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a b s t r a c t

Hydrogenation of UFeGe transforms the monoclinic type of structure into the orthorhombic (TiNiSi-
type) and subsequently to the hexagonal (ZrBeSi-type) structure. It does not induce magnetic order,
however magnetic susceptibility is enhanced. The Sommerfeld coefficient � increases from 12 mJ/mol K2
ccepted 16 February 2011
vailable online 23 February 2011

eywords:
ydrides
rystal structure

in UFeGe to 36 mJ/mol K2 in UFeGeH1.7–1.8 (�-hydride). The observed variations of electronic properties
are mainly due to the modified geometry of the lattice, characterized by enhanced inter-uranium spacing,
and reduced 5f–3d hybridization in the hydrides.

© 2011 Elsevier B.V. All rights reserved.
ctinides
össbauer spectroscopy

. Introduction

UFeGe belongs to a large UTGe family. Unlike e.g. the uncon-
entional ferromagnetic superconductor UCoGe with the common
iNiSi-type of structure, it undergoes a monoclinic distortion
low-temperature LT phase) (space group P21/m). The mono-
linic distortion is removed above 500 K, where a structural
ransition to the orthorhombic TiNiSi-type (high-temperature HT
hase) is observed [1]. Due to rather strong 5f–3d hybridization
dU2–Fe2 = 3.360 Å, the compound is expected to be non-magnetic,
evertheless the electrical resistivity measurement had led to a
peculation about magnetic ordering below 80 K associated with
broad maximum around this temperature [1]. A maximum was

lso detected in dc susceptibility and interpreted as a consequence
f spin fluctuations, � reaches only about 3 × 10−8 m3/mol [2].
agnetism of U compounds can be to some extent stimulated by
ydrogenation and concomitant volume expansion. An increase
f inter-uranium distances may allow a magnetic order of U lat-
ice provided weaker 5f-ligand hybridisation, which could lead
o a long-range magnetic order. The effect of hydrogenation is

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

epublic. Tel.: +420 22191 1351; fax: +420 22191 1351.
E-mail address: anna@mag.mff.cuni.cz (A.M. Adamska).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.02.096
already known for other members of the UTGe family, i.e. two
weak itinerant ferromagnets URhGe [3,4] and UCoGe [5]. In the
first case, the highest applied pressure of H2 gas was not suffi-
cient to change the type of structure, an �-hydride (a solid solution
of small amount of hydrogen randomly distributed in the lattice)
of URhGe with less than 0.1 H/f.u. crystallizes in the TiNiSi-type
of structure expanded by about 1%. Despite such low expansion,
hydrogenation has significant impact on magnetic properties of
URhGe, namely its Curie temperature is enhanced in the hydride,
and reaches about 20 K. Another type of behaviour was reported
for UCoGe. Relatively low hydrogen pressure of 5 bar allows to
reach a high H content of 1.7 H/f.u., and transforms the crystal
structure from the orthorhombic TiNiSi-type to hexagonal one
(ZrBeSi-type), with approximately 10% volume expansion. The �-
hydride (H-rich phase significantly expanded, adopting usually
different type of structure than the pure compound) exhibits a
ferromagnetic transition in the vicinity of 50 K. Also an �-hydride
of UCoGe (0.1 H/f.u.) was synthesised at low hydrogen pressure of
2 bar. Its crystal structure remains orthorhombic as in the parent
compound, and expands by about 0.25%. Surprisingly the weak
ferromagnetism observed in the precursor sample of UCoGe, is

entirely lost in the �-hydride [5]. Keeping in mind such pronounced
and non-trivial effects of hydrogenation on the magnetism in UTGe
system, we found it particularly interesting to investigate how
the weak paramagnetism of UFeGe would react to the H inser-
tion.

dx.doi.org/10.1016/j.jallcom.2011.02.096
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:anna@mag.mff.cuni.cz
dx.doi.org/10.1016/j.jallcom.2011.02.096
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Table 1
Atomic coordinates for UFeGe.

