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Structural and thermodynamic properties of single-crystalline UNi;_,Gez with x = 0.66 have been
investigated by measuring magnetization, specific heat, and thermal expansion over a wide range of
temperatures and magnetic fields. The measurements revealed the emergence of a long-range anti-
ferromagnetic ordering of uranium magnetic moments below the Néel temperature Tn =45.5(1) K
and the existence of two easy axes in the studied compound, namely b and ¢, which correspond to
the plane of the uranium zig-zag chains. Magnetic field applied along these two crystallographic
directions induces in the system a first-order metamagnetic phase transition (from antiferromag-
netism to field-polarized paramagnetism), and the width of the magnetic hysteresis associated with
that transition reaches as much as about 40 kOe at the lowest temperatures. A magnetic phase
diagram developed from the experimental data showed that the metastable region associated with
that magnetic hysteresis forms a funnel that narrows toward the Néel point in zero magnetic field.
The four-layer Ising model has successfully predicted the collinear antiferromagnetic structure in
UNig.34Gez (known from earlier reports), its magnetic phase diagram, and temperature and field
variations of its magnetization. Moreover, it suggests that the first-order phase transition extends
down to zero magnetic field, although it is barely detectable in the experiments performed in low
magnetic fields. According to this model, the second-order phase transition occurs in the compound

only in zero field.

I. INTRODUCTION

Uranium intermetallics have attracted the attention of
the scientific community not only because of their poten-
tial use in the nuclear industry as new accident tolerant
fuel materials [1, 2], but also because of the unique and
intriguing physical properties that have been discovered
in many of them as a direct consequence of the presence
of 5f shells in their electron structure. Those phenom-
ena include but are not limited to heavy-fermion super-
conductivity [3-5], very high magnetic ordering tempera-
tures and strong magnetocrystalline anisotropy [6, 7], or
recently discussed dual nature of the uranium 5f electrons
[8-11].

A unique place among uranium compounds is occu-
pied by uranium germanides, as undoubtedly one of the
most spectacular discoveries made among uranium com-
pounds was the finding of pressure-induced superconduc-
tivity in ferromagnetically ordered UGey (with the su-
perconducting temperature reaching Ty, = 0.8 K at pres-
sure Ps. =1.2GPa) [12], followed shortly thereafter by
the discovery of ambient-pressure superconductivity in
the ferromagnets URhGe (T =0.25K) [13] and UCoGe
(Tse =0.8K) [14]. Importantly, the ferromagnetism of
UGe, is relatively strong: the compound has a high
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Curie temperature Tc =52 K and very large (as for ura-
nium intermetallic compounds) ordered magnetic mo-
ment fiorq =1.5 up. In contrast, URhGe and UCoGe ex-
hibit much weaker ferromagnetism: their T and piopq are
as small as — respectively — 9.5 K and 0.42 ug in URhGe
[13] and 3K and 0.03 g in UCoGe [14], which is certainly
not indifferent for the formation of a superconducting
state in those systems.

The compounds UTE;_,Gey (where TE stands for
a transition metal) are another, relatively recently dis-
covered and described in the literature, family of ura-
nium germanides. They crystallize in the orthorhombic
CeNiSis structure type (in the case of the phases with TE
= Fe [15-17], Co [18], and Ni [19-21]), or a slightly mon-
oclinically distorted derivative (for TE' = Ru [22] and Os
[23]). A common feature of the compounds UTE;_,Geq
and the ferromagnetic superconductors UGes, URhGe,
and UCoGe is the presence of parallel uranium zig-zag
chains. Importantly, in the latter three phases, these
chains induce in the ferromagnetically ordered state lo-
cal inversion symmetry breaking, which seems to be of
great importance for the formation of the superconduct-
ing state [24]. Therefore, although superconductivity has
not yet been observed in any of the UTFE;_,Gey phases
(at least at ambient pressure and at temperatures above
2 K), their structural similarity to ferromagnetic super-
conductors warrants more in-depth studies of their prop-
erties.
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So far, it has been found that most of the UTE;_,Ge,
compounds are ferromagnets with the Curie tempera-
ture ranging from 18 K (for Co [18]) to 63 K (for Ru
[22]). Only one representative of that group of com-
pounds, namely UNi;_,Ges has been found to order an-
tiferromagnetically, with the Néel temperature Ty =47 K
(for x=0.55) [21]. Furthermore, at the temperature of
2 K and in a magnetic field of about 100 kOe, a first-
order metamagnetic transition to field-polarized param-
agnetism (often called field-induced ferromagnetism) has
been observed in that compound, accompanied by a very
large magnetic hysteresis with a width reaching about
40 kOe [21].

Neutron diffraction experiments performed on a poly-
crystalline sample of UNig 5Gey [21] revealed that in the
absence of external magnetic field, the magnetic moments
of uranium in that system lie in the plane of the chains
and are aligned perpendicular to the zig-zag chains direc-
tion (see Fig. 1). Moreover, they are ferromagnetically
ordered within the chains (i.e. along the crystallographic
b-axis), while the consecutive pairs of chains are antifer-
romagnetically ordered and form the sequence — + +—
[21]. However, there is no information on the evolution
of the magnetic structure with magnetic field, leading to
the metamagnetic transition in that system.

