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Effect of hydrogenation on crystal structure and magnetic properties
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The crystal structure and magnetic properties of UPdSi and UNiSi hydrides synthesized®28 K and
hydrogen pressurp=130 bars were studied. Hydrogenation results in modification of the lattice symmetry
from the orthorhombidTiNiSi structure type to hexagonalZrBeSi typeg and in the increase of magnetic
ordering temperatures in both compounds. UPdSiklers antiferromagnetically aty=46 K compared to
Tn=31 K for UPdSi. UNISiH is a ferromagnet witif =98 K, whereas UNISi is an antiferromagnet with
Tn=85 K. The observed changes are attributed to the increased uranium-uranium spacing in the hydrides.
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. INTRODUCTION additional transition af =18 K.® The nonzero spontaneous
magnetization observed at lower temperatures is associated
Hydrogenation of uranium-based intermetallic com-with ferromagnetic ordering or the presence of a ferromag-
pounds, leading to enlarged U-U spacing and modified bondaetic component. Below =10 K, the magnetization curves
ing conditions, is an interesting probe of-Blectron sys- have a complicated S-shaped character, which indicates that
tems. Magnetic properties, which are very sensitive to thén the ground state UNiSi is a ferrimagnet or a ferromagnet
degree of the § localization, are important indicators of With a canted structur€. The low value of the effective mo-
electronic structure variatiortsln addition, hydride studies Mentues=2.1 ug/f.u. given in Ref. 6, as well as the poor
are also relevant for hydrogen storage issues. approach to saturation of the “free-powder” magnetization
However, not all U intermetallics absorb hydrogen undercurve even in the field of 35 TM 35r=0.52 ug/f.u.), points
the usual laboratory conditions. Attempts to hydrogenate thé Strongly delocalized U & states(see Ref. 13 and refer-
UTX materials T=transition metal atormX=p-electron el- €nces_therein ;I(')he ferromagnetic component disappears
emen} crystallizing in the ZrNiAl structure type were suc- 2P0veT=18 K.”" The negative value of the paramagnetic

cessful in a few cases orly} although rare-earttR) iso- Curie temperatur® = — 13 K estimated .from the magnetic
types absorb Kwillingly. ° susceptibility measured above 80 K points to antiferromag-

In this work we describe the synthesis and study of two!€tiC intéractions dominating in the systém.

hydrides based on UPdSi and UNiSi, representatives of the
UTX compounds crystallizing in the orthorhombic TiNiSi
structure type.

UPdSi was thoroughly investigated by several groups by The parent compounds were obtained by arc melting of
means of x-ray and neutron diffraction, magnetization, andtoichiometric amounts of constituents under Ar atmosphere.
transport measuremerftst® It was established that UPdSi The phase composition was checked by means of x-ray dif-
crystallizes in the TiNiSi-type of structuréspace group fraction on the Siemens D-500 diffractometer equipped with
Pnmg having the shortest inter-uranium spacimuly. Cu (used for UPdSi-Hand Co(used for UNIiSi-H anodes.
~350 pm. This value is close to the critical region betweenPrior to exposing the samples to hydrogen, they were
localized and itinerant Belectron behaviot. UPdSi is an  crushed to submillimeter particles and their surface was ac-
antiferromagnet, which undergoes two magnetic phase tranivated by annealing fo2 h at T=473 K in the dynamic
sitions atTy=29 K and T;=10 K according to Ref. 6 or vacuum of p=2x10"° mbar. Hydrogenation was per-
Tny=33 K andT,;=27 K according to Refs. 8 and 9. It has formed at T=923 K under hydrogen pressurey,

Il. EXPERIMENTAL DETAILS

also two metamagnetic transitions @§Hc, ;=4 T and 7 T =130 pars. Several attempts to obtain the hydrides at lower
(T=4.2 K), respectively, at which the antiferromagnetic H, pressure and lower temperature were unsuccessful. The
coupling of the U moments is gradually brokén. absorption process was monitored by the pressure variations