Atom Position x y z

U1 2e 0.0190(1) 0.25 0.7212(1)
U2 2e 0.5107(1) 0.25 0.8076(1)

T
H
r
t
c
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. Experimental details

A polycrystalline sample of UFeGe was prepared by arc melting of stoichiometric
mounts of the constituent metals. The crystal structure was investigated by means
f XRD-3003 Seifert diffractometer (Cu K� radiation). For the hydride synthesis, bulk
aterial crushed into sub-millimeter particles was placed into a reactor. The typ-

cal hydrogenation process consists of three steps. At first, the sample is activated
y heating up to T = 523 K under high-vacuum conditions (pressure of 10−6 mbar),
ubsequently the activated material is exposed to pure hydrogen gas. Depending on
ts pressure, various H stoichiometries can be achieved. Last step is thermal cycling
f the sample up to T = 773 K at a given H pressure to promote the hydrogen absorp-
ion. In the course of present study, two hydrogenation attempts of UFeGe were

ade. The first one resulted in pure �-hydride obtained under the highest possible
2 pressure of 156 bar. During the second attempt, the hydrogen pressure of 2 bar
nd thermal cycling up to 723 K was applied, yielding an �-hydride of UFeGe. In the
revious test, with the intermediated hydrogen pressure of 96 bar, a mixed �- and
-hydride was obtained [3]. The main indication of the H absorption is a variation
f crystal structure parameters indicated by X-ray powder diffraction (XRD). The
bsolute amount of absorbed hydrogen was determined by thermally induced des-
rption into an evacuated calibrated volume. Magnetic properties were studied both
or UFeGe and its hydrides by means of an extraction magnetometer in the Quantum
esign Physical Properties Measuring System (PPMS) and SQUID magnetometers in
pplied external fields up to 9 T and 7 T, respectively. The samples were in the form of
andomly oriented powder fixed by a glue to avoid orientation of the grains by mag-
etic field and preferential orientation. Specific heat measurement was performed
t the PPMS measuring system, using samples in the form of pellets compressed
rom the fine powder. Room temperature Mössbauer spectrum for UFeSi (for com-
arison) and room temperature spectrum for UFeGe were collected in transmission
ode using a conventional constant-acceleration spectrometer and a 25 mCi 57Co

ource in a Rh matrix; the velocity scale was calibrated using �-Fe foil. The spectra
ere fitted to Lorentzian lines using a non-linear least-squares method. UFeGe and

ts �-hydride spectra were collected using the MsAa-3 spectrometer with the com-
ercial 57Co(Rh) source kept at room temperature. The absorbers were prepared by
ixing 40 mg/cm2 of the samples with the B4C carrier and then pressed into holders
ith both sides aluminised mylar windows. The low-temperature Mössbauer data
ere processed within transmission integral approximation as implemented in the
OSGRAF system.

. Experimental results

.1. Crystal structure

The crystal structure refinement of UFeGe provided the mono-
linic crystal structure with room temperature lattice parameters
= 6.977(1) Å, b = 4.305(1) Å, c = 6.983(1) Å, ˇ = 93.7◦ (space group
21/m). Atomic positions and coordinates are presented in Table 1.
During the hydrogenation process under pH2 = 96 bar, 80% of
he monoclinic phase was transformed into the hexagonal one
ZrBeSi-type), the rest remained as the high temperature phase of
FeGe (UFeGeHT), an estimate of the hydrogen content gave a value
.7 H/f.u. in average [3].

able 2
ydrogen pressure pH2, lattice parameters a, b and c, unit cell volume V, relative lattice

epresentation of orthorhombic unit cell (the c lattice of UFeGe was recalculated for the or
he shortest dU–U, dU–Fe, dU–Ge/Si distances for UFeGe, UFeSi and their hydrides are given. N
hex, borth to ahex and corth to

√
3ahex.

UFeGe UFeGeH0.3

Structure type Monoclinic (ˇ = 93.7◦) TiNiSi (orthorhombic)

pH2 (bar) – 2
a (Å) 6.977(1) 6.781(2)
b (Å) 4.305(1) 4.182(1)
c (Å) 6.983(1) 7.412(2)
Volume per f.u. (Å3) 52.33 52.55
(�a/a)orth (%) – –2.8
(�b/b)orth (%) – −3.0
(�c/c)orth (%) – 6.3
�V/V (%) – 0.5
dU–U (Å) 3.45 3.45
dU–Fe (Å) 2.35a 2.95
dU–Ge/Si (Å) 2.97b 2.91

a The shortest distances between respective U2–Fe2 atoms.
b The shortest distances between respective U1–Ge2 atoms.
Fe1 2e 0.3323(3) 0.25 0.4367(3)
Fe2 2e 0.7486(3) 0.25 0.0619(3)
Ge1 2e 0.2076(2) 0.25 0.1215(2)
Ge2 2e 0.7197(2) 0.25 0.3994(2)