As can be seen in Fig. 1, the arrangement of the mag-
netic moments within the chains in UNi;_,Ges is very
similar to that reported for URhGe and UCoGe [24].
This is somewhat surprising because the distances and
angles between the uranium atoms within the chains
in UNi;_,Ges are much closer to these found in UGes,
where the ferromagnetically ordered magnetic moments
are aligned not perpendicular to the chains but along
them [24]. Tt is therefore of particular interest to study in
detail the magnetic behavior of the system UNi;_,Ges,
including attempts to model the magnetic interactions
between the uranium magnetic moments.

In this paper we focus on results of crystal structure
(Sec.TITA) and basic thermodynamic characterization
(Sec. IIIB) of a single crystal of UNij_,Gey with & =
0.66. They are followed by a description of the results of
experiments performed in magnetic fields devoted to de-
tailed characterization of the metamagnetic phase transi-
tion evidenced in the studied compound (Sec.III C). Fi-
nally, we construct a magnetic phase diagram and pro-
pose its theoretical description (Sec. ITI D). We show that
the magnetic behavior of the studied uranium germanide
can be explained within a straightforward model that
is independent of the crystal and band structure of this
compound. We believe that our findings can help in the
proper interpretation and understanding of the unique
physical properties of the closely related ferromagnetic
superconductors UGes, URhGe, and UCoGe.
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FIG. 1. (Color online) Magnetic structures of UGez,
U(Rh,Co)Ge and UNij_,Gez in the ferromagnetic state and
in the absence of external magnetic field, drawn from data
taken from Refs. 21, 24.

II. METHODS

A high-quality single crystal of UNi;_,Ges was grown
using a tetra-arc furnace by the Czochralski-method
pulling method. The obtained cylindrical-shaped crys-
tal with a diameter of about 3 mm and a length of about
15mm was then cut along the main axis of the cylin-
der and checked by X-ray diffraction (XRD), energy-
dispersive X-ray spectroscopy (EDXS) and selected area
electron diffraction (SAED). The single-crystal XRD
experiment was performed on an Oxford Diffraction
X’Calibur four-circle diffractometer equipped with a
CCD camera using graphite-monochromated MoKa ra-
diation (A\=0.71073 A). Data collection was carried out
at room temperature on a crystal with dimensions of
about 0.16 x 0.06 x 0.03mm? using the CrysAlis PRO
1.171.39.46 software (Rigaku Oxford Diffraction, 2018),
which was also involved in data reduction. The empir-
ical absorption was corrected by Gaussian integration
over a multifaceted crystal model. The crystal structure
was solved by direct methods and refined by the full-
matrix least-squares method on F? utilizing the crystallo-
graphic software package SHELX [25] accessible through



the graphical user interface Olex2 [26]. EDXS mea-
surements were performed using a FESEM FEI Nova
NanoSEM 230 scanning electron microscope equipped
with an EDAX Genesis XM4 spectrometer on a cleaved
surface of the single crystal. SAED experiments were car-
ried out using a JEOL 2100 LaBg transmission electron
microscope operating at 200 kV.

All further physical experiments were performed on
specimens cut from the original single-crystalline cylin-
der. Crystallinity and orientation of those samples
were checked by the Laue backscattering technique us-
ing a Proto Laue-COS Single-Crystal Orientation Sys-
tem. Longitudinal DC magnetization and specific heat
of the so-obtained bar-shaped single crystal were mea-
sured down to about 2K and in applied magnetic fields
up to 140kOe using a commercial Quantum Design
Physical Property Measurement System (QD PPMS)
equipped with a vibrating sample magnetometer (VSM).
Thermal expansion and magnetostriction were studied
over the same temperature and magnetic field ranges
using a QD PPMS DynaCool platform equipped with
a stress-dilatometer from Kuechler Innovative Measure-
ment Technology.

III. RESULTS AND DISCUSSION
A. Crystal structure

The crystal structure of UNi;_,Gey was first checked
by single crystal XRD on a small piece of the Czochralski
grown sample. The structural resolution and refinements
confirm the orthorhombic Ni-deficient CeNiSis-type for
this phase, with cell parameters and atomic positions
(see Tabs. T and II, and the .cif file in Supplemental Mate-
rial) fully compatible with the previously published ones
[21]. Along the U zig-zag chains, the interatomic dis-
tances between uranium atoms are 3.8600(4) A and the
angles 62.754(5)°. These values are very close to those
encountered in the UTFE; _,Ges series, and slightly larger
and smaller, respectively, than those found in UGey (for
a summary and discussion of these values, see Ref.21).
The refined occupancy of the Ni-site leads to the chemical
composition UNig 34(1)Gez, slightly more understoichio-
metric than the previously reported polycrystalline sam-
ple (UNig45(1)Gez), but in good agreement with EDX
data, within the 1 at.% accuracy of the method.

To rule out the possibility for an ordered Ni-site occu-
pancy, recently reported for different ternary rare earth
germanides,[27-29] electron diffraction has been per-
formed. The SAED patterns along various zone axes
(Fig. 2) can be fully indexed with the UNig 34Ges struc-
ture determined from single crystal XRD and no super-
structure spots are visible, confirming the statistical oc-
cupancy of the Ni-site.

TABLE I. Single crystal X-ray diffraction data collection and
refinement parameters for UNig 34Ges.

