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Hydrogenation  of UTGe  compounds  results  in formation  of stable  �- and  �-hydrides,  and  modification
of  the  crystal  structure  and magnetic  properties.  TC (3 K)  of  UCoGe  increases  up  to  50  K in  �-hydrides
and  TC (9.5  K) of  URhGe  up  to 17  K in �-hydrides.  The  type  of  magnetic  order  is  changed  in UNiGe-H  and
UIrGe-H.  The  observed  effects  are  attributed  to the  increased  U–U  spacing  in  the hydrides.
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. Introduction

Magnetic properties of uranium-based intermetallics are inti-
ately related to the character of the 5f electronic states, ranging

etween a localized character, similar to lanthanides, and itiner-
ncy, which is reminiscent of magnetism emerging in transition
etals. For purely band systems, the actinide–actinide spacing is

 crucial parameter, which determines the magnetic properties.
owever, for uranium compounds with the U–U spacing (dU–U)

arge enough the principal controlling parameter is the 5f-ligand
ybridization.

Hydrogenation in general leads to changes/modifications of
oth crystal and electronic structure of intermetallic compounds. It
rings a relatively small perturbation to the system, namely a lat-

ice expansion and the hydrogen bonding with other atoms in the
attice. New formed hydrides represent autonomous compounds,
ften exhibiting new and very interesting physical properties.

∗ Corresponding author at: Department of Condensed Matter Physics, Faculty of
athematics and Physics, Charles University, Ke Karlovu 5, 12116 Prague 2, Czech

epublic.
E-mail address: anna@mag.mff.cuni.cz (A.M. Adamska).
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Besides, studies of their properties can provide additional informa-
tion on the specific features of interatomic interactions in the initial
compounds. Hydrogen absorption in actinide compounds strongly
supports the tendency to form local 5f magnetic moments and gives
rise to magnetic order. This can be partially attributed to 5f-band
narrowing due to enhanced inter-actinide spacing.

This type of development has already been indicated for
selected members of UTX (T = transition metal, X = p-element)
family. Hexagonal structure (ZrNiAl-type) of UNiAl-H [1],  UCoSn-
H and URuSn-H [2,3] significantly expands, even up to 12.4%
for UNiAlH2.0–2.3. The antiferromagnetic (AF) ordering of UNiAl
(TN = 19 K) is lost in UNiAlH0.06–0.58, changed into ferromagnetic
(F) one in UNiAlH0.7 (TC = 87 K), and then turns back to AF in
UNiAlH2.0–2.3 (with higher TN of 94–117 K). Hydrogen absorption in
UCoSn and URuSn causes only the shift of TC from 82 K up to 102 K
in UCoSnH1.4 and from 54 K weakly down to 51 K in URuSnH1.4.
In the case of silicides, such as UCoSi-H, UPdSi-H, UNiSi-H [4,5],
the orthorhombic crystal structure (TiNiSi-type) transforms into
the hexagonal one (ZrBeSi-type) and expands even by about 8%

in UNiSiH1.0. The latter is a ferromagnet with TC ≈ 98 K, whereas
UNiSi is an antiferromagnet with TN ≈ 85 K. TN (≈31 K) of UPdSi
increases up to 46 K in UPdSiH1.0. The volume expansion is not
sufficient to induce a magnetic order in UCoSi-H. Other UTSi

dx.doi.org/10.1016/j.jallcom.2011.11.131
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. The relationship between the unit cells of TiNiSi (left) and ZrBeSi (right) struc-
72 A.M. Adamska et al. / Journal of Allo

ompounds did not exhibit any noticeable H absorption. Replacing
i by larger Ge provides larger interstitials, and the hydrogenation
onditions may  be more favorable due to purely geometrical con-
itions as the expanded interstitials can allocate hydrogen atoms
ore easily.
This work presents results of studies of the U magnetism tuned

y hydrogen absorption and concomitant lattice expansion in UTGe
ompounds (stoichiometry 1:1:1), in our case involving T from the
nd of the 3d- (Fe, Co, Ni), 4d- (Rh, Pd) and 5d- (Ir, Pt) series. In this
ind of compounds, the hybridization between the 5f and d-states
s gradually reduced with increasing population of the transition

etal d-electron states. UTGe compounds crystallize mainly in
he orthorhombic TiNiSi-type of structure (an exception is UFeGe,
hich undergoes a structural phase transition at T = 500 K, with the

oom temperature (RT) phase being monoclinically distorted) [6].
hese compounds show, depending mostly on the strength of the
f-ligand hybridization, diverse types of ground state, from Pauli
aramagnetism (P) to AF and/or F order. The extremely strong mag-
etocrystalline anisotropy, with the a direction as the general hard
nisotropy direction [7] can be related to the a-axis alignment of
he U chains, whereas the shortest dU–U between the chains is larger
han the value within the chain.

