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ABSTRACT: A single crystal of U;Fe,Ge, was synthesized by the tin-flux method, and
its structural and electronic properties were studied. The compound crystallizes in the
orthorhombic crystal structure of La;Co,Sn; type with two Wyckoff sites for the U
atoms. U;Fe,Ge, displays a ferromagnetic order below T. = 62 K. Magnetization
measurements in static (up to 14 T) and pulsed (up to 60 T) magnetic fields revealed a
strong two-ion uniaxial magnetic anisotropy. The easy magnetization direction is along
the ¢ axis and the spontaneous magnetic moment is 3.3 yg per formula unit at 2 K. The
moment per Fe atom is 0.2 g, as follows from Mossbauer spectroscopy. The magnetic
moments are oriented perpendicular to the shortest inter-uranium distances that occur
within the zigzag chains in the ab plane, contrary to other U-based isostructural
compounds. The magnetization along the a axis reveals a first-order magnetization
process that allows for a quantitative description of the magnetic anisotropy in spite of
its enormous energetic strength. The strong anisotropy is reflected in the specific heat

o . w“w . o
LU R RN e ® H‘ ® s oo
Ml @t R ore 0N o
L ib LB L - L BRSO
[« C O Lo L@ty L]
LS l . S ® v 0 e
SR RS BRSNS RSN L]
€ O 6 L @ LTVL 8L e e
.- € e o P

and electrical resistivity that are affected by a gap in magnon spectrum.

1. INTRODUCTION

Uranium intermetallic compounds display a rich variety of
magnetic properties depending on the character of the Sf
electronic states. They are mainly determined by the hybrid-
ization of the S5f states with outer states of ligand atoms. For
example, the properties of U—Fe intermetallics critically depend
on the 5f—3d hybridization. No ordered magnetic moments are
formed in UFeAl, although both the U and Fe sublattices could
in principle be magnetic.' Contrary to that, in UFe, both
sublattices are magnetic, although magnetic moments are
undoubtedly strongly affected by the hybridization.” ™ Tt is
therefore very interesting to study variations of the 5f and 3d
magnetism in numerous ternaries, including both U and Fe
with different stoichiometry and diverse coordinations.

The important role of the mutual hybridization of the 5f and
3d states as well as the hybridization with other types of states
follows from the magnetic properties of compounds existing in
the U—Fe—Ge phase diagram, documented for the isothermal
section at 900 °C.° In UyFe,Ge,, (tetragonal structure), a
sizable U-5f and Ge-4p overlap exists. The 3d Fe states are also
substantially delocalized, and a paramagnetic behavior was
observed down to 2 K. U,Fe;Ge (hexagonal structure) and
U,Fe,Ge, (orthorhombic structure) are itinerant ferromag-
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nets.””'> Their magnetism is dominated by the uranium; no

intrinsic Fe magnetic moment is formed. While U,Fe,Ge,
exhibits a strong uniaxial magnetic anisotropy with the
anisotropy field poH, exceeding 60 T, U,Fe;Ge is much less
anisotropic (¢oH, = 8 T), not typical of uranium intermetallic
compounds. Furthermore, U;;Fe;3,Ge,, (tetragonal structure)
orders ferromagnetically below 28 K and has a pronounced
magnetic hysteresis ruled by the U sublattice and its
anisotropy.B

Besides the compounds mentioned, a further representative
of the U-Fe—Ge phase diagram is known.” It is U;Fe,Ge,, a
compound with an orthorhombic crystal structure of the
La;Co,Sn, type.'*

Some uranium intermetallic compounds with the 3—2-7
stoichiometry have already been characterized. U;Co,Ge; was
reported to be an itinerant ferromagnet below about 40 K.~
However, in ref 16, a possibility of ferrimagnetic or noncol-
linear ferromagnetic structure was also considered. Strong
uniaxial magnetic anisotropy was found with the b axis (the
longest one) being the easy-magnetization direction."'® The
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magnetism is expected to originate predominantly from the U
sublattice, as the Co and Ge magnetic moments were calculated
to be lower than 0.1 pz. The Sommerfeld coefficient for
U;Co,Ge; is ¥ = 65—87 m] moly™" K’ Furthermore, two
compounds with Si instead of Ge are known.'*™>' U;Ru,Si, is
an itinerant system that displays a magnetic order below 29 K,
whereas UsFe,Si; exhibits no magnetic order down to 4.2 K.

In the present work we report the synthesis of single crystals
of the novel intermetallic compound U;Fe,Ge; by the flux
method and its structural and electronic properties. The single-
crystal studies have revealed that U,Fe,Ge, crystallizes with a
structure of the orthorhombic isotype La;Co,Sn,. The main
structural feature of U,Fe,Ge; is larger interatomic distances
between U, Fe, and their ligand atoms when compared to the
compounds of the system U—Fe—Ge mentioned above. The
hybridization is therefore expected to be reduced, leading to
distinct magnetic and other electronic properties. The
compound orders ferromagnetically at 62 K and displays
large magnetocrystalline anisotropy. The influence of high
magnetic fields on magnetization in all principal directions has
been determined. The temperature dependence of the specific
heat and resistivity reveals the influence of magnons with an
anisotropy gap.