Empirical formula UNig.34(1)Gez

Structure-type CeNiSia
Molar mass 403.02 g mol ™*
Space group Cmem

a=4.1000(2) A

b=15.8711(9) A
c=4.0195(2) A
261.55(2) A3

4 /10.235gcm™3
86.563 mm ™"

black
0.16 x 0.056 x 0.026 mm?
2.567° —30.050°

Cell parameters

Cell volume

Z / calculated density
Absorption coefficient
Crystal colour

Crystal size

0 range

Limiting indices -5<h<5h
22< k<22

-5<I<h

Collected/unique reflections 3496 / 242

Ring 0.0529
Absorption correction numerical (Gaussian)

Max./min. transmission 0.194 / 0.021

Data / restraints / parameters 242 /0/ 19

Goodness of fit on F? 1.153

R indices [I > 20([)] R1=0.0190
wRy =0.0407

Extinction coefficient 0.0015(2)

Largest difference peak and hole +3.308 and —1.625eA 3

B. Magnetic ground state

Fig. 3 displays results of the basic magnetic characteri-
zation of the single crystal of UNig 34Ges. As can be seen,
the inverse magnetic susceptibility x ! of the compound
is strongly anisotropic over the entire temperature range
studied, while exhibiting above about 50 K qualitatively
the same paramagnetic Curie-like behavior for each of
the main crystallographic axes. Least-squares fits of the
modified Curie-Weiss law:

x(T) + Xo (1)

T—-0,
to the experimental data collected for individual axes (for
the sake of clarity, the fits are not shown here) yielded the
effective magnetic moments pf, the paramagnetic Curie-
Weiss temperature 6, and the temperature independent
Pauli-like susceptibility xo collected in Tab. ITI.

To compare the obtained results with the previ-
ously published data for the polycrystalline compound
UNig 45Gez [21] (see open circles in Fig. 3(a)), we plotted
temperature dependence of the averaged magnetic sus-
ceptibility X;VIg(T) of the single-crystalline UNig 34Ges
compound, defined as Xavg(T) = 3xa(T) + $xu(T) +
2xe(T), where x4(T), xo(T) and x.(T) denote the ex-
perimental curves measured for H || a, H || b and H || ¢,
respectively (see black dashed line in Fig.3(a)). In addi-
tion, we also calculated the averaged values of the Curie-



TABLE II. Refined standardized atomic coordinates, occupancy rates and isotropic displacement parameters for UNig.34Gea.

Atom Wyckoff position x

Y

z Occupancy Ueq (1073 A2)

U
Ni
Gel
Ge2

4c
4c
4c
4c

0.39618(2)
0.1900(2)
0.05245(9)
0.74976(9)

1/4
1/4
1/4
1/4

0.0079(2)
0.014(2)
0.0148(3)
0.0218(3)

1
0.337(6)
1
1

8(1)

14(2)
1)
1

15(
22(1)

FIG. 2. SAED patterns of a single crystal of UNig.34Gez
along two different zone axes, indexed in the orthorhombic
CeNiSiz-type unit cell.

Weiss fitting parameters and included them in Tab. ITI
along with the corresponding values found for the poly-
crystalline sample. As can be seen, both the plotted
curves and the values of the corresponding fitting param-
eters are very close to each other, confirming the correct
orientation of the studied crystal and good reproducibil-
ity of the magnetic properties of the UNi; _,Gey system.

As it was found in polycrystalline UNig 45Ges, the esti-
mated values of the effective magnetic moment in single-
crystalline UNig 34Ges are much smaller than the val-
ues predicted for free U3+ and U** ions (3.62 and 3.58
g, respectively), but they are large enough to attribute
the observed magnetic properties of the compound ex-
clusively to the uranium ions. And the observed dis-
crepancy is due to partial delocalization of 5f electrons,
magnetocrystalline anisotropy, and/or crystal field effect.

Interestingly, the value of 8, derived for the single crys-

TABLE III. Least-squares fitting parameters of the modified
Curie-Weiss law to the experimental x~*(7T") curves obtained
for single-crystalline UNig.34Gez, plotted in Fig.3(a), com-
pared with its averaged values (avg) and those obtained for
polycrystalline UNig 45Gez (poly).

Crystal orientation
in magnetic field
H|a
H|b
Hl|ec
avg
poly”

Xo
(emumol ™)
6.1(1) x 1077
2) x 1074
Yy x 1074
)y x 1077
) x 107*

6.8(
2.5(1
5.1(1
2.9(6

a Ref. [21]

tal of UNip 34Gey is positive for the b and ¢ axis (and
comparable to Tx), while it is negative for the a axes.
That hints at predominance of ferromagnetic exchange
interactions between the magnetic moments of uranium
along the b and ¢ axes, and at antiferromagnetic cou-
pling between them along the hard a axis of the studied
compound.

As can be inferred from Fig. 3(b), the single-crystalline
UNig.34Ges compound orders antiferromagnetically be-
low the Néel temperature Ty =45.5(5) K (defined as a
maximum in dy/dT, ¢f. Fig.5), which is slightly lower
than Ty =47 K found in polycrystalline UNig 45Ges and
determined in lower field of 100 Oe [21]. That small dif-
ference in the ordering temperature is fully consistent
with the previously observed small decrease of Tx with
decreasing Ni-content in the UNi;_,Gey system (for de-
tails see the Introduction in Ref. 21).