Knowing the effects of hydrogen absorption in selected UTX
ompounds and the structural and magnetic properties of UTGe
ompounds, it is interesting to investigate hydrogen-induced
hanges in this particular group of compounds.

. Experimental details

.1. Sample preparation

Polycrystalline samples of UTGe (T = Fe, Co, Ni, Rh, Pd, Ir and Pt) were prepared
y arc melting of stoichiometric amounts of the constituent metals in a mono-arc
urnace under protection of an Ar atmosphere. A heat treatment was only necessary
or  UCoGe in order to improve the quality of the sample. The as-cast pieces were
rapped in Ta foil and annealed in quartz tubes under a high vacuum, for 24 h at

200 ◦C and 20 days at 950 ◦C. The phase composition was  checked by means of
RD-3003 Seifert or Bruker D8 Advance diffractometers with Cu-K� radiation in a
tep regime (step of 0.02◦ for 2�). The Rietveld analysis of the X-ray diffraction (XRD)
ata was performed using the FullProf program.

.2. Hydrogenation and decomposition

The bulk materials were crushed into submillimeter particles and loaded in
 reactor for hydrogenation. After so-called activation of the surface by the ther-
al  cycling of sample up to T = 523 K in a dynamic vacuum (p ≈ 2 × 10−6 mbar),

ure hydrogen gas was introduced into the reactor. Depending on its pressure
pH2 = 0.5–156 bar), various H stoichiometries could be achieved. Last step of hydro-
enation process was the thermal cycling (twice) of the sample up to T = 773 K under
he given H2 pressure in order to promote the hydrogen absorption. The crystal
tructures of the synthesized products were checked by XRD.

The absolute amount of absorbed hydrogen in UTGe hydrides was  determined
y thermally induced desorption (heating of the sample up to T ≈ 773/673 K in an
vacuated calibrated volume). The crystal structures of the decomposed products
ere checked by XRD.

.3. Magnetic and specific-heat measurements

Magnetic measurements on fine powders with particles fixed by a glue in ran-
om  orientation were performed in Quantum Design Physical Properties Measuring
ystem (PPMS) in the temperature range 2–300 K and external magnetic fields up to

 T. The ac susceptibility (�ac(T)) was measured in zero dc field and ac field of 1 mT
ith frequency 80 Hz. The Magnetic Property Measurement System (MPMS) with

uperconducting Quantum Interference Device (SQUID) detection system equipped
ith a 7 T magnet was used is few cases.

The high-field magnetization curves for UNiGe and its �-hydrides were mea-
ured at T = 1.5 K on random powders fixed by cyanoacrylate glue, in pulsed
agnetic fields up to 60 T (pulse duration 20 ms)  at High-field Laboratory in Dres-
en, Germany. The magnetization was measured by the induction method using a
oaxial pick-up coil system. Detailed description of high-field installation is given
n  Ref. [8].

Temperature dependence of specific heat was studied on pellets pressed in a die
ith tungsten carbide faces also by means of the PPMS system.
ture types and their projections. Hydrogen atoms locate inside the U3T tetrahedra
(max. 2 H/f.u.)..

3. Results and discussion

3.1. Crystal structure

The orthorhombic TiNiSi-type of structure (space group Pnma),
the most common one reported for UTGe compounds, is built of dis-
torted trigonal prisms U6 centred either by X or by T atoms (atomic
positions U – 4c (xU; 0.25; zU); T – 4c (xT; 0.25; zT); X – 4c (xGe; 0.25;
zGe)). It is an ordered variant of the CeCu2 structure considered as
a distortion of the hexagonal AlB2 structure.

UTGe compounds were found to absorb hydrogen, forming
stable �- or/and �-hydrides. The exception is UPtGe. This com-
pound does not absorb any noticeable amount of hydrogen up to
pH2 = 156 bar and T = 773 K. Lattice parameters of UTGe and their
hydrides are presented in Table 1. The label of an �-hydride is used
to describe a solid solution of a small amount of hydrogen randomly
distributed in the lattice. Such hydride adopts the TiNiSi-type
of structure, slightly expanded. A �-hydride is the H-rich phase
significantly expanded, adopting in our case the ZrBeSi-type of
structure.