The other intermetallic compound studied, UNiSi, hasin closed calibrated volume. It was considered to be com-
also the TiNiSi-type of unit cell, but with a lowed,., pleted after the pressure drop finished. The crystal structures
~330 pm?!? It shows more complicated magnetic behaviorof the synthesized products were checked by x-ray diffrac-
and three magnetic phase transitions are reported for thigon. It was not possible to determine precisely enough the
compound. Magnetization measurements point to antiferronydrogen content directly during the synthesis, so the weight
magnetic ordering aly=380 K followed by another phase change due to the Hiptake was used to estimate the hydride
transition atT,;=7.5 K.° Specific heat studies revealed an composition. It appeared that the samples of both compounds
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contain aboti2 H atoms/f.u. immediately after the synthesis, 500
and with time they tend to decompose losing about 1 H
atoms/f.u. In order to decompose the hydrides completely, 400
they were heated to 973 K in the closed evacuated volume

The pressure increase due to thg dlease usually started = 300
around 723 K and reached the saturation until 923 K. Tog
ensure that all hydrogen was removed from the sample it was> 200
heated further to 973 K, held at that temperature, and ther;é:

the reactor was pumped down <03 mbar. The sample was £ 100
cooled at continuous pumping. The products of decomposi-
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Since both UPdSi and UNiSi hydrides were synthesized 5 A fmpremeortior e v ) ﬁl
for thﬁ f|rst_ time, theldetermlnatlon of their crystal structure 10 20 30 40 50 60 70 80
was the primary goal. 20 (deg.)

Structural properties of both materials are analogous and
differ in lattice parameters only. Therefore, the structure FIG. 1. (a) X-ray diffraction pattern of UPdSi. All peaks, except
modification upon hydrogen absorption will be illustrated in for the one marked by a question mark, are indexed within TiNiSi
detail for the case of only one of them: UPdSi. It is importantstructure type. The calculated peak positions are shown by markers.
to stress that the following discussion concerns only the arth) Experimental and calculated x-ray diffraction patterns for the
rangement of metal atoms in thel'Si hydrides. The hydro- UPdSi hydride as well as the difference curve. The upper row of
gen atoms practically do not contribute to the intensities ofmarkers denotes the positions of the UPdSadaks and the lower
the diffraction peaks due to the very small scattering factorone of the UPdSi peaks.

The x-ray pqwder djffraction pattern obtained for UPASiH 414 hecome= 1/4. In order to get the GaGelLi-type struc-
has several interesting features: it ;hows notably less pealSre one more transformation should be added: namely, Pd
than the pattern of_the parent UPc[Snmpare Figs. ® and  gnd Si atoms should be moved off the plamel/4 in oppo-
1(b)], and the quality of the patterie., peak widths, back- sjte directions. The assumption about doubling alongcthe
ground level is unexpectedly good for the hydride. The re- axis is easy to check: if true, there should exist at least one
duction of the number of the diffraction peaks indicates thaﬁ’eﬂection with an odd parameter in a pattern indexed with
the structure of the hydride has a higher symmetry than thahe doubledc. On the contrary, if only even indices are
of pure UPdSi, which crystallizes in the orthorhombic present, then the real parameteis twice smaller than as-
TiNiSi-type structurgFig. 2@].° This structure, as well as sumed. The diffraction pattern of UPdSilshows the strong
several others, can be derived by displacement-disordéd0l) reflection as well as several other lines with an odd
transformations from the hexagonal AlBnit cell shown in  index|: namely, (103, (201), and (203. Consequentlyc is
Fig. 2(b). really close to 800 pniTable I, and the crystal structure is
So it was natural to expect that the UPdSIHitice is one either of ZrBeSi or Ge_lGeLi type. Still the. ca.I(.:uIated pattern
of the AIB, derivatives, too. A comprehensive description of based on the GaGelLi structure model significantly deviates
the structure types relevant for hydrides belonging to thigfom the experimental intensities at high diffraction angles.
family is given, for example, in Ref. 14. The best matches tol NiS IS not the case for the ZrBeSi-type structure, which
the experimental diffraction pattern were obtained assumingrov'd.es the calculated pattern closely tracing the observed
that UPdSIH adopts either ZrBeSi- or GaGeLi-type hexago- heak r',meSSFlﬂZS-' hTréerotlaforr]e, the r|1?|etveld almalyss Trssmfjmrrng
nal structure. The ZrBeSi structure typEig. 2(c)] can be that the SI hydridge has a hexagonal unit cell of the
obtained from the AIB type[Fig. 2a)] when its 2 site (1/3 ZrBeSi type yielded a significantly lower value of the Bragg
213,12 i ed selecti I. by Pd and Si at ’th R factor compared to the one based on the GaGelLi-type
» 1/2 Is occupied selectively by Pd and Si atoms, So thak e model—namely, 11.7% vs 39.8%. X-ray diffraction
the positions(1/3, 2/3, 1/2 and (2/3, 1/3, 1/2 are no longer - ¢qved also the presence of a small amount of UPdSi in the
equivalent. In addition Pd and Si atoms should be Ordereaydride. A summary of the fit is presented in Table I. Please
along thec axis, forming the Pd-Si-Pd-Si-- chains. As the  qte that due to the symmetry change upon hydrogenation,
result thec parameter would be doubled compared to that ofthe values of the unit cell volume in the table are normalized
the AIB,-type structure, and the coordinate of Pd or Si  per formula unit.
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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 with the
AlB,-type structure(b) Unit cell of the AIB,-type crystal structure(c) Unit cell of UPdSiH-ZrBeSi type. Note that crystal axes are
interchanged as the symmetry gets modifegdh, ¢ of the AIB,- or ZrBeSi-type structure correspondtipc, a of the TiNiSi-type structure.