Field variation of the magnetization M of UNij 34Ges,
measured in magnetic field applied along its main crys-
tallographic axes, is shown in Fig. 3(c). The M (H) curve
obtained for H || a-axis is featureless: it is linear in H
over the entire magnetic field range studied, as expected
for an antiferromagnet. At the highest applied field (i.e.
140kOe), it reaches a value of 4.35(1)emug!, which
corresponds to the magnetic moment projection of about
0.32(1) up, which is (as expected) far from the ordered
magnetic moment of 1.95(3) up estimated from the neu-
tron diffraction experiments [21].

If, on the other hand, H is applied along the b axis,
then the magnetization of the studied crystal is linear in
field only up to 90kOe, when M rapidly increases (more
than four times), manifesting a metamagnetic phase
transition from the antiferromagnetism into the polar-
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FIG. 3. (Color online) (a) Temperature dependence of inverse
magnetic susceptibility x~! of single-crystalline UNig.34Ges
measured in magnetic field H applied along the main crystal-
lographic axes, together with its averaged values xavg and the
data collected earlier for polycrystalline UNig.45Gez [21]. (b)
Low-temperature x(7") of the crystal studied; an arrow indi-
cates the Néel temperature. (c) Field variation of the magne-
tization M measured for the main crystallographic axes with
increasing and decreasing H, as indicated by arrows.
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FIG. 4. (Color online) (a) Low-temperature specific heat Cp
of single-crystalline UNip 34Ges measured in zero magnetic
field and divided by T'; an arrow marks the ordering temper-
ature Tn, and Cei, Cpn and Chag show — respectively — elec-
tron, phonon and magnon contributions to the total Cp/T
obtained from least-squares fits (for details see the text). (b)
Zero-field and low-temperature linear fractional thermal ex-
pansion AL/Ly of the studied crystal measured along the
main crystallographic directions, with Lo taken at 80 K.

ized paramagnetism. Above the transition, the magneti-
zation shows a clear trend toward saturation and reaches
at 140 kOe a value of 20.93(1) emug~!. It corresponds to
a value of the ordered magnetic moment po.q of about
1.52(1) pup, which is not so far from the value of fioq
derived from the neutronographic data (1.95(3) us [21]),
and about the size expected for depopulated ground mul-
tiplet of uranium ions. When the magnetic field is low-
ered, the magnetization decreases to its initial values only
at about 57kOe, exhibiting quite large magnetic hys-
teresis in M(H) with a width of nearly 40kOe. The
observed hysteresis along with the sharpness of the tran-
sition clearly indicates that the transition is of the first
order.

M(H) measured for H || ¢ shows features of both the
a and b axes. In particular, when the field is increased to
about 100 kOe, the M (H) curves measured for H || ¢ and



H || a overlap. However, applying higher fields triggers
for the ¢ axis the metamagnetic transition observed for
the b axis but not observed for the a axis. Moreover,
the transition found for H || ¢ has similar features as
that found for H || b: it is associated with pronounced
magnetic hysteresis of the width of about 31 kOe and the
saturation (at 140kOe) at a value of 21.96(1) emug~!. It
corresponds to a value of the ordered magnetic moment
of about 1.59(1) up, which is as close to the neutron-
diffraction value of 1.95(3) up as that found for H || b.
The averaged value of piorq is 1.14(3) pup, which is close
to the value reported for the polycrystalline sample (i.e.
0.9 up [21]).

Based on the described behavior of the field de-
pendence of the magnetization of single-crystalline
UNig.34Ges, it can be concluded that a is the hard mag-
netization axis of the studied crystal, while b and ¢ are
its easy magnetization axes. Moreover, the shapes of
the M(H) curves in Fig.3(c) fully agree with the posi-
tive signs of the paramagnetic Curie-Weiss temperature
found for the b and c axes, and with negative 6, de-
rived for the a axis. This is a somewhat surprising find-
ing, given the zero-field neutron diffraction data, which
showed ferromagnetically ordered ac planes stacked anti-
ferromagnetically along the b axis in a sequence — 4+ +—
and with the magnetic moments aligned along the b axis
[21]. Tt turns out, that although the b axis is clearly fa-
vored in zero field (in terms of the magnetic order), the
in-plane (ac) interactions are far from symmetric, which
is revealed only by applying magnetic field.

Fig.4 shows temperature variation of other thermo-
dynamic properties of UNig 34Geg, namely specific heat
(plotted here as Cp/T) and linear fractional thermal ex-
pansion (defined as AL/Lg, where AL is the sample
length change, and L is its original length at a given
temperature — here: 80K). In Cp(T')/T (Fig.4(a)), the
antiferromagnetic phase transition manifests itself as a
distinct A-shaped peak occurring just below Ty (deter-
mined from the magnetic properties data), confirming
the intrinsic character of the ordering and high quality
of the crystal, and being in excellent agreement with the
data reported for the polycrystalline sample. As in the
case of polycrystalline sample, we analysed Cp(T') of the
single crystal in terms of a sum of electron, phonon and
magnon contributions, i.e.:

Cp(T) = Ca(T) + Cmag(T) + Cpu(T), (2)
where
Ca(T) =T (3)

describes the conduction-band electron contribution with
the Sommerfeld coefficient ~,

Conag(T) = aT~0e=2/T (4)

represents the antiferromagnetic magnon contribution
according to Ref.[30] with the coefficient o and the en-

ergy gap A in the spin-waves spectrum, and

Con(T) = 9rR (gD)d /OQD/T (:4_61)2 (5)

is the phonon contribution in a form of the conventional
Debye equation, with r as the number of atoms in
the formula unit, the universal gas constant R, and
the characteristic Debye temperature Op. The least-
squares fitting of Eq. (2) to the experimental data below
about 30K yielded for single-crystalline UNig 34Ges the
parameters: 7y =>59(1) mJK2mol~!, ©Op =255(2)K,
a=376(9) JK=%%mol~!, and A=78.0(4)K, which are
in satisfactory agreement with those obtained for poly-
crystalline UNig 45Ges, d.e. v =54.2(6) mJK 2mol 1,
Op =267(2) K, a=486(11) JK=%® mol 71, and
A=787(2)K [21].