The ZrBeSi-type of structure (space group P63/mmc) is closely
related to the TiNiSi-type, which can be also considered as
orthorhombically deformed hexagonal ZrBeSi-type of structure
(superstructure to AlB2-type). Due to formal reasons, the crystal
axes are interchanged between the hexagonal and orthorhombic
structures. The simple relation between the lattice parameters of
these two structure types is: chex = aorth and ahex = borth = corth/

√
3.

The relationship between the TiNiSi and ZrBeSi structure types is

illustrated in Fig. 1.

Based on the rare-earth (R) ternary compound as LaNiSnD2
[9,10] with a similar structure transformation upon hydrogena-
tion as reported for UTSi and UTGe compounds, it was found that
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Table 1
Summary of the crystal structure parameters (lattice parameters a, b and c, unit cell volume V, relative volume expansion �V/V, the shortest dU–U) for UTGe compounds and
their  hydrides.

Compound pH2 (bar) Structure type a (Å) b (Å) c (Å) V/f.u. (Å3) �V/V (%) dU–U (Å)

UFeGec – Monoclinic (  ̌ = 93.7◦) 6.977(1) 4.305(1) 6.983(1) 52.33 – 3.45
UFeGeH0.3

c 2 TiNiSi (�-hydride) 6.781(2) 4.182(1) 7.412(2) 52.55 0.5 3.45
UFeGeH1.7

c 156 ZrBeSi (�-hydride) 4.176(1) – 7.337(2) 55.42 6.0 3.67
UCoGed – TiNiSi 6.848(1) 4.207(1) 7.230(1) 52.07 – 3.48
UCoGeH0.1

d 0.5 TiNiSi (�-hydride) 6.851(1) 4.201(1) 7.254(1) 52.19 0.23 3.48
UCoGeH1.7

a,d 2 ZrBeSi (�-hydride) 4.095(1) – 7.937(1) 57.64 10.70 3.97
UCoGeHx

d 135 ZrBeSi
ˇ (63%) 4.098(1) – 7.907(3) 57.49 10.40 3.95
ˇ′ (36%) 4.114(3) – 7.624(8) 55.86 7.30 3.81

UCoGeHx
d 140 ZrBeSi

ˇ (10%) 4.109(5) – 7.842(9) 57.16 9.80 3.92
ˇ′ (89%) 4.125(1) – 7.517(2) 55.38 6.40 3.76

UNiGee – TiNiSi 7.000(3) 4.233(2) 7.197(2) 53.31 – 3.56
UNiGeH0.3

e decb ZrBeSi (�-hydride) 4.113(1) – 7.596(2) 55.66 4.4 3.80
UNiGeH1.0

e 2 ZrBeSi (�-hydride) 4.108(1) – 7.714(2) 56.38 5.8 3.86
UNiGeH1.2

e 156 ZrBeSi (�-hydride) 4.096(1) – 7.891(3) 57.33 7.6 3.95
URhGef – TiNiSi 6.876(2) 4.333(1) 7.507(2) 55.92 – 3.50
URhGeH0.1

f 130 TiNiSi (�-hydride) 6.898(2) 4.318(1) 7.583(3) 56.47 1.0 3.52
URhGeH0.3 156 TiNiSi (�-hydride) 6.906(5) 4.316(3) 7.604(5) 56.67 1.3 3.52
UPdGe  – TiNiSi 7.049(3) 4.354(2) 7.612(3) 58.40 – 3.60
UPdGeH0.1 152 TiNiSi (�-hydride) 7.110(3) 4.335(2) 7.618(2) 58.71 0.5 3.63
UIrGe  – TiNiSi 6.867(1) 4.302(1) 7.576(1) 55.96 – 3.51
UIrGeH0.1 148 TiNiSi (�-hydride) 6.880(2) 4.304(1) 7.609(2) 56.33 0.7 3.52

a 4% of the phase was  recognized as UCoGeH0.1.
b Partial decomposition of UNiGeH1.0.
c [12].

o
o
t
T
R
R
s
d
U
p
2

3

f
t
m
v
t
o
p
f
h
t
H
t
1
a
e
6
s

3

�
w

d [13].
e [14].
f [15].

ne type of D/H positions, surrounded by R3T in tetrahedral co-
rdination, is occupied. This means that the deuterium atoms in
he ZrBeSi-type of structure tend to occupy the 4f (1/3, 2/3, z) sites.
he theoretical maximal occupation of each trigonal prism with

 atoms in the corners and T atoms in the centre (forming two
3T tetrahedra sharing the vertex – T atom) leads to 2 H/f.u. The
hortest interatomic distance between deuterium atoms is then
D–D ≈ 2.78 Å. A similar position of the deuterium atoms inside the
3Co tetrahedra was reported for deuterated uranium ternary com-
ounds, e.g. UCoSnD0.6 with the ZrNiAl-type of structure (4h  (1/3,
/3, z) site) [11].