2. EXPERIMENTAL SECTION

Single crystals of U;Fe,Ge; were prepared by the molten-metal flux
method starting from a 1:1:1 ratio of the elements U, Fe, and Ge (with
purities of 99.95% for U and 99.999% for Fe and Ge) loaded in a
graphite crucible, together with a 10 times larger molar amount of Sn
(99.999% pure) used as a flux. The crucible was then inserted into an
evacuated silica tube, filled with Ar, flame-sealed, and held in an oven
at 1273 K for 2 days, followed by cooling to 573 K at the rate of S K/h.
At this temperature the liquid Sn was removed by centrifugation and
the samples were cooled to room temperature. The crystals were then
cleaned by a diluted solution of hydrochloric acid (10%). The plate-
like crystals shown in Figure 1 were observed by scanning electron

Figure 1. Secondary electron SEM image of U;Fe,Ge; single crystals
grown by the Sn-flux method. The crystals were taken from the
crucible and cleaned with a diluted solution of hydrochloric acid.

microscopy (SEM), and their chemical composition was found to be
25U:17Fe:58Ge, as given by energy-dispersive X-ray spectroscopy
(EDS) in a JEOL-JSM 6400 apparatus. The measurements were
carried out with the electron beam operating at 15 kV, and at least
three points on the crystal surface were analyzed. Despite the use of Sn
as flux, no traces of this element were found within the spectrometer
detection limit. According to refs 14, 16, 17, and 22, the sample
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preparation from the starting stoichiometries U;Co,Ge;, U;Co,Ge,,
and U,Co;Ge; yields similar results using a 20-fold quantity of Sn.
Single-crystal X-ray diffraction was undertaken in order to
determine details of the crystal structure of UsFe,Ge;, since (i) the
formation of U;Co,Ge; with a tetragonal crystal structure was not
excluded in ref 16 and (ii) U;Ru,Si, was reported to have a disordered
Ru—Si sublattice.”’ A small single crystal of dimensions 0.17 X 0.12 X
0.07 mm? suitable for X-ray diffraction was glued on the top of a glass
fiber and mounted onto a goniometer head. The diffracted intensities
were collected at ambient temperature using a Gemini four-circle
diffractometer (Agilent), equipped with a Mo X-ray tube (4(Mo Ka) =
0.71073 A), Mo-Enhance collimator, graphite monochromator, and
Atlas CCD detector. The CrysAlis™® software was used to collect and
process the data, and the program X-Shape** was employed for face
indexing of the crystal shape, necessary to perform the accurate
absorption correction in combination with a Gaussian correction based
on spherical harmonic functions. The Superflip” program was used
for structure solution, and Jana2006 package®® for structure refinement
based on F. Details on the data collection and refinement procedure,
lattice parameters, and final refinement factors are given in Table 1.

Table 1. Details on the Single-Crystal Data Collection and
Crystal Structure Refinement of UFe,Ge,

chemical formula UsFe,Ge,

formula weight(g mol™) 1334

crystal system orthorhombic

space group Cmmm (No. 65)

lattice parameters (A) a = 4.1666(4)
b = 24.982(2)
¢ = 4.1557(3)

cell volume (A%) 432.57(6)

formula per unit cell (Z), 2, 10.24

calculated density (g cm™)
absorption coefficient 83

(mm™)

radiation, wavelength (A) Mo Ka, 0.710 73

0 range (deg) 3.3-29
data set —-5<h<5-31<k<3],-5<I1L5
collected/unique reflections/ 3811/2083/0.202
int

refined parameters 14
final agreement factors (I > 0.038, 0.110

306(I)) R, wR”
goodness of the fit 1.79

extinction coefficient (X107%) S
highest/lowest peak of 3.99/-3.33
electron density (e~ A™3)
“R(F) = YIE| — IFJ/IE), wR, = {3 [wIF* — |Fc|2)2]/Z[W|FO|4]}1/4,
w' = [6°(E,)?) + 7.27P], P = {max[(F,)%0] + 2(F.)*}/3.

The atomic coordinates and equivalent isotropic displacement
parameters, as well as important interatomic distances, are listed in
Table 2 and Table 3, respectively. Further details on the crystal
structure investigation, including the CIF file, can be obtained from the
Supporting Information.