An �-hydride of UFeGe with H content of 0.3 H/f.u. was suc-
cessfully synthesised under pH2 = 2 bar and thermal cycling only
up to 723 K (in order to avoid the structure transformation during
the hydrogenation process). The monoclinic symmetry was lifted
to orthorhombic (TiNiSi-type), reaching 0.4% of volume expansion,
which is clearly the effect of hydrogen absorption. The expanded
orthorhombic structure is stable at room temperature. UFeGeHT
is expanded by about 1.2% in respect to monoclinic phase, which
means that the temperature effect is stronger than the effect of
hydrogen absorption in this case.

After the previous study [3] the question remained if 20% of
the orthorhombic phase in the hydride was UFeGeHT stabilized
somehow to room temperature or an �-hydride of UFeGe. Closer
inspection of the structure data of two-phase hydride reveals that
both lattice parameters (a, b) are reduced by about 2.8–3.1% and
we observe the significant expansion in the c direction by about
7.2%. The same effect on the lattice parameters was reported in
the hydride synthesized at pH2 = 2 bar (UFeGeH0.3) (Table 2). The
unit cell expansion reaches 1.3%, which is probably the upper limit
for the �-hydride. Estimated hydrogen content in both phases is
0.3 H/f.uorth and 2.0 H/f.uhex.

In order to avoid the phase coexistence, the highest available
hydrogen pressure of 156 bar was applied to synthesize the pure �-
hydride of UFeGe. The attempt was successful, yielding the hydride
crystallizing in the hexagonal ZrBeSi-type of structure and exhibit-
ing 5.5% volume expansion. The H content was estimated to be
between 1.7 and 1.8 H/f.u. The comparison between XRD patterns
for pure UFeGe and its hydrides is shown in Fig. 1.

For comparison, the high hydrogen pressure of 140 bar was
also applied on UFeSi. The parent compound crystallizes in the
TiNiSi-type of structure. The result of hydrogenation is also the

two-phase hydride. In this case 70% of the orthorhombic phase
was transformed to the hexagonal one (ZrBeSi-type) with a
concomitant volume expansion of 13%, the rest remaining as non-
expanded orthorhombic phase. We can therefore conclude that no
�-hydride can be observed. Apparently, the hydrogen pressure of

expansion �a/a, �b/b and �c/c along a-, b- and c-direction, respectively, in the
thorhombic representation: corth = cmon cos(3.7◦)), relative volume expansion �V/V,
otice the change in notation between the two structure types: aorth corresponds to

UFeGeH1.7–1.8 UFeSi UFeSiH0.3

ZrBeSi (hexagonal) TiNiSi (orthorhombic) 70% of ZrBeSi (hexagonal)

156 – 140
4.176(1) 6.996(1) 4.044(1)
– 4.061(1) –
7.337(2) 6.857(1) 7.787(1)

55.42 48.70 55.15
5.2 – 11.3

−3.0 – −0.4
3.8 – 2.1
6.0 – 13.0
3.67 3.68 3.89
3.00 3.00 3.00
3.00 2.90 3.00
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40 bar is not sufficient to synthesize a single-phase hydride of
FeSi.

.2. Magnetic properties

Considering uranium compounds, the U–U spacing (dU–U), is
he prominent parameter tuning magnetic properties. For small
–U spacing, below the Hill limit (3.4–3.6 Å), the 5f–5f wave func-
ions overlap is strong and the 5f band becomes broader; such
ompounds are often found to have a superconducting and non-
agnetic ground state. In the case of large dU–U, the 5f–5f wave

unctions overlap is weak, the band becomes narrower and 5f elec-
rons have a tendency to localization. The ground state is typically

ig. 1. Rietveld refinement of UFeGe and its hydrides, showing the observed
crosses) and calculated (line) diffraction patterns, reflection tick marks (vertical
ines), principal Miller indices, and difference profile (lower line). The insets show
he corresponding unit cells.
Fig. 2. Temperature dependence of the magnetic susceptibility of UFeGe measured
in the magnetic fields �0H = 3 and 6 T.