It is worth noting that the proposed model is very sim-
plified when it comes to the description of magnon and
phonon spectra, and electron contributions. Therefore,
the obtained values of the fitting parameters should be
considered only as a rough estimate of the corresponding
energy scales. Nevertheless, even such a fit gives some es-
timation of the phonon contribution, which can be used
to calculate the non-phonon entropy at Ty. One can eas-
ily show (see Fig.SM1 in Supplementary Materials) that
the non-phonon entropy in UNig 34Ges reaches at Ty a
value of about 9.1(2) J K~ mol~!, which is very close to
RIn3 (9.13 JK~!mol~1) expected for 3 populated levels
of the uranium ground multiplet split in the crystal field
— the situation very likely in the studied compound and
at the considered temperatures.

As can be seen in Fig.4(b), the thermal expansion
of the compound studied, measured in zero magnetic
field along its main crystallographic axes, is weakly
temperature-dependent in the range from 80 K down to
the ordering temperature Ty, at which rapid changes in
the lattice dimensions occur, characteristic of the invar
effect [31]. In particular, the unit cell of the studied com-
pound expands along the b and ¢ axes by +1130(1) ppm
and 90(1) ppm, respectively, while it shrinks along the a
axis by —423(1) ppm. The expansion of the crystal lat-
tice along the easy magnetic direction and its shrinking
along the hard axis implies a strong coupling between
spins and lattice in the antiferromagnetic state [31, 32].
Furthermore, the magnitude of that effect in zero field
is very large, compared to other uranium compounds
studied so far, e.g. UO2 (about 40ppm [33]) and UN
(about 250 ppm [34]). Deeper analysis of that property
of UNig.34Ges is in progress and will be published later
on.

C. Metamagnetic phase transition

To shed more light on the nature of the metamagnetic
phase transition evidenced in the studied compound and
on its unexpected occurrence in magnetic fields applied
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FIG. 5. (Color online) Left axes: dc magnetic susceptibil-
ity x and magnetization M of single-crystalline UNig.34Ges
measured as a function of decreasing temperature in various,
constant applied magnetic fields; diagonal arrows indicate the
increase of the magnetic field H. Right axes: temperature
derivatives of the experimental curves; dashed vertical lines
points at deduced transition temperatures (for clarity, only
one dashed line is shown in panel (a)).

along the c-axis of the crystal, we extended our mea-
surements of thermodynamic properties of UNig 34Ges
to higher fields. Fig.5 shows temperature dependence of
its magnetization (for convenience, it is plotted in panel
(a) as dc magnetic susceptibility), measured in various
constant magnetic fields. As can be seen, the magnetic
field applied along the a axis, which turned out to be the
hard axis of the crystal, has virtually no effect on the
shape and position of the antiferromagnetic phase tran-
sition at least up to 140kOe. One can only observe a
barely visible shift in Tn toward lower temperatures, as
expected for an antiferromagnet.

The field-induced shift of Ty toward lower tempera-
tures is much more pronounced when H is applied along
the b and ¢ axes, which are the easy magnetization axes.
As can be seen in Figs.5(b) and 5(c), the antiferromag-
netic cusp in M(T) rapidly shifts its position with in-
creasing magnetic field, and the Néel temperature derived
from dM/dT (see dashed lines in Figs.5(b) and 5(c),
right axis) lowers from about 45K in 10kOe to about
21K in 70kOe for the b axis, and from about 45K in
10kOe to about 22K in 90kOe for the ¢ axis. In higher
magnetic fields, the overall shape of the M(T') curves
changes abruptly, taking that predicted by the mean-field
model for a ferromagnetic phase transition transformed
by an external magnetic field (see e.g. Ref. [35]).

The behavior of all the M(T') curves shown in Fig.5
is fully consistent with the results of the initial charac-
terization described in Sec.III B. The antiferromagnetic
ordering temperatures, defined as a maximum in the first
derivative of the magnetic susceptibility (dy/dT) or the
magnetization (dM/dT), were determined for each ap-
plied field (see Fig. 5, right axes) and plotted as the cor-
responding graphs in Fig. 10.

As expected, the M(H) curves measured in H || a
are featureless and exhibit purely linear behavior in both
the paramagnetic and antiferromagnetic states, hence
they are not shown here as irrelevant to the study of
the metamagnetic phase transition. Fig.6 displays field
dependence of the magnetization of single-crystalline
UNig.34Ge; measured at various temperatures and in
magnetic field parallel to the two easy axes, i.e. H | b
and H || ¢. The hysteresis associated with the field-
induced metamagnetic phase transition is clearly visi-
ble in both easy axes throughout the ordered region,
although its shape and position change with tempera-
ture. In particular, at the lowest temperature studied
(i.e. 2.5K), the magnetization jumps (observed with
both increasing and decreasing fields) are very sharp, and
the hysteresis loops are nearly rectangular and very wide,
suggesting that the metamagnetic transition studied is a
first-order spin-flip (and not spin-flop) transition in both
H | b and H || ¢. As the temperature increases, the
hysteresis loops for both crystallographic directions no-
ticeably tilt toward higher magnetic fields and become
narrower, but their positions remain almost unchanged
up to 15K in H || band 10K in H || ¢ (see Figs. 6(a) and
6(c)). At higher T, the hysteresis loops quickly become
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hardly visible, their position shifts toward lower mag-
netic fields, and the M (H) curves evolve into an S-shape
(see Figs. 6(b) and 6(d)), suggesting continuous nature of
the metamagnetic phase transition at temperatures ap-
proaching Tx.