.1.1. UFeGe-H
An �-hydride of UFeGe with H content of 0.3 H/f.u. was  success-

ully synthesized under pH2 = 2 bar and thermal cycling only up
o T = 723 K (in order to avoid the structure transformation). The

onoclinic symmetry was lifted to orthorhombic, reaching 0.5% of
olume expansion, which is clearly the effect of hydrogen absorp-
ion. The shortest dU–U (≈3.45 Å) remains unchanged. The expanded
rthorhombic structure is stable at RT. During the hydrogenation
rocess under pH2 = 96 bar, 80% of the monoclinic phase was trans-
ormed into the hexagonal one, the rest (20%) remained as the
igh-T phase of UFeGe (TiNiSi-type [6]), respectively. An estima-
ion of the H content gave a value 1.7 H/f.u. on average. Estimated

 content in both phases is 0.3 H/f.u.orth and 2.0 H/f.u.hex. In order
o avoid the phase coexistence, the highest available H2 pressure of
56 bar was applied to synthesize a pure �-hydride of UFeGe. The
ttempt was successful yielding the �-hydride with the unit cell
xpanded by about 6.0% and the shortest dU–U increased by about
.4%. The H content was estimated to be 1.7 H/f.u. For more details
ee Ref. [12].
.1.2. UCoGe-H
Applied H2 pressure of 0.5 bar resulted in formation of pure

-hydride with H content of 0.1 H/f.u., expanded by about 0.23%
ith respect to the parent compound. The shortest dU–U (≈3.48 Å)
remains unaffected. Higher H2 pressure of 1.2 bar yielded a two-
phase mixture of �- and �-hydride, i.e. UCoGeH0.1 (12%) and
UCoGeH1.6 (87%). The mean hydrogen concentration is 1.4 H/f.u.
The H2 pressure of 2 bar was already sufficient to synthesize
almost pure �-hydride of UCoGe (95%), i.e. UCoGeH1.7, expanded by
10.7%, 4% of the material was attributed to the residual �-hydride
(UCoGeH0.1). The shortest dU–U increases to 3.97 Å, i.e. by about
14% in such �-phase. Other attempts of hydrogenation of UCoGe
under pH2 = 5, 135 and 140 bar yielded surprisingly two differ-
ent �-phases with the mean H concentration 1.6, 1.6, 1.0 H/f.u.,
respectively. An interesting fact is that the higher was the pres-
sure of H2 loading, the lower was the fraction of the hydride with
higher H concentration (see Table 1). The highest H2 pressure gave
almost pure phase (89%) denoted here as the �′-hydride, which
also crystallizes in the ZrBeSi-type of structure. The unit cell of the
�′-hydride is expanded by about 6.4%, i.e. less than the �-hydride.
The shortest dU–U increases to 3.76 Å, i.e. by about 8% relative to
UCoGe. The two different forms of the �-hydride may  indicate that
a full hydrogenation of the only H site (or hydrogenation of another
site not accessible at low-pH2 ) leaves a state unstable when the H2
pressure is released and sample exposed to external atmosphere.
The H2 release may  then favor the �′-phase. For more details see
Ref. [13].

3.1.3. UNiGe-H
�-Hydrides of UNiGe, namely UNiGeH1.2, UNiGeH1.0 and

UNiGeH0.3, synthesized under pH2 = 156, 2 bar, and by a con-
trolled decomposition of UNiGeH1.0, are expanded by 7.6, 5.8,
4.4%, respectively, relative to UNiGe. An increase of dU–U by about
11, 8.4, and 6.7% has been reported. An attempt to obtain an �-
hydride by applying relatively low H2 pressure of 0.6 bar resulted in
mixed-phase material. In this case, 45% of the orthorhombic phase

was transformed into the hexagonal one with concomitant lattice
expansion of 8.8%. The H content was  estimated to be 1.2 H/f.u. No
expansion is observed for the orthorhombic phase, thus we can
conclude that no �-hydride exists. For more details see Ref. [14].
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real magnetic order, only the susceptibility increases. The fact that
the spontaneous magnetization is not a bulk feature is corrobo-
rated by 57Fe Mössbauer spectroscopy. The absence of any magnetic

Fig. 3. (a) Temperature dependence of dc susceptibilities for the two-�-phase
hydrides of UCoGe, obtained under pH2 ≥ 135 bar, measured in �0H = 2 T [13]. The
ig. 2. Temperature dependence of magnetic susceptibilities for UFeGeHx and
FeGe measured in �0H = 2 T [12]. The inset shows the temperature dependence
f  magnetic susceptibilities corrected for F impurity at T = 300 K.