non-superconducting, often magnetic. One has also to take into
consideration the existence of the exceptions from the Hill rule,
due to the 5f-ligand hybridization, which works as another delocal-
izing mechanism besides the 5f–5f overlap. Therefore in this case
additional parameters stimulating or suppressing the magnetism
have to be considered. The shortest U–U distance in UFeGe-like
monoclinic structure can be expressed as

dU−U =
√

(xU2 − xU1)2a2 + (zU2 − zU1)2c2 − 2ac(xU2 − xU1)(zU2 − zU1) sin ˇ (1)

where xU1, zU1 and xU2, zU2 are the coordinates of U1 and U2 atoms,
respectively, a, c are the lattice parameters and ˇ is the angle
between the a and c axes. As it is seen from Eq. (1), it does not
depend on the lattice parameter b. The value of the shortest U-U
distance is calculated to be 3.45 Å, which is in the boundary range
of the Hill limit. The shortest U–Fe and U–Ge distances (<3.00 Å)
may suggest an importance of the uranium-ligand hybridization in
the delocalization of 5f states.

These facts are in an agreement with the experiment [2], proving
that the ground state of UFeGe is non-magnetic. In the hexagonal
hydride a significant increase of dU–U (=c/2) up to 3.67 Å together
with an increase of both U–Fe and U–Ge distances up to 3.10 Å was
reported. The shortest U–U spacing, which occurs in the case of the
orthorhombic structure, i.e. for the �-hydride of UFeGe and pure
UFeSi, can be expressed by the formula:

dU−U =
√

(0.5a)2 + [(1.5 − 2zU)c]2 (2)

where zU is the coordinate of U atom, a, c are the lattice parame-
ters. From the point of view of U coordination, the U atoms form
zig-zag chains along the aorth direction and the distance between
the U atoms in-chain is the shortest one. As it is seen in Table 2, dU–U
for UFeGeH0.3 is unchanged, a reduction of the a lattice parameter
is compensated by an expansion in the c direction. An increase of
U-ligand spacing (comparable with the �-hydride) may cause the
weakening of 5f–d hybridization and slight tendency towards local-
ization of 5f states. In the case of the hexagonal hydride of UFeSi
one can observe an opposite effect, here U–Fe and U–Si distances
are unchanged, despite an increase of dU–U up to 3.89 Å.

Magnetic susceptibility of the parent UFeGe exhibits the broad
maximum around 80 K, in good agreement with [2]. As it is seen in
Fig. 2, a small amount of ferromagnetic impurity with TC ≈ 160 K
is present. It can be probably associated with UFe2, which has

TC ≈ 160–170 K [6]. Also the small hysteresis loop seen in Fig. 3 is a
sign of the ferromagnetic impurity, with concentration of the order
of 0.1%.

In the case of the UFeGe hydride, the measured susceptibility
increases markedly and becomes monotonously increasing with
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case of hydride of UFeSi we observed exactly the same scenario as
for UFeGeH1.7–1.8. The measured susceptibility increases (see Fig. 4),
the broad maximum seen in UFeSi is not observed in the hydride,
�(T) measured in various magnetic fields (2, 4 and 8 T) reveals field
Fig. 3. Hysteresis loop of UFeGe measured at T = 2 K.

ecreasing T (shown in Fig. 4). The broad maximum seen in UFeGe
round 80 K vanishes. Measurements in various magnetic fields
2, 3 and 4 T, not shown here) reveal a certain field dependence,
etting up gradually below 300 K, where it is still relatively weak.
lthough such situation is typical for ferromagnetic impurities, our
ase does not reveal any particular ordering temperature of the
mpurity or saturation of the impurity magnetization with decreas-
ng T. The standard procedure for elimination of ferromagnetic
mpurities (magnetic susceptibility data obtained in two different
elds were corrected for a ferromagnetic impurity using the for-
ula: �corr = (�(H1)H1 − �(H2)H2)/(H1 − H2)) yields a very flat �(T)

n the level of 5 × 10−8 m3 mol−1 followed only by a low temper-
ture upturn (the inset in Fig. 4). More insight can be obtained
rom the ac susceptibility measurement, which shows only a broad
nomaly with maximum between 100 and 150 K for UFeGeH1.7–1.8
nd between 150 and 200 K for UFeGeH0.3 (Fig. 6). This type of
easurement is normally selectively sensitive to an onset of ferro-
agnetism, forming a sharp peak at TC. Our case indeed indicates a

road distribution of ferromagnetic objects with variable TC, which
an be perhaps understood as due to a distribution of small “fer-
omagnetic impurity” clusters. We can assume that this impurity
an be related to the UFe2−x (x = 0–0.3) [6] compound. However, if

e calculate the concentration of this kind of impurity, knowing

hat the spontaneous magnetization of the UFe2 single crystal is
�B/f.u. or less [7], and the remanent magnetization is 0.024 �B/f.u.