Using the first field derivatives of the magnetization,
dM/dH, we derived the transition fields for each M (H)
isotherm (see the right axes in Figs.6(a), 6(b), 6(c) and
6(d)). The so-obtained data points were added to Fig. 10.

The field-induced change in the ordering temperature
of UNig 34Ges is also clearly seen in the specific heat of
the compound (Fig.7) and is fully consistent with that
observed in magnetic properties of the compound. In
particular, as the magnetic field increases, the anomaly
in Cp(T')/T shifts towards lower temperatures, confirm-
ing the antiferromagnetic nature of the ordering. It also
changes its form from a A shape to a spike-like contour,
thus suggesting the evolution of the magnetic phase tran-
sition from the second to the first order. Finally, at
H >70kOe for H || b and at H >90kOe for H || ¢ the
anomaly becomes suppressed, smeared, and hardly visi-
ble in the Cp(T')/T curves. The positions of the maxima
in Cp(T)/T were used to construct the magnetic phase

diagram of UNig 34Ges (Fig. 10).

Fig.8 (left axes) shows the low-temperature thermal
expansion of the studied compound, measured along its
main crystallographic axes in longitudinal magnetic field.
As can be seen, when the field is applied along the a-
axis, the position of the phase transition remains almost
unchanged, while for H || b and H || ¢ the transition
temperature decreases from about 45K in zero field to
about 22K in H =70kOe for the b-axis, and to about
25K in H =90kOe for the c-axis. Moreover, as can be
inferred from the temperature dependence of the linear
thermal expansion coefficient af, (see Fig. 8, right axes),

defined as:
1 /dL
aL——fo (dT>P7 (6)

the anomaly in ar(7) (manifesting the phase transi-
tion in UNig 34Ges) clearly changes its form from the
A shape in zero magnetic field to the spike-like shape in
high fields. Note that similar evolution (interpreted as a
change from the second-order to the first-order character
of the phase transition) was observed also in the specific
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heat of the compound (Fig. 7). The positions of the max-
ima in ay,(T) were added to the magnetic phase diagram
of UNi0'34G62 (Flg 10)

To verify the presence of the magnetic hysteresis ob-
served in M(H) for H || b-axis and H || c-axis (Fig.6),
we measured the linear thermal expansion of single-
crystalline UNig 34Ges as a function of increasing and
decreasing longitudinal magnetic field, for the two easy
axes. As can be seen, in the magnetically ordered region
AL/Ly (Fig.9, left axes) exhibits distinct field-induced
phase transitions for both crystal orientations, visible as
sharp peaks in its field derivatives (Fig.9, right axes).
This clearly suggests the discontinuous nature of these
phase transitions, which is most pronounced at the low-
est temperature studied (as the hysteresis is the widest
there) and less noticeable at temperatures approaching
T, being fully consistent with the magnetic properties of
the system studied. Also, the phase transitions tempera-
ture and field obtained from d(AL/Ly)/dH are in good
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ear thermal expansion AL/Lo (left axes) and linear ther-
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tallographic axes in longitudinal magnetic field; dashed lines
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agreement with those determined from dM/dH (see the
phase diagrams in Figs. 10(b) and Figs. 10(c)).

Another interesting feature of the magnetostriction of
UNig 34 Ges is its sensitivity to the external magnetic field
in different regimes. As shown in Fig. 9, AL/Ly mea-
sured along the b- and c-axis is almost independent of the
field in the antiferromagnetically ordered region, while it
increases almost linearly with an increasing field in the
polarized paramagnetic state. Interestingly, the field-
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FIG. 9. (Color online) Left axes: linear thermal expansion AL/Lq of single-crystalline UNig.34Ges measured along the b axis
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magnetic field; sloped arrows indicate field changes for the largest hysteresis (the arrows for other isotherms are omitted for

clarity). Right axes: field derivatives of AL/Lq.

induced sample expansion is very significant - it has a
similar magnitude to its contraction caused by the meta-
magnetic phase transition.

At first glance, one could attribute the behavior of
AL(H)/Ly in high fields to the increasing polarization of
the uranium magnetic moments with an increasing mag-
netic field, as would be expected for a spin-flop transition
(just above it) and in the paramagnetic region. Such
an interpretation, however, contradicts the results of
the magnetization measurements (Fig. 6), which clearly
show a saturation of M already above the phase transi-
tion, thus ruling out its spin-flop nature. To elucidate
the microscopic origin of the field-induced expansion of
UNig.34Gey along the b- and c-axes, additional studies
are needed, including e.g. high-resolution XRD at low
temperature and in high magnetic field, complemented
by ab-initio electron and phonon structure calculations.

