antiferromagnetic ordering. The magnetiza
increase at this transition isDM'0.01mB /f.u. @Fig. 3~a!#
and it fairly well corresponds to the remanent magnetizat
at 5 K @Figs. 4~a! and 4~b!#.

All these considerations support the conclusion t
UPdSiHx undergoes one magnetic phase transition atTord
546 K, which has an antiferromagnetic character.

The transition shifts to lower temperatures with increas
magnetic field, reaching 41 K atm0H53 T. This transition
persists at least up tom0H56 T, the highest field applied

FIG. 3. Comparison of magnetic susceptibility curves
UPdSiHx ~a! and UPdSi~b!. The stepwise increaseDM is due to an
impurity phase.
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during the susceptibility measurements. Fitting the tempe
ture dependence measured in 6 T to the Curie-Weiss
@Fig. 5~a!# yields me f f53.1mB /f.u. andQP5210 K.

The value of the effective moment is typical for a high
degree of localization of the uranium 5f states~assuming
that Pd carries no magnetic moment!. The S-shaped magne
tization curve shows that UPdSiHx undergoes a metamag
netic transition atm0Hc56.3 T at T55 K @see Fig. 4~a!#.
The critical fieldHc decreases with increasing temperatu
and reaches 4 T atT537 K. Above this temperature th

FIG. 4. The effect of hydrogenation on the field dependence
magnetization of UPdSiHx . The solid lines are guides to the ey
except for the one showing theM (H) dependence atT55 K in the
hydride.

FIG. 5. Inverse susceptibilities of UPdSi-H~a! and UNiSi-H~b!
systems. Solid lines indicate the results of the Curie-Weiss fits.
3-4
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EFFECT OF HYDROGENATION ON CRYSTAL . . . PHYSICAL REVIEW B 66, 144423 ~2002!
metamagnetic transition vanishes. Since the transition
sists at least up to 37 K, it should be related to the UPdSx
phase and not to UPdSi, since the highest estimate of theTN
for the parent UPdSi is only 33 K according to Ref. 9 or
K according to our results@Fig. 3~b!#. This conclusion is
corroborated by a comparison of the magnetization beha
of UPdSi and UPdSiHx @Figs. 4~a! and 4~b!#, which show
different critical fields:m0Hc54.2 T in the parent compoun
and 6.2 T in the hydride. As demonstrated in Fig. 6,
decomposition of UPdSiHx recovers the original magneti
properties.

2. UNiSi

The magnetic properties of UNiSi are affected by hyd
genation to a larger extent than for UPdSi. As seen fr
Fig. 7~a!, UNiSiHx exhibits three magnetic phase transitio
at aboutT1595 K, T2584 K, andT3561 K, whereas for
the parent UNiSi we have found, in agreement with Refs
and 8, the following magnetic ordering temperatures:TN
585 K, T1520 K, andT2510.5 K @Fig. 7~b!#. The phase
transitions atT1 and T2 in the hydride can be well distin
guished only at very low fields@see Fig. 7~a!#.

FIG. 6. Recovery of the original magnetic properties in fu
decomposed UPdSi hydrides. Lines are guides to the eye.

FIG. 7. a! Temperature dependence of the magnetization
UNiSi hydrides. The upper graph shows the low-field details of
transitions. Markers indicate the location of the critical tempe
turesT1 , T2, andT3 mentioned in the text.~b! M /H(T) curves for
UNiSi, measured in different magnetic fields. The inset shows
details of the antiferromagnetic phase transition in UNiSi.
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Above m0H50.5 T they broaden so much that only tw
steps on theM /H(T) curve indicate their presence. Abov
this field even the derivative dM /dT shows one broad pea
in the place of previously existing two. If the magnetic fie
increases tom0H52 T, only the transitions atT2 andT3 can
be observed in UNiSiHx : the value ofT2 does not change
significantly compared to 0.5 T, whileT3 decreases to 60 K
In the fieldm0H55 T, T2 reaches 90 K, andT3556 K.

Magnetization measurements were performed in orde
determine the type of ordering in the characteristic tempe
ture ranges. It follows from Fig. 8 that the magnetization
UNiSiHx has a nonzero value atH50 (T55 K) and is al-
most linearly increasing with increasing magnetic field. T
character of magnetization curves for higher temperature
similar to that shown in Fig. 8, only the remanent magne
zation decreases with increasingT and persists at least u
until 92 K.