or UFeGeH1.7–1.8 (seen in Fig. 5), we find that the ferromagnetism

ig. 4. Temperature dependence of magnetic susceptibility for UFeGe and their
ydrides measured in �0H = 2 T. Data of UFeSi were taken from Ref. [7]. The inset
hows the temperature dependence of magnetic susceptibility corrected for ferro-
agnetic impurity at T = 300 K.
Fig. 5. Magnetization curves of UFeGe, its hydrides and UFeSiH0.3 measured at
T = 2 K.

corresponds only to a small fraction of the sample (2–4%). The
magnetization curves of UFeGeH1.7–1.8 and UFeGeH0.3 measured
at 2 K indeed form hysteresis loops with estimated magnetization
of ≈0.04 �B/f.u. and 0.01 �B/f.u., respectively. The relatively high
ordering temperatures (or magnetization-freezing temperatures of
the clusters) reaching room temperatures suggest a dominant con-
tribution of the Fe-3d magnetism. The fact that the spontaneous
magnetization is not a bulk feature it is further corroborated by
57Fe Mössbauer spectroscopy.

Pure UFeSi similarly to UFeGe shows no signs of magnetic order,
however the broad �(T) maximum around 80 K observed along the
a- and c-axes is reminiscent of spin-fluctuation behaviour [8]. In the
Fig. 6. Temperature dependence of ac susceptibility (real and imaginary part) for
UFeGe and its hydrides measured in zero dc field �0H = 0 T, using the frequency
80 Hz.
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site are comparable.
In the UFeGe spectrum the presence of two quadrupole dou-
ig. 7. Temperature dependence of specific heat for UFeGe and its �-hydride.

ependence, pointing to a high temperature ferromagnetic impu-
ity with TC > 300 K.

Specific heat study performed down to T = 0.4 K does not indi-
ate any trace of a phase transition in UFeGe or its �-hydride (Fig. 7).
n the normal metallic system, the specific heat at low tempera-
ures can be approximated by C = �T + ˇT3. The linear extrapolation
f Cp/T vs. T2 dependence to T = 0 K leads to an estimate of the �
oefficient of specific heat about 12 mJ/mol K2 for the pure com-
ound. The fitting was done in the T2 range between 4 and 50 K2

shown by solid lines in Fig. 8). The data above 50 K2 deviate from
inearity. The values of � of UTGe compounds (e.g. T = Ni, Pd, Pt) are
etween 17 and 25 mJ/mol K2 [9]. UFeGe has the lowest reported
alue of � among the UTGe family. This fact can be understood as
ue to the strong 5f-ligand hybridization leading to the 5f-band
roadening. The inspection of data in the Cp vs. T representation
eveals the Debye temperature �D = 270 K (Fig. 7). Typically the
ebye temperature of UTGe compounds is lower than 300 K. The
ighest reported one is �D = 260 K for UNiGe [10]. In the case of
FeGeH1.7–1.8, the expression of the specific heat adequately fits the
ata between 4 and 300 K2, yielding � = 36 mJ/mol K2, which indi-
ates a 5f-band narrowing. The Debye model does not describe well
he C (T) for the hydride. It may be due to additional entropy related
p

o vibration modes of H in the lattice and possible H diffusion
bove T = 200 K.

ig. 8. Temperature dependence of Cp in Cp/T vs. T2 representation including the
inear extrapolation to T = 0 K for UFeGe and its �-hydride. The solid lines for the
ydride are described in text. The inset shows the 3He measurement on UFeGe,
roving the absence of any phase transition down to 400 mK.
Fig. 9. 57Fe Mössbauer spectra of (a) UFeSi and (b) UFeGe taken at room temperature.
The calculated fits are shown by solid lines.