.1.4. ˛-Hydrides of URhGe, UPdGe and UIrGe
Applied H2 pressure ≥ 130 bar and thermal cycling up to

 = 773 K resulted in formation only �-hydrides of URhGe, UPdGe
nd UIrGe. No �-hydrides were obtained under such conditions.
ydrogen absorption causes a volume expansion of about 1% in
RhGeH0.1 [15] and 1.3% in URhGeH0.3. The shortest dU–U increases
y about 0.6% in both of cases. Similar effect of volume expan-
ion is observed in �-hydrides of UPdGe and UIrGe accommodating
.1 H/f.u. The unit cells of UPdGeH0.1 and UIrGeH0.1 are expanded
y about 0.5 and 0.7%, and the shortest dU–U increase to 3.63 Å and
.52 Å, i.e. by about 0.8 and 0.3%, respectively.

.2. Specific heat and magnetic properties

The � coefficients for selected UTGe hydrides were esti-
ated from the linear extrapolation of Cp/T vs. T2 to T = 0 K.

he fittings (according to the formula: Cp/T = � + ˇT2) were done
ostly in the T2 range between 4 and 200 K2, yielding the

 coefficients of 36 mJ/mol K2 for UFeGeH1.7 comparing with
2 mJ/mol K2 for UFeGe [12], 66 mJ/mol K2 for the �-hydride of
CoGe, 103 mJ/mol K2 for UCoGeH1.7 and 111 mJ/mol K2 for two-
-phase hydride comparing with 51 mJ/mol K2 for UCoGe [13],
0 mJ/mol K2 for UNiGeH1.2 in comparison to 23 mJ/mol K2 for
NiGe [16] and 16 mJ/mol K2 for UPdGeH0.1. An enhancement of

 coefficient by about 200% in UFeGeH1.7 and UNiGeH1.2 or 100%
n UCoGeH1.7 means that hydrogenation leads to the 5f-band nar-
owing and, consequently, to an increase of magnetic moments
nd/or decrease of the degree of 5f-ligand hybridization. In the case
f UFeGe we may  speculate that the monoclinic structural distor-
ion is an electronic effect, i.e. derived by the the tendency to shift
ome electronic states from the Fermi level towards lower energies.
n the case of UCoGeH0.1 or UPdGeH0.1, the � coefficient slightly
ncreases (by about 30%) or remains almost unchanged, which indi-
ates that hydrogen absorption does not affect much the density of
tates (DOS) at the Fermi level in these hydrides. The inspection of
ata in the Cp vs. T representation reveals the Debye temperature
D = 300 K for both above mentioned �-hydrides of UTGe. Simple
ebye model does not describe well the Cp(T) for the �-hydrides
f UTGe. It may  be due to additional entropy related to vibration
odes of H in the lattice and possible H diffusion above T = 200 K.
.2.1. UFeGe-H
Magnetic susceptibilities of UFeGe hydrides increase markedly

nd become monotonously increasing with decreasing tempera-
ure (Fig. 2), exhibiting no phase transition through the whole
d Compounds 515 (2012) 171– 179

temperature range measured. The broad maximum (reminiscent
of spin fluctuations), reported in UFeGe at 80 K [18], vanishes. Due
to a F impurity detected at T = 300 K, magnetic susceptibilities of
UFeGe hydrides were corrected yielding a very flat �corr(T) on the
level of 5 × 10−8 m3 mol−1 for UFeGeH1.7 and 2 × 10−8 m3 mol−1

for UFeGeH0.3 followed only by a low-T upturns (the inset in
Fig. 2). Broad anomalies with maxima between 100 and 150 K for
UFeGeH1.7 and between 150 and 200 K for UFeGeH0.3 detected
by ac susceptibility measurements indicate a distribution of F
objects with variable TC in these samples. The magnetization
curves of UFeGeH1.7 and UFeGeH0.3 measured at T = 2 K form hys-
teresis loops with estimated spontaneous magnetization (�s) of
≈0.04 �B/f.u. and 0.01 �B/f.u., respectively. The relatively high
ordering temperatures (or magnetization-freezing temperatures of
the “ferromagnetic impurity” clusters) reaching RT suggest a dom-
inant contribution of the Fe-3d magnetism. An increase of dU–U and
other types of interatomic spacings is not sufficient to induce a
inset shows �dc(T) for almost pure �- and �-hydride of UCoGe  compared with the
parent compound. (b) Real and (c) imaginary part of ac susceptibilities for high H2

pressure UCoGeHx . The insets show real and imaginary part of ac susceptibilities for
low H2 pressure UCoGeHx and UCoGe. �ac(T) was  measured in zero dc field and ac
field of 1 mT and frequency 80 Hz.
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Fig. 5. (a) Temperature dependence of dc susceptibilities for UNiGeHx and UNiGe
A.M. Adamska et al. / Journal of Allo

rdering down to T = 0.4 K for UFeGe and down to T = 2 K for its
ure �-hydride was established by specific heat measurements.
or more details see Ref. [12].