The Arrott plots indicate that the critical temperature
UNiSiHx is TC598 K. Hence, based on the magnetic me
surements we assume that the ground state of UNiSiHx is
ferrimagnetic or ferromagnetic withTC598 K, followed by
two phase transitions atT1584 K andT2561 K. The broad-
ening of the transitions atTC andT1 is the reason for which
they cannot be distinguished at higher fields. Unli
UPdSiHx , the paramagnetic susceptibility of UNiSiHx can-
not be accounted for by the Curie-Weiss law. Application
the modified Curie-Weiss law@Fig. 5~b!# yields the following
parameters: me f f52.3mB /f.u., QP553 K, and x051
31028 m3/mol. The value of the effective moment of th
hydride is higher than that of parent UNiSi (me f f
51.9mB /f.u., QP5218 K, and x051.431028 m3/mol).
The increase of the effective moment upon hydrogena
may be attributed to increased localization of the uraniumf
states. The higher and positive paramagnetic Curie temp
ture of the hydride demonstrates stronger ferromagnetic
change interactions. The hydrogenation of UNiSi is reve
ible similarly to the case of UPdSi: UNiSiHx was
decomposed by heating aboveT5923 K, and magnetic
properties of the resulting material were studied.

Figure 9 shows the comparison theM /H(T) curves of the
parent UNiSi and the product of decomposition. The simil

f
e
-

e

FIG. 8. The variations of theM vs H dependence in UNiSi due
to hydrogenation. Lines are guides to the eye.
3-5
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A. V. KOLOMIETS et al. PHYSICAL REVIEW B 66, 144423 ~2002!
ity of the curve shape and magnitude, and especially
critical temperatures, is apparent. The slight discrepanc
the absolute values and curve details may be attributed to
very fine-grain character of the decomposed samples, c
ing from decrepitation during the hydrogenation proce
This also would explain that the features of itsM /H(T) de-
pendences are more smooth.

Even though no neutron data are currently available
UPdSiHx and UNiSiHx , some information about their mag
netic structure can be deduced from the geometry of the
cell. It follows from Fig. 2~c! that each U atom has neare
uranium neighbors either in the basal plane or along thc
axis. In the first case thedU-U is equal to the parametera of
the unit cell and in the second case toc/2. The data from the
Table I indicate that for both compoundsa.c/2. In accor-
dance with the empirical rule, the magnetic moments of u
nium atoms tend to be perpendicular to shortest U-U li
i.e., to ^001& for the studied materials. Therefore, we m
expect the easy magnetization direction in UPdSiHx and
UNiSiHx to be in the basal plane.

*Corresponding author. Fax:1420-2-24911061. Electronic ad
dress: kolomiet@apollo.karlov.mff.cuni.cz
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IV. CONCLUSIONS

UPdSi and UNiSi absorb hydrogen at a rather high te
perature and pressure. The as-synthesized compounds
tain about 2 H atoms/f.u., but the stable composition is a
proximately UTSiH1.0. Incorporation of hydrogen into the
crystal lattice leads to the expansion of the unit cell
7%–8% and the symmetry changes from orthorhom
~TiNiSi type! in the parent compound to the hexagonal of t
ZrBeSi type in the hydride. The original structure is restor
when hydrogen is removed from the lattice by heating ab
T5923 K. Another result of hydrogenation is the streng
ening of magnetic exchange interactions in both UPdSx

and UNiSiHx compared to nonhydrogenated samples.
UPdSi hydride orders atTN546 K compared to 31 K in

UPdSi and exhibits a metamagnetic transition atm0Hc

56.3 T (T55 K) while the parent compound hasm0Hc1,2

54 T and 7 T.9 In UNiSi hydrogenation modifies also th
type of magnetic order. The parent compound undergoe
antiferromagnetic transition atTN585 K, while the hydride
exhibits a ferromagnetic component and undergoes orde
at TC598 K. The development of magnetic properties c
be at least partly associated with enhanced localization of
5 f electronic states in hydrides due to enhanced U-U sp
ing. It reaches about 400 pm in both UPdSi and UNiSi h
drides. The influence of hydrogenation is more pronoun
for UNiSi, where the originaldU-U is lower than in UPdSi,
while the final value for both hydrides is about the same
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