3.3. 57Fe Mössbauer spectroscopy

Mössbauer spectra for UFeGe and its hydride collected at room
temperature, T = 77/80 K and T = 4.2 K are shown in Figs. 9, 11 and 12.
Room temperature Mössbauer spectrum of UFeSi was collected for
comparison (Fig. 10). Mössbauer spectra were fitted using in the
case of UFeGe and its hydride two quadrupole doublets and one
quadrupole doublet for UFeSi. The hyperfine parameters extracted
from the fit are given in Table 3. In UFeGe as in its hydride there is
no magnetic hyperfine field Bhf at the Fe atoms even at the temper-
atures as low as 4.2 K. For UFeGe two different values of isomer shift
(IS) and the quadrupole splitting (QS) were reported. The values of
relative areas (I) of the iron contribution on each crystallographic
blets corresponds to the existence of two different crystallographic
sites of Fe. It is worth to stress that the value of the QS smaller than
1.00 mm/s is characteristic for a metallic system, however the value

Table 3
Estimated hyperfine parameters from the Mössbauer spectra (isomer shift IS relative
to metallic �-Fe, quadrupole splitting QS, line-widths � and relative areas I of the
Fe contribution on each crystallographic site). Estimated errors for IS, QS, and � are
≤0.01 mm/s and for I < 1%. Line-width for UFeSi is the total line-width due to the
Lorentzian approximation, while for remaining spectra fitted within transmission
integral approximation the line-width is the intrinsic absorber line-width.

Position T (K) IS (mm/s) QS (mm/s) � (mm/s) I (%)

UFeSi 4c 300 0.08 0.50 0.26 100

UFeGe

2e-Fe1
300

0.21 0.53 0.17 54
2e-Fe2 0.03 1.57 0.16 46
2e-Fe1

77
0.34 0.55 0.20 54

2e-Fe2 0.16 1.69 0.18 46
2e-Fe1

4.2
0.34 0.54 0.16 51

2e-Fe2 0.17 1.70 0.17 49

UFeGeH1.7–1.8 2c

300
0.14 0.44 0.27 27

0.93 0.20 73

80
0.26 0.47 0.26 25

0.97 0.21 75

4.2
0.27 0.50 0.28 27

0.98 0.22 73
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ig. 10. The unit cell of (a) UFeSi and (b) UFeGe together with the nearest coordi-
ation polyhedra.

f the QS greater than 1.00 mm/s is more typical for insulators. As it
s seen from Table 3 in the case of UFeGe, the QS value higher than
.5 mm/s is exceedingly high as the system is found to be metallic
1,2]. Fig. 10 shows the unit cells of both compounds together with
he nearest coordination polyhedra of Fe atom. The nearest atomic
nvironment of Fe atoms in 4c position (TiNiSi type of structure)
an be considered as a tetrahedron consisting of four silicon atoms
Fig. 10(a)). In the case of UFeGe, the iron atoms occupy 2e position.
owever the atomic environment of Fe1 and Fe2 is slightly differ-
nt (Fig. 10(b)). Most likely the weaker QS appears on Fe1 site, as
he iron atom is placed in more symmetric environment (inside the
etrahedron consisting of three Ge2 atoms and one Ge1 atom) sim-
larly to the iron atom in UFeSi. This assumption is supported by
omparable values of the QS on 2e-Fe1 site and 4c site in UFeSi. The
e2 atom although surrounded by germanium atoms is not located
nside the tetrahedron as in the case of Fe1 and Fe in UFeSi, but a bit
elow its plane. The second coordination polyhedron is a distorted
rigonal prism consisting of three U1 and three U2 atoms.

Since the Fe atom in the hexagonal (ZrBeSi-type) structure occu-
ies single crystallographic (2c) site, one would expect that the
össbauer spectra at different temperatures consist of a single con-

ribution. Two quadrupole doublets are however necessary to fit

he spectra (Fig. 12 and Table 3). Both doublets have similar IS. Pres-
nce of H atoms in the vicinity of Fe seems not to influence IS, so
he Fe–H interaction must be weak. The differences of the observed
S between the monoclinic UFeGe and the hexagonal UFeGeH1.7-1.8
re most probably only due to structural effects. In the hydride all
Fig. 11. 57Fe Mössbauer spectra of UFeGe taken at (a) 300 K, (b) 77 K and (c) 4.2 K.
The calculated fits are shown by solid line.