.2.2. UCoGe-H
The weak F order (TC ≈ 3 K) reported in UCoGe [19] is suppressed

n the �-hydride. The temperature dependence of dc susceptibility
�dc(T)) for UCoGeH0.1 shows no signs of any magnetic transition
Fig. 3(a), the inset). The magnetization curve measured at T = 2 K
eveals no spontaneous magnetization (the inset in Fig. 4), but its
lope is higher than in the parent compound. In the case of almost
ure �-hydride, i.e. UCoGeH1.7, �dc(T) exhibit a F transition in the
icinity of 50 K (the insets in Fig. 3(a) and in Fig. 3(b) and (c)), which
s undoubtedly connected with 95% of the hexagonal phase. How-
ver, the F state is not complete due to the presence of another
hase (paramagnetic �-hydride) in this hydride. The magnetiza-
ion curve measured at T = 2 K shows a part of the hysteresis loop
the inset in Fig. 4). �S is not dramatically enhanced, but we  can
uppose that the F order with 0.05 �B/f.u. is intrinsic. In the case
f the two-�-phase hydride obtained under pH2 = 135 bar, �dc(T)
hows weakly a F transition below 50 K (Fig. 3(a)). No transition
round 50 K is observed for the two-�-phase hydride obtained
nder pH2 = 140 bar. A Ferro transition in the vicinity of 8 K emerges
or high H2 pressure hydrides, and it can be attributed to the �′-
hase. A sharp, well pronounced peak around this temperature

s seen in �ac(T) for the hydride obtained at pH2 = 140 bar con-
aining 89% of �′-phase, while for the hydride obtained under
H2 = 135 bar containing 36% of �′-phase, the peak is weaker and
roader (Fig. 3(b) and (c)). The lack of saturation of dc susceptibility
or the hydride obtained under pH2 = 135 bar, below the first tran-
ition at TC ≈ 50 K (attributed to �-phase) suggests that this hydride
s in fact inhomogeneous. This is due to a fraction of material (�′-
hase) with TC (≈8 K) much lower than 50 K. The magnetization
urves measured at T = 2 K reveal the part of the hysteresis loop
Fig. 4). �s remains in the range 0.05–0.10 �B/f.u. The specific heat

easurements for UCoGe and its �-hydride (before and after the
ecomposition) performed down to T = 0.4 K, show no anomalies

n the whole temperature range. It means that no superconduc-

ivity could be observed even in this particular sample of UCoGe,
espite long term annealing procedure mentioned in the experi-
ental part. However, the specific heat data display a pronounced

nomaly with a maximum at T = 50 K for UCoGeH1.7. The anomaly

ig. 4. Comparison of magnetization curves of UCoGeHx and UCoGe measured at
 = 2 K [13].
measured in �0H = 2 T [14]. (b) Real and (c) imaginary part of ac susceptibilities for
UNiGeHx and UNiGe measured in zero dc field and ac field of 1 mT and frequency
80 Hz.

is much weaker in the two-�-phase hydride. For more details see
Ref. [13].

3.2.3. UNiGe-H
�dc(T) of �-hydride of UNiGe with the highest H concentration

i.e. 1.2 H/f.u. exhibits the F-type of behavior (Fig. 5(a)) in con-
trast to UNiGe (an antiferromagnet below 44 and 50 K [20]). The
magnetic transition appears in the vicinity of 100 K (Fig. 5(a)–(c)).
Two intermediate hydrides: UNiGeH1.0 and UNiGeH0.3 exhibit two
phase transitions, the first one around TN ≈ 38–35 K and the sec-
ond one at quite low temperatures of 7–15 K. The transitions are
better resolved by the ac susceptibility study (Fig. 5(b) and (c)).
The maxima in �ac(T) correspond to respective magnetic ordering
temperatures. The magnetization of UNiGe at 60 T reaches approx.
1.6 �B/f.u. and has a clearly still increasing tendency (Fig. 6). The
lack of saturation reflects that moments can be flipped to the field
direction only if the field is applied along the c or b direction.
The magnetization values actually exceed those found for single
crystal sample in the field-aligned state (1.45 �B/f.u.) [21]. UNiGe
has no remanence and exhibits a hysteretic metamagnetic behav-
ior in the range of 3–5 T. This corresponds to the magnetization