D. Magnetic phase diagram

Fig. 10 shows the tentative magnetic phase diagram
of UNig.34Ges constructed for each of its main crystal-
lographic directions based on the experimental data de-

scribed in Sec. 111 C. As expected, the diagram obtained
for the hard axis a (Fig. 10(a)) is trivial and shows only a
single, antiferromagnetically ordered region with a nearly
field-independent phase boundary. Since this boundary
line shows no tendency to bend toward lower temper-
atures in higher magnetic fields, one could argue that
inducing a metamagnetic transition along the hard axis
would require magnetic field order of magnitude higher
than that used in our experiments.

This would not be the first case of such strong magnetic
anisotropy. As an extreme example of the experimental
realization of such a situation, it is worth recalling the
compound UN, which needed a magnetic field as high as
58 T to induce the reversal of only 1 of the 12 antifer-
romagnetically coupled ferromagnetic layers in the direc-
tion of the magnetic field [34, 36]. In addition, it was
estimated that any further metamagnetic phase transi-
tions in this compound would require increasingly higher
magnetic fields, which is beyond experimental capability.
Presumably, fully polarized paramagnetism in UN can
only be observed in a field of about 258 T [36].

In the case of the magnetic field applied along the two
easy axes (b and c) the situation is quite different. The
metamagnetic phase transition in UNij 34Ges is observed
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FIG. 10. (Color online) Tentative magnetic phase diagram
constructed for single-crystalline UNig 34Ges for the magnetic
field directions parallel to the main crystallographic axes.
AFM and PM denote an antiferromagnetic and paramagnetic
state, respectively. Hatched areas indicate magnetic hystere-
sis associated with a metamagnetic transition.

for both orientations in moderately high magnetic fields.
The average critical field, extrapolated to the absolute
zero temperature, appears to be no higher than about
70-75 kOe for H || b-axis (Fig. 10(b)) and about 95-100
kOe for H | c-axis (Fig. 10(c)). However, the hystere-
sis observed in the field dependence of the magnetization
and thermal expansion (Figs. 6 and 9) forms a distinct
metastable region in the H — T diagrams, whose width
at absolute zero temperature can be estimated to be as
high as about 53 kOe and 55 kOe for the b and ¢ axes, re-
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FIG. 11. (Color online) Four-layer Ising model used to de-
scribe the magnetic phase diagram of UNi;_,Ges along with
its two solutions (see Sec. IIID for details).

spectively. This metastable region becomes increasingly
narrow as the temperature increases and is hardly no-
ticeable above about 30 K for H || b-axis and H || c-axis.

To reproduce the experimental magnetic phase dia-
gram constructed for the b-axis of the single crystalline
UNig 34Ges (Fig. 10(b)), and field and temperature de-
pendence of its magnetization (Figs. 6(a,b) and Fig. 5(b),
respectively) we considered a minimal, multi-layer Ising
spins model (Fig. 11; upper panel). The Hamiltonian of
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(b) Field variations of magnetization M of the four layers
for several values of reduced temperature T'/Ja; shaded areas
represent the metastable state. (c) Temperature dependence
of M for several values of reduced magnetic field h/Ja.

such a system has the form:

H=-%" lszst;
4,3

n

+ 7 (Gt +aSPSI) 4 1Y Sf] . (D)
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where S]' denotes the z-th component of the spin %,
i numbers the spins in the plane, and n numbers the
planes. The parameter j, describes the interaction be-
tween the spins in a plane, j; — the interaction be-
tween the nearest planes, js — the interaction between the
next-nearest planes, and h stands for the external mag-
netic field. To describe the actual magnetic structure of
UNig 34Ges [21], we consider four layers with magneti-
zation of individual layers m,, = (S™) (n = 1, 2, 3 and
4).
In the simplest approach, i.e. the mean field approxi-
mation (MFA), it is easy to find the free energy F' in the
form:

F = j.(mi +m3 +m3 + mj)
+ j1(ma +ms3)(ma +my) + 2j2(mims + maomy)

h+2j.m1 + ji(ma + ma) + 2joms |
5T |
b h 4 2jom1 4 j1(mg + ma) 4 2j.m3 |
oT |
h 4 2j.ma + ji1(mq 4 m3) 4 2jamy |
5T _
h+2jama + ji(ma +m3) + 2j.my |
2T ’

(8)

— T'log |2 cosh

— T'log |2 cos

— T'log |2 cosh

— T'log |2 cosh

and the necessary conditions for the minimum of F"

OF
omy,

—0. 9)

Assuming the solutions in the form (¢f. the magnetic
structure from Ref. 21):

my=my and mg=msy (10)
with the notation:
m;=-m+gq and mo=m+gq, (11)

one can find the condition for the free energy minimum
from the system of equations:

4(Jpq + Jam) — (Jp — Ja)tm — (Jr + Ja)t, = 0,
A(Jrpqg — Jam) — (Jp + Ja)tm — (Jr — Ja)t, =0,

(12)
where
Jr=J. t 1 +J2, JA =] — J2, (13)
and
h+2J 2J;
tp :tanh( +2Jam + Fq) ,
2T
(14)
¢t — tanh h—2Jam+ 2Jpq
"o 2T '

In the presence of the external magnetic field (h # 0),
the necessary conditions for the energy minimum can be



fulfilled for two solutions: (1) (ms+m1)/2 = m, describ-
ing an antiferromagnetic state (AFM, see Fig. 11, bottom
left panel), and (2) (mg — m1)/2 = ¢, corresponding to
field-polarized paramagnetism (PM, see Fig. 11, bottom
right panel) with the magnetization oriented along the
field. By numerically solving the system of equations
(12), we find the phase diagram, and field and tempera-
ture dependence of the average magnetization M of four
layers (i.e. M = Zizl my,/4). In the numerical calcu-
lation we assume that J5 = 1, and the other interaction
parameters, temperature and field are dimensionless, in
units of Jx.