Several crystals from the batch were crushed and ground into a
powder for an X-ray diffraction experiment, which was carried out on a
Panalytical X'Pert diffractometer (Bragg—Brentano 6—26 geometry,
Cu X-ray tube (4(Cu Ka) = 1.54056 A)). The intensity data were
collected with 26 from 10° to 90° with an exposure time of 5 s/step.
The collected patterns matched very well the patterns simulated from
the single-crystal X-ray diffraction data.

To perform measurements of the physical properties of the single
crystals, their proper crystallographic orientation was needed. The first
attempt was naturally made on one of the plate crystals using a
conventional powder X-ray diffraction machine (Bragg—Brentano 6—
20 geometry). As shown in the experimental pattern in Figure 2, the
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Table 2. Atomic Coordinates and Equivalent Isotropic
Displacement Parameters for U;Fe,Ge,

atom site &3 y z Uy (Az)b
U1 2a 0 0 0 0.0059(4)
w2 4 0 0.31640(4) 0.5 0.0074(4)
Fel 4i 0 0.12817(16) 05 0.0105(8)
Gel 2 0.5 0 0.5 0.0092(8)
Ge2 4i 0 0.22070(11) 0 0.0087(6)
Ge3 4i 0 0.41286(12) 0 0.0112(7)
Ged 4 0 0.08727(12) 0.5 0.0100(6)
bUeq is defined as one-third of the trace of the orthogonalized Uj

tensor.

Table 3. Selected Bond Lengths (A) for U,Fe,Ge,

atom pair distance atom pair distance
Ul 2Fel 3.202(4) Ge2 202 3.168(2)
4Gel 2.942(4) 4U2 3.085(1)
4Ge3 3.013(2) 2Ge2 2.546(2)
4Ge4 3.012(2) 1Fel 2.312(5)
U2 4Fel 3.252(1) Ge3 2U1 3.013(2)
2Ge4 3.183(2) 202 3.182(2)
2Ge3 3.182(2) 2Gel 3.009(2)
4Ge2 3.085(1) 4Ge4 2.942(4)
2Ge2 3.168(2) Ge4 2Fel 2.315(2)
Fel 2Ge4 2.315(2) 2U1 3.012(2)
2Ge3 2.322(2) 202 3.183(2)
1Ge2 2.312(5) 2Gel 3.016(2)
Gel 4U1 2.942(4) 4Ge3 2.942(4)
4Ge4 3.016(2) 2Fel 2.315(2)
4Ge3 3.009(2)
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Figure 2. X-ray diffraction pattern obtained on a U;Fe,Ge; single
crystal, showing that the crystal plate is oriented perpendicular to the
crystallographic b axis seen even for very weak reflections (left inset).
The reflections are narrow enough to distinguish the splitting of the
K, —K,, doublet from the Cu radiation at 26 = 43° (right inset).

crystal plate was found to be perpendicular to the b axis. Nevertheless,
due to the small dimensions of the grown crystals, the directions [100]
and [001] of the orthorhombic lattice could be distinguished neither
by this method nor by backscattered Laue diffraction.
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As follows from the symmetry of the space group Cmmm adopted
by UsFe,Ge;, the projection of the reciprocal lattice along the [001]
direction reveals systematic absences that allow the distinction
between [100] and [001], as given by the general reflection conditions
for centered crystalline cells.”” Thus, to find the proper orientation of
the lattice of the UsFe,Ge; single crystals, a single crystal of 2.1 X 1.5
X 0.3 mm® dimensions suitable for measurements of physical
properties was tested in the above-mentioned four-circle diffractom-
eter. A small set of reflections was measured with the primary beam
focused on one of the crystal corners. These data were then indexed to
find the crystal lattice, space group, cell parameters, and the expected
centering along the c¢ axis, as shown in Figure 3. Finally, by crystal

Figure 3. Experimental reconstruction of the reciprocal lattice of a
UsFe,Ge, single crystal. The centering along ¢ as given by the general
reflection conditions for the Cmmm space group is seen in the
reciprocal lattice projection along c*.

shape indexing the correspondence between the orthorhombic
reciprocal lattice directions and the real crystal directions was found,
allowing the distinction of the three crystallographic directions.
Previous studies of other U-based isostructural intermetallic
compounds (see Introduction) were performed without the distinction
among the three crystallographic directions.

Temperature and field dependences of the magnetization between 2
and 300 K were measured along the principal crystallographic
directions on the same 10 mg sample using a standard PPMS-14
magnetometer (Quantum Design) in magnetic fields up to 14 T.
Magnetization curves in pulsed magnetic fields (pulse duration 20 ms)
were measured by the induction method using a coaxial pick-up coil
system.

PPMS-14 was also used for measurements of specific heat and
electrical resistivity as functions of temperature. Specific heat was
measured by the relaxation method; the electrical resistivity, by the
four-contact technique with the excitation current I = 1 mA flowing in
the ac plane.