curve presented for a fixed-powder sample in Ref. [22]. The crit-
ical metamagnetic fields shift to very high values for grains with
the a direction close to the field direction. The magnetization of the
UNiGe hydrides reveals �S and approaches the saturation faster
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Fig. 6. Comparison of magnetization curves of UNiGeHx and UNiGe measured in
pulsed magnetic field swept up and down up to 60 T at T = 1.5 K [14].

Fig. 7. (a) Temperature dependence of dc susceptibilities for URhGeHx and URhGe
measured in �0H = 3 T. (b) Real and (c) imaginary part of ac susceptibilities for
URhGeHx and URhGe measured in zero dc field and ac field of 1 mT and frequency
80  Hz.
d Compounds 515 (2012) 171– 179

(Fig. 6). As we saw for the fixed-powder data for UNiGe, metamag-
netic transitions are not well resolved in this type of experiment on
highly anisotropic materials. We  can speculate that the relative fast
increase in fields up to 10–12 T comprises actually metamagnetic
transitions, which are displaced to lower fields compared to UNiGe.
For more details see Ref. [14].

3.3. ˛-Hydrides of URhGe, UPdGe and UIrGe

URhGe is known to be a weak itinerant ferromagnet with
TC = 9.5 K [23]. Hydrogenation does not change the type of mag-
netic order in �-hydrides. Both of them remain F with enhanced TC
and their susceptibilities values (Fig. 7(a)). For URhGeH0.1 a broad
well-pronounced peak is observed in �ac(T) between 9 K and 20 K
(Fig. 7(b) and (c)) [16]. The Arrott plots indicate that the sam-
ple is inhomogeneous, thus TC could not be precisely determined
for this hydride. In the case of URhGeH0.3, the maximum seen in
�ac(T) (Fig. 7(b) and (c)) is shifted towards higher temperatures. The
Arrott plots indicate that the ordering temperature of URhGeH0.3
is TC = 17 K. Magnetization curves of �-hydrides measured at T = 2 K
show a weak tendency to saturation at high magnetic fields of 9 T
(Fig. 8). �S increases from 0.2 �B/f.u. for the parent compound up
to 0.3 �B/f.u. and 0.38 �B/f.u. for the hydrides, for x = 0.1 and 0.3,
respectively (Fig. 8).

The dc susceptibility measurements (Fig. 9(a)) for UPdGe and
its �-hydride confirm the existence of the P-AF transition at about
50 K (TN is not affected by hydrogenation) and the AF-F transition
at 30 K for the pure compound [16] and 26 K for the hydride. The
maxima seen in �ac(T) (Fig. 9(b) and (c)) point to the above men-
tioned transitions. The specific heat data for UPdGeH0.1 display
only a weak anomaly at T = 50 K. The magnetization curves mea-
sured at T = 2 K (Fig. 10(a)) approach saturation in high magnetic
fields (≈9 T). �s (≈0.62 �B/f.u.) for UPdGeH0.1 is higher than that for
UPdGe (�s ≈ 0.47 �B/f.u.). This can point to an enhanced stability of
U magnetic moments.

�dc(T) and �ac(T) of UIrGe exhibit the AF transition around
TN = 17 K [23] (Fig. 11(a)–(c)). The type of magnetic order is changed

in the �-hydride. The Arrott plots indicate TC of 28 K for UIrGeH0.1.
Magnetization curve of UIrGeH0.1 measured at T = 2 K exhibits a
part of the broad hysteresis loop with �s of 0.3 �B/f.u. (Fig. 12).
The metamagnetic transition reported for UIrGe at 14 T [24] is not

Fig. 8. Comparison of magnetization curves of URhGeHx and URhGe measured at
T  = 2 K.
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Fig. 9. (a) Temperature dependence of dc susceptibilities for UPdGe and its �-
hydride measured in �0H = 2 T. (b) Real and (c) imaginary part of ac susceptibilities
for UPdGe and its �-hydride measured in zero dc field and ac field of 1 mT and
frequency 80 Hz.

Fig. 10. Comparison of magnetization curves of UPdGe and its �-hydride measured
at  T = 2 K.