Fe atoms are lying in the proximity of Ge atoms (2.40 Å), they are
not placed inside Ge-tetrahedra, but a bit below one of their faces.
The second coordination polyhedron is a trigonal prism consisting
of U atoms with Fe located in the middle (dU–Fe ≈3.00 Å). Two dif-
ferent values of QS are observed in the hydride (Table 3), which can
be attributed to different hydrogen coordination numbers of the Fe
atoms on the same crystallographic site. In the rare-earth ternary
compound LaNiSnD2 with a similar structural transformation upon
hydrogenation [11,12], only one type of D/H positions, surrounded
by La3T in tetrahedral co-ordination, was observed by neutron
diffraction. This means that the deuterium atoms in the ZrBeSi-type
of structure occupy the 4f (1/3, 2/3, z) sites. The theoretical maxi-
mum occupation of each trigonal prism with rare-earth (R) atoms
in the corners and transition metal (T) atoms in the centre (forming
two R3T tetrahedra sharing the vertex—T atom) leads to 2 H/f.u. The
shortest interatomic distance between deuterium atoms is then
dD–D ≈ 2.78 Å. Similar position of the deuterium atoms inside the
U3Co tetrahedra was reported for hydrogenated/deuterated ura-
nium ternary compounds, e.g. UCoSnD0.6 with the ZrNiAl-type of
structure (4h (1/3, 2/3, z) site) [13]. Assuming a similar location
of H atoms in the present UFeGeH1.7 compound, we can calculate
the probability of finding one, two or zero H atoms inside the U6Fe
trigonal prisms. Considering a random distribution of H atoms, the
binominal distribution model can be applied:

Pn(m) = n!
m!(n − m)!

ym(1 − y)n−m (3)
where n = 2, is the maximum number of nearest H-neighbours of
Fe atoms, Pn(m) with m = 0 or 1 or 2, is the probability of finding m
nearest H-neighbours of Fe atoms, and finally y is the fraction of the
possible sites occupied by H atoms (y = 1.7/2 = 0.85 for UFeGeH1.7).
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ig. 12. 57Fe Mössbauer spectra of UFeGeH1.7–1.8 taken at (a) 300 K, (b) 80 K and (c)
.2 K. The calculated fits are shown by solid line.

he probability of finding two nearest H-neighbours of Fe atom
s 0.72 and the probability of finding one nearest H-neighbour is
.25, which is in good agreement with the relative areas I of the Fe
ontributions estimated for each quadrupole doublet in the spectra
f the hydride with H concentration of 1.7 H/f.u.

A long-range magnetic order of the Fe sublattice at low temper-
tures is definitely excluded by 57Fe Mössbauer spectroscopy, for
oth UFeGe and its hydride. The increase of the IS with decreas-

ng temperature is that usually observed in Fe systems due to the
econd order Doppler effect [14].

. Discussion and conclusions
In the present paper, we have reported the effect of hydro-
enation on the magnetic properties of UFeGe. The 5f states in the
ure UFeGe are strongly affected by the 5f–d hybridization, which

s responsible for the non-magnetic ground state. As the short-

[

[

[
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est distance between the U2–Fe2 atoms (≈2.35 Å) is very small in
comparison to e.g. UFe2 with dU–Fe ≈ 2.93 Å. As given by electronic
structure calculations [2], the strong hybridization is then respon-
sible for the suppression of the magnetism. The dU–U is just at the
boundary of the Hill limit.

The hydrogenation of a paramagnetic UFeGe changes the type of
crystal structure from the UFeGe-like monoclinic to the orthorhom-
bic (TiNiSi-type) or the hexagonal (ZrBeSi-type) one. The increase of
dU–U (up to 3.67 Å) and other types of interatomic spacings are not
sufficient to induce a real magnetic order, only the susceptibility
increase. This fact was confirmed by the low-temperature Möss-
bauer experiment for �-hydride of UFeGe, which showed no stable
moments within the Fe sublattice. Although Fe occupies only one
crystallographic site in the �-hydride two different values of the
QS were observed due to different H coordination. The probabil-
ity of finding two H atoms as the nearest neighbours of Fe atom
is three times larger than in the case of one H occupying U6Fe
trigonal prism. The magnetic clusters with probable Fe magnetism
dominancy can be observed in the hydrides. A possible subject of
further research would be the electronic structure calculations for
the hydride phases of UFeGe.
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