Fig. 12(a) shows the phase diagram (h,T') with three
regions: (i) AFM, where the antiferromagnetic solution
satisfies the minimum conditions, (ii) META, where anti-
ferromagnetic solution can exist as metastable, and (iii)
PM, with the magnetization along the magnetic field.
The field

h=hi =j:. = ja (15)

marks the boundary of the existence of the AFM phase,
while the field

h= hm = =1/2(j1 + 2j2) (16)

covers the region where the AFM solution yields a mini-
mum. Below a certain value of the field, the metastable
region almost disappears and probably cannot be ob-
served experimentally. However, in this simplest molec-
ular field approximation, the metastable state vanishes
(and the system undergoes a continuous phase transition)
only for h = 0. Figs. 12(b) and 12(c) show the field
and temperature dependence of the magnetization, re-
spectively, generated from the solution found. For small
values of the field (h < %), the hysteresis is essentially
invisible, which agrees with the conclusion regarding the
vanishing of the metastable region.

Due to the assumptions of the model, we can com-
pare the theoretical curves only with the experimental
data collected for H || b-axis, i.e. the phase diagram
in Fig. 10(b) to Fig. 12(a), the field dependence of the
magnetization in Figs. 6(a,b) to Fig. 12(b), and the tem-
perature dependence of the magnetization in Fig. 5(b)
to Fig. 12(c). Surprisingly, it turns out that the pre-
sented extremely simple model based on the molecular
field approximation reproduces reasonably well some of
the experimental observations. In particular, these are:
(i) the presence of the antiferromagnetic and metastable
state, (ii) vanishing magnetic hysteresis for temperature
near Ty and low magnetic field, and (iii) a continuous
phase transition in zero external magnetic field. Unfor-
tunately, this model is not suitable for explaining any of
the thermal expansion behavior.

IV. SUMMARY AND CONCLUSIONS

Summarizing, the properties of the single-crystalline
compound UNig 34Gey described in this work are in good
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agreement with the preliminary results reported for the
polycrystalline sample of UNig 45Geg [21]. The observed
small differences in the phase transition temperatures
and fields of the polycrystalline and single-crystalline
samples should be attributed solely to the impossible-
to-avoid difference in their stoichiometry, due to the ev-
idenced homogeneity domain for the UNi;_,Ges phase
with 0.35 < < 0.6 [37]. The high quality of the crys-
tal used in this study allowed for a distinct improvement
in the sharpness of the antiferromagnetic and metamag-
netic phase transitions. As a result, a reliable magnetic
phase diagram was proposed for all three main crystal-
lographic axes, constructed based on temperature- and
field-dependent measurements of various thermodynamic
properties.

Two observations seem most important in this study.
First, given the magnetic structure of the system stud-
ied in zero magnetic field (i.e. all the moments paral-
lel or antiparallel to the b-axis) [21], one would naively
expect UNig 34Gey to have one easy magnetization axis
(the b-axis), and that the ¢ axis to be as hard as the
a axis. Surprisingly, it turned out that UNig 34Ges has
two easy axes, b and ¢, although the b-axis is indeed the
easiest one. Only at the lowest temperatures and at a
relatively low magnetic field do the a and ¢ axes show
some similarity in the magnetic behavior, well seen in
the field dependence of magnetization (Fig. 6). In other
words, the magnetocrystalline anisotropy in UNig 34 Ges
appears to be an intermediate case between the strong,
uniaxial anisotropy (in which there is only one easy axis
and two hard axes) and weak, cubic anisotropy (in which
all axes show qualitatively the same behavior in the mag-
netic field). This clearly suggests the existence of some
relationship between the observed anisotropy of the stud-
ied compound and the presence in its structure of ura-
nium zig-zag chains aligned in the bc-plane.”

Second, we have shown that the magnetic structure of
UNig.34Gey in zero field and its temperature and field
characteristics can be well described using a relatively
simple, four-layer Ising model. Since this model consid-
ers only one, z-th component of the magnetic moments,
which is parallel to the applied magnetic field direction,
it obviously cannot explain the presence of the two easy
axes in the system. Nevertheless, that simple approach
shows that in zero field the layered structure of the sys-
tem appears to be sufficient to lead to an antiferromag-
netic collinear structure and the magnetic behavior ob-
served experimentally.

Considering these observations, one can conclude that
the zig-zag chains in UNig 34Ges generally do not play a
key role in the occurrence of magnetic ordering and its
evolution in applied magnetic field. However, they seem
to determine the anisotropy of the studied compound,
especially the orientation of the uranium magnetic mo-
ments in H || ¢, which presumably evolves towards that
one observed in zero magnetic field in UGes, i.e. the mo-
ments become parallel to the chains (¢f. Fig. 1). Further
experiments (preferably neutron diffraction in magnetic



fields) are needed to confirm this hypothesis. In turn,
band structure calculations could shed more light on the
possible role of Ni d-electron bands in the formation of
the magnetic ground state of UNig 34Ges.
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