S’Fe Mossbauer spectra were collected between 295 and 4 K in
transmission mode using a conventional constant-acceleration
spectrometer and a 25 mCi *’Co source in a Rh matrix. The velocity
scale was calibrated using a-Fe foil. Isomer shifts, IS, are given relative
to this standard at room temperature. The absorbers were obtained by
packing the powdered sample into a Perspex holder. Low-temperature
spectra were collected in a bath cryostat with the sample immersed in
liquid He for the measurement at 4.1 K and in He exchange gas for
temperatures greater than 4.1 K. The spectra were fitted to Lorentzian
lines using a nonlinear least-squares method.*®
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3. RESULTS AND DISCUSSION

3.1. Crystal Chemistry. The structure refinement has
confirmed that U,Fe,Ge; crystallizes in the orthorhombic
isotype La;Co,Sn; (space group Cmmm). The lattice
parameters for U;Fe,Ge; from the single-crystal data refine-
ment are a = 4.167(7) A, b = 24.982(2) A, and ¢ = 4.156(3) A.
The asymmetric unit for U;Fe,Ge, consists of seven different
atomic sites, two for U, one for Fe, and four for Ge (Table 2).
The refinement of site occupancies did not indicate any
deviation from the full occupation or substitution in any of the
atomic positions. This is in line with the fact that most of the
known uranium compounds crystallizing in the La;Co,Ge,
structure archetype are crystallographically ordered, except
U;Ru,Si;, which has disorder within the Ru—Si sublattice.”’

Figure 4a displays the UsFe,Ge, unit cell. This type of
structure can be seen as an intergrowth of two fragments of

b
[

Ca—ea

®u
( Ge
Fe

UGes
(AuCus - type)

UFeGez
(CeNiSiz - type)

(a) (b)

Figure 4. (a) Unit cell of UsFe,Ge, and coordination polyhedra for
the Ul (cyan) and U2 (green) atoms. The structure can be seen as a
stacking of layers of UFeGe, and UGe, along the b axis. (b) Uranium
sublattice showing the zigzag coordination of the U2 atoms.

UFeGe, intercalated by a fragment of UGe; as already
described for other similar compounds (see, for example, ref
14).

In this structure there are two crystallographically non-
equivalent sites for uranium atoms, 2a (U1) and 4j (U2). The
coordination polyhedra for both of them are presented in
Figure 4a. U1 is surrounded by 2 Fe and 12 Ge atoms forming
a bicapped distorted cuboctahedron, whereas U2 is located in
the center of a distorted hexagonal prism defined by 4 Fe and
10 Ge atoms. According to Table 3, all the distances between U
and nearest neighbor atoms are above the sum of the metallic
radii (ry = 1.53 A, rp, = 1.26 A, and rg, = 1.39 A*”). Moreover,
as can be seen in Figure 4a and b, Ul and U2 atoms have no
other uranium atoms as nearest neighbors. The shortest
distance is found between U2 atoms, as dy,_y; = 3.9 A in
the bc plane, which is only slightly shorter than the Ul1-Ul
bond length that coincides with the a lattice parameter. The
second nearest dy, y, is equal to the lattice constant c.
Therefore, the direct 5{—5f overlap is very weak, if any. The U—
Ge hybridization is also expected to be weak in the UGe;
building block of the crystal structure of U;Fe,Ge,, as the
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distances between these atoms, 3 A, are longer than the sum of
their atomic radii. The exception is the bond length Ul—Gel
(2.94 A), which is comparable with the sum of the atomic radii
and of the order of the corresponding distances in the cubic
UGe; compound (2.97 A). Nevertheless, strong hybridization
can be expected between the Fe-3d and Ge-4p states, as the
distances between these atoms (~2.3 A) are found to be
shorter than the sum of their atomic radii. Distances of the
same order of magnitude are found between Co—Ge, Fe—Sij,
and Ru—Si in the ternary compounds U;Co,Ge,, U;Fe,Si;, and
U;Ru,Sis, respectively.''>'**" In the case of Ge, only the
distances Ge2—Ge2 are below the double atomic radius of Ge.
A similar situation is found in the ternary counterparts both
with Ge and Si.

3.2. Magnetism. Figure 5 shows the temperature depend-
ences of the magnetization, M, measured along the principal
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Figure S. Temperature dependence of the magnetization along the 4,
b, and c axes of a UsFe,Ge; single crystal in a field of 1 T. The inset
shows the magnetization along the ¢ axis in a field of 0.1 T.

crystallographic directions of U;Fe,Ge; in a magnetic field of 1
T. In this representation the increase of M observed along the ¢
axis below 100 K, related to ferromagnetic ordering, dominates.
The compound has a strong magnetic anisotropy with the
highest magnetization values along the ¢ axis. The magnetic
ordering temperature, close to 60 K, can be distinguished from
the M(T) dependence along the ¢ axis measured in a lower field
of 0.1 T (inset in Figure 5).