The conclusion is that UPdSjHhas the ZrBeSi-typgFig.  group Pnmato Pna2;.}’ Neutron diffraction studies per-
2(c)] crystal structure and space groBpz/mmc(No. 194.  formed by Brinks and co-workels on one of the com-
The metal atoms occupy the following positions in the unitpounds, which yields hexagonal symmetry after deuteration,
cell: U (0, 0, O; Pd, Ni(1/3, 2/3, 1/3; Si (1/3, 2/3, 3/4  TbNiSIiD; 75, give an idea about the hydrogen location in
(positions of the H atoms have not been determinediich ~ such structures. Namely, in the studied deuteride D atoms
consists of alternating U and ordered Pd-Si layers stackedccupy the crystallographic positiorf 41/3, 2/3,z)—the in-
along the(001) direction and separated by exactly 1/4 of theterstitial site havig 3 U atoms and 1 Pd atom as the nearest
parametec. This arrangement transforms into the AfBpe  neighbors. Full occupation of this site would yield 2 H
structure if only one sort of atom occupies the Pd-Si layers oatoms/f.u. Our decomposition studies indicate that there are
if both sites in this layer are occupied statistically by theprobably two hydrogen sites in T6iH, because hydrides
atoms of different sorts. The latter can be indeed found in théose about 1 H atom/f.u. already at room temperature and
U-Pd-Si and other UF-Si systems with nonequal concentra- then the temperature dependence of ptessure shows a
tions of T and Si atoms, usually described as agT8i;  large step around 450 K followed by another one at 873 K.
compounds? The decomposition of UPdSiHand UNiSiH, by annealing

The diffraction patterns of UNiSi and UNiSjHshow in vacuum recovers the original orthorhombic crystal struc-
analogous variations as those of UPdSi-H. Also the ZrBeSiture. The temperature of 923 K is required for the complete
type structure provides the best model for the Rietveld redesorbtion of hydrogen. Diffraction patterns of the decom-
finement of the x-ray data in the case of UNiSiHThe low-  posed materials indeed match those of respective parent
est value of theR factor achieved in this case was 19.5%. intermetallics.