Fig. 11. (a) Temperature dependence of dc susceptibilities for UIrGe and its �-
hydride measured in �0H = 2 T. The inset shows the details of AF transition in UIrGe.
(b)  Real and (c) imaginary part of ac susceptibilities for UIrGe and its �-hydride
measured in zero dc field and ac field of 1 mT and frequency 80 Hz.

Fig. 12. Comparison of magnetization curves of UIrGe and its �-hydride measured
at T = 2 K.
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Fig. 14. Hydrogen variations of the relative changes of lattice parameters �a/a,
�b/b, �c/c and volume �V/V for �-hydrides of UNiGe. The lattice parameters of
hexagonal hydrides of UNiGe were recalculated for the orthorhombic representa-
tion.

The variations of magnetism upon hydrogenation can be dra-
Fig. 13. Two types of UTGe hydrides and their H concentration.

omplete in Fig. 12,  as the magnetization measurement was per-
ormed only up to 9 T.

. Conclusions

Our detailed study of the UTGe hydrides underline the general
endency of strengthening of magnetic properties of U compounds
ue to hydrogenation. In this particular case, there is also a primary

mpact on the crystal structure. Due to the hydrogen absorp-
ion in UTGe, one can observe the transformation of the lattice
rom the orthorhombic TiNiSi-type (or its monoclinic variety) to
he hexagonal ZrBeSi-type. Here it was documented for the com-
ounds with the 3d transition metals (T = Fe, Co, Ni) as shown

n Fig. 13.  The volume expansion reaches the maximal value of
0.7% in UCoGeH1.7 (obtained under pH2 = 2 bar). The formation
f �-hydrides is accompanied by a strongly anisotropic lattice
xpansion seen e.g. for UNiGe-H (Fig. 14). Using the orthorhom-
ic representation, the crystal lattice of the �-hydrides expands
long the a direction causing an increase of dU–U. A contraction
s observed along the b- and c-axis. The relative lattice expan-
ion/compression e.g. in UNiGeH1.2 (�a/a = 12.6%, �b/b = −3.4%,
c/c = −1.6% and �V/V = 7.6%) can be compared with LaNiSnD2

�a/a = 12.9%, �b/b = −5.1%, �c/c = 0.7% and �V/V = 7.9% [10]). The
nly difference is observed along the c direction. For the compounds
ith the 4d and 5d transition metals (T = Rh, Pd and T = Ir), the
tructure type is not changed upon hydrogenation (Fig. 13). Hydro-
enation leads only to a weak expansion of the unit cell about
.5% and 1.3% for Pd and Rh, respectively. The crystal lattice of

ig. 16. Summary of magnetic properties of UTGe hydrides (right panel) compared wit
ompounds is indicated: P/SF – paramagnetic/spin fluctuator, AF – antiferromagnetic, F –
hite-colored column shows TC and black one shows TN).
Fig. 15. The relative changes of the lattice parameters �a/a, �b/b, �c/c for �-
hydrides of UTGe.

�-hydrides of UTGe compounds expands in two directions namely
along the a or c direction and shrinks along the b direction (Fig. 15).
One should notice that the anisotropy of lattice expansion is by far
not equivalent to anisotropy of compressibility under hydrostatic
pressure, observed so far for UCoGe [25].
h the parent UTGe compounds (left panel). The type of ground state of the initial
 ferromagnetic. The column-height shows the values of ordering temperatures (the

matic. Hydrogen absorption can induce a change of the type of
magnetic order, an additional phase transition, or a shift of the mag-
netic ordering temperature. These effects are displayed for UTGe-H
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ompounds in Fig. 16.  The AF turns into F one in UNiGeH1.2 and
IrGeH0.1. An additional phase transition appears in intermedi-
te �-hydrides of UNiGe at 7–15 K and in two-�-phase hydrides of
CoGe at 8 K. A respective increase of TC up to 50 K, and 17 K, was

eported in the hydrides of two itinerant ferromagnets: UCoGe and
RhGe. No significant changes upon hydrogenation are observed

or UPdGe, despite of the volume expansion of 0.5%. UPtGe does
ot absorb detectable amount of hydrogen up to pH2 = 160 bar and

 = 773 K.
In general, observed changes in magnetism of UTGe compounds

an be attributed to an enhancement of dU–U and reducing the
f–5f overlap. In the case of UFeGe, where the 5f-d hybridiza-
ion is presumably strong, the hydrogen absorption can also lead
o a reduction of the 5f-d hybridization, altogether implying an
nhancement of magnetic interactions, but not on the level suffi-
ient to induce any magnetic order. Our main conclusion is that the
ydrogen absorption can be used as a convenient control parameter
o tune magnetic properties of UTGe compounds.
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