The magnetic anisotropy of U;Fe,Ge;, is illustrated by the
magnetization curves (Figure 6). Only field descending
branches are shown; the magnetic hysteresis will be discussed
below. The compound exhibits a strong uniaxial magnetic
anisotropy. The easy magnetization direction (EMD) is indeed
along the ¢ axis, where the spontaneous magnetic moment M, =
3.3 pp/fu. is reached at 2 K. In high fields the magnetization
continues to grow approximately linearly as a function of field,
probably due to an additional splitting of the spin-up and spin-
down sub-bands. There are no spontaneous moment
projections onto the a and b axes. Therefore, they both
represent hard magnetization directions. Nevertheless, a
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Figure 6. Magnetization curves along the a, b, and ¢ axes of a
U,Fe,Ge; single crystal at 2 and 60 K.

pronounced anisotropy is also observed within the ab plane, as
the susceptibility, dM/dH, is much smaller along the b axis, the
hardest magnetization direction, than along the a axis. A field-
induced transition occurs along the a axis around 11 T, where
the magnetization starts to increase faster. With increasing
temperature the spontaneous magnetic moment decreases as
follows from the M(H) dependence along the ¢ axis at 60 K
(Figure 6). At this temperature the field-induced transition
along the a axis is no longer observed. The magnetization along
the hardest b axis changes very little with temperature.

The U sublattice in the crystal structure of UjFe,Ge, is
coordinated in zigzag chains formed by the U2 atoms (Figure
4b). The chains are confined in the ab planes and propagate
along the a direction. The U—U distance within the chains is
3.92 A. The second and third shortest U-U distances coincide
with the ¢ (4.156 A) and a (4.167 A) lattice parameters,
respectively. Since in uranium intermetallic compounds the
uranium magnetic moments tend to be perpendicular to the
shortest U=U bonds,>"** the EMD is the ¢ axis, whereas the a
and b axes are hard magnetization directions. Interestingly, in
isostructural U;Co,Ge; the magnetic moments were found to
be oriented along the b axis."~'” One can also compare the
situation with UGe, crystallizing in the same space group
(Cmmm, ZrGa,-type), where uranium zigzag chains with the
shortest U—U distances propagate along the a axis, as well.*’
However, in striking contrast to the presently studied
compound, the magnetic moments are oriented along the a
axis in the binary germanide.

Quite typical for uranium intermetallic compounds,
UsFe,Ge, displays an extremely strong magnetic anisotropy
that reflects the complex bonding and hybridization in the
system. As usual in such cases, the anisotropy field is so high
that it cannot be easily estimated. At 2 K, a linear extrapolation
of the b-axis magnetization to high fields indicates that it
reaches the magnetization corresponding to M; in the vicinity
of 65 T. On the other hand, if one takes into consideration that
along the easy-magnetization direction the magnetization
increases in a magnetic field above M, the magnetization
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curves along the b and ¢ axes intersect at a much higher field,
around 250 T. This illustrates the fact that the simple picture of
more or less well-defined magnetic moments that can be
rotated by high fields out of the easy magnetization direction
fails for U intermetallics.

In order to study the magnetic anisotropy in more detail,
measurements of magnetization in pulsed high magnetic fields
were performed (see Figure 7). One can see that while the field

6 . . : . :
U,Fe,Ge,

a

_o_

—

5 |l —— a, pulse

— G —A— b

—

[11] —— b, pulse E

2 —o—c

§ c, pulse

40 60

HoH (T)

Figure 7. Magnetization curves along the a4, b, and ¢ axes of a
UsFe,Ge; single crystal in pulsed magnetic fields at 2 K. The symbols
represent steady-field results.

applied along the b axis does not lead to any qualitative change,
along a it induces a moment reorientation starting at about 12
T, and the high field magnetization even exceeds that along c.
The differential magnetic susceptibility is approximately the
same for all the directions above 20 T, suggesting that the same
process, the splitting of the sub-bands by field, may be
responsible for its value irrespective of field direction.

An attempt was made to approximate the temperature
dependences of the inverse magnetic susceptibility, 1/y(T),
calculated from the M(T) curves in the paramagnetic range
(Figure S), by the modified Curie—Weiss law:

x=x +C/H(T-6) (1)

where C is the Curie constant proportional to the effective
magnetic moment, g HP is the paramagnetic Curie temper-
ature; and y, is the temperature-independent term. Along the
EMD the following values were obtained: yi‘g = 5.1 pp/fu. and
0, = 54 K. y, was found to be the same, ~4 X 1077 m® mol™,
for all the directions. Along the b axis there is a very weak
temperature dependence of the magnetic susceptibility. It can
be formally described assuming a much higher effective
magnetic moment, W = 9.1 pp/fu, and a large negative
Weiss temperature, 6‘17p —400 K. Such a high effective
moment is, however, unphysical. Rather, a weak Pauli
paramagnetic response is a more likely explanation for the b
direction. Many analogous cases can be found in other
uranium-based strongly anisotropic intermetallic com-

~
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1,32
pounds.”"** By contrast, more reasonable values were found for

the a axis according to eq 1: ‘¢ = 6.3 pp/fu. and 6, = 28 K.