The structural data for the UNiSi hydride are listed in Table
l. B. Magnetic properties

The increase of symmetry upon hydrogenation is one of
the two typical scenarios observed so far in the terdeRX
compounds A=f-electron metal, T=transition metal, X Hydrogenation has a significant impact on magnetic prop-
= p-electron elementwith the TiNiSi-type structure. It was erties of UPdSi. It increases the ordering temperature from
reported, for example, for TbNiSiDg,** CelrGaH,,’®> and  Ty=31 K in UPdSi to 46 K in the hydride, which was de-
CelrAlH, .*® On the contrary, in NdNiSn-D deuteration re- termined as the position of the maximum on thigH(T)
sults in the decrease of the lattice symmetry from the spaceurve[Figs. 3a) and 3b)].

1. UPdSi

TABLE I. Summary of crystal structure parametéligtice parameters, interuranium spacthg , vol-
ume per formula unit, and its relative chander UPdSi, UNiSi, and their hydrides.

UPdSi UPdSiH o UNISi UNISiH, o

Structure Orthorhombic Hexagonal Orthorhombic Hexagonal

(TiNiSi-type) (ZrBeSi-type (TiNiSi-type) (ZrBeSi-type
a (pm) 702.6 417.664) 695.2 403.2)
b (pm) 420.5 - 412.7 -
¢ (pm) 767.0 799.5®) 705.5 777.2)
dy.y (pm) 348 417 329 403
Volume per f.u. (nr) 0.056 65 0.060 39 0.050 60 0.05474
AVIV (%) - + 6.6 - + 8.2
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FIG. 4. The effect of hydrogenation on the field dependence of
magnetization of UPdSiH The solid lines are guides to the eye
except for the one showing ti(H) dependence &=5 K in the
hydride.

FIG. 3. Comparison of magnetic susceptibility curves for
UPdSiH, (a) and UPdSib). The stepwise increageM is due to an
impurity phase.

We attribute all other anomalies on the temperature de-, . o -
S during the susceptibility measurements. Fitting the tempera-
pendence of susceptibility, i.e., the loWw-upturn and the g b y g b

s . _tyre dependence measured in 6 T to the Curie-Weiss la
stepwise increase around 90 K, to the presence of UPdSi a a P u ! un I W

. . X T ig. 5@)] yields pes=3.1ug/f.u. and®p=—10 K.
another _|mp_ur|ty pha!se’ respectively. Indeed the Todea- The value of the effective moment is typical for a higher
ture, which is especially well pronounced fppH<<0.5 T,

incid ith th tic oh i ition t A degree of localization of the uraniumf Sstates(assuming
C?ItnhCI es Wlt € maqn%g ‘Ilf:hp ase ranS|t|c_)n err;)per_tlfr_e that Pd carries no magnetic momenthe S-shaped magne-
of the parent compouna. There Is a certain ambiguity N 7 ati0n curve shows that UPdSiHindergoes a metamag-
assignment of the steep increase at about 90 K. From Fi

4 ; ) " "Y1etic transition atugH.=6.3 T atT=5 K [see Fig. 4a)].
3(‘?.| I fﬂ'ﬂ‘gzﬁm thdls.tmagnetlc phaje ttrgn_?ltll?n p(tar.S'S.tSThe critical fieldH. decreases with increasing temperature
Untit o =4.o 1, and 1t IS SUppressea a - 115 EXUINSIC 5 reaches 4 T af=37 K. Above this temperature the
origin is deduced from the fact that the same anomaly is

present in the original UPd$Fig. 3(b)] and even survives
the decomposition: the magnetic susceptibility of the decom- . UPdSI

posed UPdSik shows the same steep increase. Thus, the 15| » UPSIHx,
90 K anomaly has to be attributed to a secondary phase £
present already in the parent UPdSI. It may be, for example, ,\g
off-stoichiometric UP¢Si,. UPd,Si, normally orders anti- 31 0 £
ferromagnetically af =136 K,*®°but since in this case it R 2
forms as a side product of the UPdSi synthesis, the final 0.5
spurious phase need not be of the exact 1:2:2 stoichiometry. (a)
Therefore, the resulting compound may not have fully com- g.g
pensated spins. This would explain tM/H(T) values of ) e UNiSi
UPdSiH, below 90 K, which are still too low for a ferromag- e 25 UNiSiHx,
net, even though the transition itself reminds ferromagnetic S 2.0
rather than antiferromagnetic ordering. The magnetization ,515
increase at this transition iAM~0.01ug/f.u. [Fig. 3] T
and it fairly well corresponds to the remanent magnetization 1.0
at 5 K[Figs. 4a) and 4b)]. 0.5
All these considerations support the conclusion that el (b)
UPdSiH, undergoes one magnetic phase transitiom g, °'°0 50 100 150 200 250 300

=46 K, which has an antiferromagnetic character.