The field-induced transition along the hard a axis of
U,Fe,Ge; at 2 K (Figures 6 and 7) is reminiscent of a first-
order magnetization process (FOMP), e.g, a rotation of the
magnetization vector due to the existence of two inequivalent
minima of the free energy as a function of magnetic field.”* This
is a type-I FOMP since immediately above the transition the
magnetization reaches the easy-axis value and even slightly
exceeds it. The temperature evolution of the FOMP is shown in
Figure 8. No hysteresis was detected at the transition. With

4

M (pg/f.u.)

HoH (T)

Figure 8. Temperature evolution of the magnetization curve along the
a axis of a U;Fe,Ge; single crystal between 2 and 70 K. The inset
shows the temperature dependence of the FOMP critical field.

increasing temperature the critical field of the transition, H,
decreases gradually. The H values were determined from the
dM/dH derivative. The FOMP is still observed at 50 K, but
above this temperature it is no longer seen. The temperature
dependence of the FOMP critical field is shown in the inset in
Figure 8.

We can benefit from the FOMP-like transition since it
provides a tool for the description of the magnetic anisotropy
despite its enormous energetic strength, which makes for
U,Fe,Ge; its direct measurement impossible. A FOMP can be
described using the following relation:

HM, = 2K,(M/M,) + 4K,(M/M,)’ + 6K;(M/M))°  (2)

where K|, K,, and Kj are the second-, fourth-, and sixth-order
anisotropy constants, respectively.”” Since U;Fe,Ge, displays a
type-I FOMP, K; should be zero. Using the sum of the two
terms on the right side of eq 2, we succeeded in fitting the
magnetization curves along the a axis in the temperature range
between 2 and 60 K. A typical fit is shown in Figure 9 for 2 K.
The anisotropy constants obtained from the fit are presented in
the inset in Figure 9. Here, the constants are denoted K;* and
K,* since they were determined for the a axis, whereas the
corresponding values along the hardest (b) axis should be
higher. At 2 K the constants are K;* = 1.47 MJ/m® and K,*
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Figure 9. Magnetization curve along the a axis of a U;Fe,Ge; single
crystal at 2 K. The red line represents the fit according to eq 2. The
inset shows the temperature dependence of the anisotropy constants.

—0.34 MJ/m’. Both K;* and K,* decrease gradually with
temperature and approach zero in the vicinity of the magnetic
ordering temperature. Along the hardest b axis we obtained K;
~ 44 MJ/m® and K, > 0 at 2 K by the extrapolation of the
M(H) curve beyond fields above 60 T and its intersection with
the value of the spontaneous magnetic moment.

The temperature evolution of M(H) for the ¢ axis of
UsFe,Ge, between 2 and 70 K is presented in Figure 10. The
curves exhibit approximately the same high-field susceptibility
at temperatures up to 50 K. At 60 K, the high-field susceptibility
increases noticeably. At 70 K, the spontaneous magnetization is
zero since the compound is already in the paramagnetic state.
The M,(T) dependence (determined from Arrott plots) shown
in the inset of Figure 10 is typical ferromagnetic. The
spontaneous magnetic moment falls to zero at the Curie
temperature, T = 62 K.

Hysteresis loops along the easy-magnetization direction of
UsFe,Ge; between 2 and 30 K are presented in Figure 11.
UsFe,Ge, displays a large magnetic hysteresis. The loop at 2 K
displays a shape close to rectangular, but at higher temperatures
the vertical loop branches for both field directions have a
slightly different slope. The coercive field, yyH,, reaches 2.3 T
at 2 K and rapidly decreases with temperature. The inspection
of the virgin curve at 2 K reveals that the pinning of narrow
domain walls is very important. The abrupt increase of the
magnetization around 1.7 T occurs when the applied magnetic
field overcomes the potential barrier for domain walls pinned to
defects. It should be pointed out that the coercive field exceeds
the value of 1.7 T after a complete hysteresis cycle. This
observation along with the stepwise remagnetization at H_ in
positive and negative fields indicates that the dominant
mechanism of the magnetic hysteresis is a reverse domain
nucleation lag.

The observation of the strong magnetic anisotropy and
hysteresis and of the FOMP transition suggests that the
magnetism of UjFe,Ge; is dominated by the uranium
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Figure 10. Temperature evolution of the magnetization curve along
the ¢ axis of a UsFe,Ge; single crystal between 2 and 70 K. The inset
shows the temperature dependence of the spontaneous magnetic
moment.

14
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Figure 11. Hysteresis loops along the ¢ axis of a U;Fe,Ge; single
crystal between 2 and 30 K.

sublattice. Nevertheless, these data do not exclude the existence
of ordered magnetic moments on the Fe atoms. In order to
determine whether or not the iron sublattice is magnetically
ordered in UsFe,Ge,, a ’Fe Missbauer spectroscopy study was
undertaken.

3.3. Mossbauer Spectroscopy. The Mossbauer spectra
taken above T; = 62 K show a doublet (Figure 12). The
estimated parameters are summarized in Table 4. This result is
consistent with the Fe atoms located at a single crystallographic
site with point symmetry lower than cubic, in agreement with
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Figure 12. *’Fe Mossbauer spectra of U;Fe,Ge, taken between 4 and
295 K

Table 4. Estimated Parameters from the Mossbauer Spectra
of U;Fe,Ge, Taken at Different Temperatures”

T (K) IS (mm/s) QS (mm/s) 2¢ (mm/s) By (T)
295 0.21 0.32
75 0.32 0.33
45 0.32 0.12 2.8
4 0.33 0.12 3.1

“IS (mm/s) is the isomer shift relative to metallic a-Fe at 295 K; QS
(mm/s) is the quadrupole splitting; (2¢) = (¢*V,;Q/4)(3 cos* 6 — 1)
(mm/s) is the quadrupole shift for the magnetic sextet; By (tesla) is
the magnetic hyperfine field. Estimated errors are <0.02 mm/s for IS,
QS, and 2¢ and <0.1 T for By

the structural data. At 45 K, below T, the spectrum envelope
becomes significantly broader and can no longer be fitted by a
doublet. The spectrum at 4 K is very similar. The 45 and 4 K
spectra may be described as a magnetic sextet with small
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magnetic hyperfine field, By = 2.8 and 3.1 T, respectively,
similar to that observed in UFe,.**

The nonzero B, value observed for the present compound
below T (at 45 K) and the small increase of By with
decreasing temperature down to 4 K show that the Fe sublattice
establishes long-range magnetic correlations below T¢. This
behavior is different from several other U—Fe—Ge ternary
ferromagnets, such as U2Fe3Ge,8’9 U3Fe4Ge4,l L12 and
U, Fe,Gess,'” whose Mdssbauer spectra below the corre-
sponding magnetic ordering temperatures show no evidence of
ordered Fe moments. This may be explained by a strong
hybridization of the 3d(Fe) electrons with the 5f(U) electrons
in U,Fe;Ge, UsFe,Ge,, and U,,Fe, Ge;;, where the shortest
Fe—U interatomic distances, dg,_y, are less than 3 A. In the
present U;Fe,Ge, compound the dg_y value is higher, 3.202 A
(Table 3), only slightly lower than for UFe,Ge,4 (3.27 A), where
the Fe sublattice is magnetically ordered below T = 322 K and
shows a By saturation value of 12.9 T,* significantly higher
than in U;Fe,Ge,. The high T of UFe,Ges when compared to
UsFe,Ge;, may be related to the fact that in the former
compound each Fe atom has four Fe nearest neighbors, while
in U;Fe,Ge, the Fe atoms are isolated from each other.

Considering the hyperfine coupling constant of ~15 T/pus,
within the range common for these intermetallics,”*'** the By,
estimated at 4 K by the Mdossbauer effect (Table 4) would be
consistent with an iron magnetic moment pp, & 0.2 pp. For
comparison, a lower magnetic moment, <0.1 uy, was inferred
from ab initio calculations for the Co magnetic moment in
U,Co,Ge,.'

Using the results of the Mdssbauer study we may conclude
that if U;Fe,Ge; is a collinear ferromagnet, the magnetic
moment of the uranium sublattice is around 2.9 pg/fu. at 2 K.
On average it corresponds to 0.97 ug per U atom. This value is
considerably lower than the free-ion value, 3.2 and 3.3 uj, for
the S and S configurations of uranium, respectively. This
indicates that U;Fe,Ge; is an itinerant ferromagnet. Never-
theless, its moment is larger than in other ternary U—Fe—Ge
intergr?leltgllics such as U,Fe;Ge (0.5 uy) and U,Fe,Ge, (0.4
He)- "

These results reinforce that due to the relatively large
distances between U atoms, the 5f electrons are the main cause
for the magnetism of U;Fe,Ge,, since the establishment of
robust magnetic order in the Fe sublattice is prevented by the
extended Fe 3d—Ge 4p hybridization.

3.4. Specific Heat and Electrical Resistivity. The phase
transition into the paramagnetic state of U;Fe,Ge;, is reflected
in the temperature dependencies of the specific heat, C, (upper
panel in Figure 13), and of the electrical resistivity, p (lower
panel in Figure 13). C,(T) displays an anomaly that
corresponds to a transition at 61 K, whereas p(T) exhibits a
steep downturn at the same temperature. The temperature
derivative of the electrical resistivity, dp/dT(T), has a sharp
maximum at 60 K (lower panel in Figure 13).