The transition shifts to lower temperatures with increasing
magnetic field, reaching 41 K ato,H=3 T. This transition FIG. 5. Inverse susceptibilities of UPdSi{#) and UNiSi-H (b)
persists at least up tagH=6 T, the highest field applied systems. Solid lines indicate the results of the Curie-Weiss fits.

T(K)
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0.2 UPdsi 0.20
3
€ 0.15
=
=
0.10 T=5K
0.05 —— UNiSIH,
—e— UNiSi
0 . s 5 0.00 . : :
poH (T) HoH (T)

FIG. 6. Recovery of the original magnetic properties in fully

FIG. 8. The variations of th# vs H dependence in UNiSi due
decomposed UPdSi hydrides. Lines are guides to the eye.

to hydrogenation. Lines are guides to the eye.

metamagnetic transition vanishes. Since the transition per- Above ugH=0.5 T they broaden so much that only two
sists at least up to 37 K, it should be related to the UPQSiHsteps on theM/H(T) curve indicate their presence. Above
phase and not to UPdSI, since the highest estimate of ghe this field even the derivativeM/dT shows one broad peak
for the parent UPdSi is only 33 K according to Ref. 9 or 31in the place of previously existing two. If the magnetic field
K according to our result§Fig. 3(b)]. This conclusion is increases tq,H=2 T, only the transitions af, andT; can
corroborated by a comparison of the magnetization behavidse observed in UNiSikt the value ofT, does not change
of UPdSi and UPdSild[Figs. 4a) and 4b)], which show significantly compared to 0.5 T, whil€; decreases to 60 K.
different critical fields;uoH,=4.2 T in the parent compound In the fielduoH=5 T, T, reaches 90 K, andi;=56 K.
and 6.2 T in the hydride. As demonstrated in Fig. 6, the Magnetization measurements were performed in order to
decomposition of UPdSiHrecovers the original magnetic determine the type of ordering in the characteristic tempera-
properties. ture ranges. It follows from Fig. 8 that the magnetization of
UNiSiH, has a nonzero value &=0 (T=5 K) and is al-
2. UNisi most linearly increasing with increasing magnetic field. The

The magnetic properties of UNiSi are affected by hydro-character of magnetization curves for higher temperatures is
genation to a larger extent than for UPdSi. As seen fron$imilar to that shown in Fig. 8, only the remanent magneti-
Fig. 7(a), UNiSiH, exhibits three magnetic phase transitionsZation decreases with increasifigand persists at least up
at aboutT,;=95 K, T,=84 K, andT;=61 K, whereas for until 92 K. o »
the parent UNiSi we have found, in agreement with Refs. 6 The Arrott plots indicate that the critical temperature of
and 8, the following magnetic ordering temperaturgg: ~ UNiSiH, is Tc=98 K. Hence, based on the magnetic mea-
=85 K, T;=20 K, andT,=10.5 K [Fig. 7(b)]. The phase Surements we assume that the ground state of UNi&H
transitions atT; and T, in the hydride can be well distin- ferrimagnetic or ferromagnetic witfic =98 K, followed by
guished only at very low fieldssee Fig. 7a)]. two phase transitions a4 =84 K andT,=61 K. The broad-
ening of the transitions &t and T, is the reason for which

iH, 0.04 — — they cannot be distinguished at higher fields. Unlike
5 = 015 | am, I ”N'(Sk; UPdSiH,, the paramagnetic susceptibility of UNiSitdan-
Lt T

not be accounted for by the Curie-Weiss law. Application of
s = 002 the modified Curie-Weiss lay¥ig. 5(b)] yields the following
0001\ 2 ¢ 03T parameters: ueqi=2.3ug/f.u., ®p=53 K, and y,=1
3 001 % 10”8 m®/mol. The value of the effective moment of the
006 o° tesem — hydride is higher than that of parent UNiSiu{;
. 70 30/ 99 190 =1.9ug/fu., ®p=—18K, and yo=1.4x10"8 m3/mol).

8
M(p i)

0.03 '..

s The increase of the effective moment upon hydrogenation
ool BT N 0.00 e may be attributed to increased localization of the uranidfm 5
""0 20 40 60 80 100120 0 20 40 eom?? 100 120 states. The higher and positive paramagnetic Curie tempera-
T(K)

ture of the hydride demonstrates stronger ferromagnetic ex-
FIG. 7. 8 Temperature dependence of the magnetization ofhange interactions. The hydrogenation of UNiSi is revers-

UNiSi hydrides. The upper graph shows the low-field details of thelble similarly to the case of UPdSi: UNISiH was

transitions. Markers indicate the location of the critical tempera-decomposed by heating abovie=923 K, and magnetic

turesT;, T,, andT; mentioned in the texib) M/H(T) curves for ~ properties of the resulting material were studied.

UNiSi, measured in different magnetic fields. The inset shows the Figure 9 shows the comparison theH(T) curves of the

details of the antiferromagnetic phase transition in UNiSi. parent UNiSi and the product of decomposition. The similar-
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—e— 0.5 T UNiSi IV. CONCLUSIONS

—o— 2 TUNiSI
—— 05T decomposed UNISIH, UPdSi and UNiSi absorb hydrogen at a rather high tem-

iy
N

35 —+— 2T decomposed UNISIH, perature and pressure. The as-synthesized compounds con-
E tain abow 2 H atoms/f.u., but the stable composition is ap-

«.;E 0.8 proximatel)_/ Ur'SiH, o. Incorporation_of hydrogen i_nto the

i— crystal lattice leads to the expansion of the unit cell by
s 7%—-8% and the symmetry changes from orthorhombic

°
kS

(TiNiSi type) in the parent compound to the hexagonal of the
ZrBeSi type in the hydride. The original structure is restored
when hydrogen is removed from the lattice by heating above
0 20 40 60 80 100 T=923 K. Another result of hydrogenation is the strength-
T(K) ening of magnetic exchange interactions in both UP¢SiH

FIG. 9. Temperature dependence of magnetic susceptibilities o@nd UN'_S”_L C(_)mpared to nonhydrogenated samples. .
the parent UNiSi compound and UNiSi obtained by complete hy- UPdSi hydride orders ay=46 K compared to 31 K in
drogen desorbtion. Lines are guides to the eye. UPdSi and exhibits a metamagnetic transition afH

=6.3 T (T=5 K) while the parent compound hz;lsoHClz

=4 T and 7 T° In UNiSi hydrogenation modifies also the
ity of the curve shape and magnitude, and especially th@/pe of magnetic order. The parent compound undergoes an
critical temperatures, is apparent. The slight discrepancy i%ntiferromagnetic transition at,=85 K, while the hydride
the absolute values and curve details may be attributed to thg hipits a ferromagnetic component and undergoes ordering
very fine-grain character of the decomposed samples, Cong; 1 _—gg K. The development of magnetic properties can
Ny from decrepltat|0|j during the hydrogenatmn Processpe at least partly associated with enhanced localization of the
This also would explain that the features of MyH(T) de- 5f electronic states in hydrides due to enhanced U-U spac-

pendences are more smooth. : ; . -
Even though no neutron data are currently available for9: It reaches about 400 pm in both UPdSi and UNiSi hy

UPASiH, and UNiSiH,, some information about their mag- drides. The influence of hydrogenation is more pronounced

netic structure can be deduced from the geometry of the unfpr UNISi, where the originally., is lower than in UPdSi,

cell. It follows from Fig. Zc) that each U atom has nearest while the final value for both hydrides is about the same.
uranium neighbors either in the basal plane or alongcthe

axis. In the first case théy., is equal to the parameterof

the unit cell and in the second casect@. The data from the ACKNOWLEDGMENTS
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