The specific heat can be described by the expression

Cp = Cel + Cph + Cmagn (3)
which represents the electronic, C,; = yT, phonon, C, = BT,
and magnetic, C,,, contributions. From the extrapolation of
the low-temperature part of the C,/T(T?) function (upper inset
in Figure 13) the Sommerfeld coefficient and the Debye
temperature were found to be y = 142 mJ mol™! K™! and ®p, =
237 K, respectively. Alternatively, the Debye temperature was
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Figure 13. Temperature dependence of the specific heat (upper panel)
and electrical resistivity (lower panel) of a U;Fe,Ge; single crystal. The
upper inset shows the C,/ T(T?) function and the lower inset the p(T)
function and its fit according to eq S at low temperatures.

approximated by fitting C,(T) above the phase transition at T
using the expression

Cp(T) = yT + ONR(T/O,)’
(@D/T) 4 x x 2
/(; [(x"e")/ (e 1)°] dx @

where the second term is the Debye integral with N being the
number of atoms per formula unit (N = 12) and R the gas
constant. The fit shown by the red line in the upper panel of
Figure 13 yields ®p = 270 K. It should be noted that even such
a simple model provides good agreement between the
experimental and calculated curves above 100 K. The magnetic
entropy can be roughly estimated to be S = 28 J mol™" K.
This value exceeds 3R In(2) = 17.3 J mol™" K™ expected for a
localized system with high uniaxial anisotropy, where only the
U atoms carry a magnetic moment. It may hint at a nonzero
contribution of moments of the Fe sublattice, in agreement
with the results of the Mdssbauer study.

Since UsFe,Ge, is a strongly anisotropic ferromagnet with
one hard magnetization axis and less pronounced anisotropy
energy between the easy and intermediate axis, we can expect
excitation of magnons over a gap corresponding to the
anisotropy within the ac plane. Between 2 and 25 K, C,(T)
can be fitted by the expression

C(T) =yT + BT + 5T exp(—A,/T) (s)

where the last term takes into account the contribution of
magnons with an energy gap A; = 24 K (§ = 0.11 ] mol™
K™'?). The obtained A, value is in good agreement with the
magnetic anisotropy energy between the two easiest axes of
U,Fe,Ge;, a and c: 6, — 6", = 54 — 28 =26 K

The electrical resistivity of UsFe,Ge, displays metallic values
(lower panel in Figure 13) consistent with the dominance of
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metallic bonds in this compound. Between 2 and 20 K, p(T)
can be approximated by the following equation:

p(T) = p, + aT* + bT(1 + 2T/A,) exp(—=A,/T)  (¢)

where the first term is the residual resistivity, the second term
describes the electron—electron scattering, and the third term
takes into account the scattering of the conduction electrons on
magnons (A, is the gap of magnons with the lowest energy).36
The best fit of the experimental data is shown by the orange
line in the lower inset in Figure 13. The following parameters
were obtained for this curve: p, = 152 € cm, a = 7.3 X 1077
uQ cm K2, b = 02418 puQ cm K™Y, and A, = 22 K. The
residual resistivity is high, probably due to a certain atomic
disorder. Such a situation makes the analysis of p(T) in terms
of individual contributions difficult; their additivity cannot be
assumed as given. Nevertheless, the low-temperature part can
be described by a dominating term attributed to the electron—
magnon scattering, while the electron—phonon contribution
can be neglected in this temperature range. The A, value is in
good agreement with that deduced from the specific heat, 24 K,
and from the anisotropy energy (per one ion), 26 K, between
the a and ¢ axes of U;Fe,Ge;.

4. CONCLUSIONS

A UsFe,Ge; single crystal (orthorhombic crystal structure of
La;Co,Sn, type) has been successfully synthesized by the flux
method. U;Fe,Ge, orders ferromagnetically at T¢ = 62 K. The
U atoms are arranged in zigzag chains in the ab plane, which
forces the U magnetic moments along the perpendicular ¢ axis
due to the two-ion hybridization-induced anisotropy. The easy
magnetization direction distinguishes U;Fe,Ge, from other U-
based isostructural compounds where the magnetic moments
are oriented along the b axis. In U;Fe,Ge,, both the U and Fe
sublattices are ordered, yielding a spontaneous magnetic
moment of 3.3 uy per formula unit at 2 K. The compound
exhibits a first-order magnetization process that makes it
possible to quantify the huge magnetic anisotropy with the
anisotropy field above 60 T. The gap in the magnon spectrum
that follows from the specific heat and electrical resistivity
complies with the strong magnetic anisotropy.
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