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We report on the magnetic phase diagram of the distorted kagome-lattice antiferromagnet
UsRusAl;2 determined through measurements of magnetic and elastic properties. For field applied
along the [100] and [120] axes of the hexagonal crystal structure, we find pronounced anomalies
in the magnetization and elastic moduli that signal the existence of unknown magnetic phases.
Our crystal-electric-field (CEF) analysis evidences interlevel quadrupolar interactions between the
ground-state singlet and the first excited doublet. These interactions lead to a large softening of the
shear elastic modulus Cus4. The large number of phases and pronounced elastic softening suggest
that geometric frustrations and CEF effects play an important role in the physical properties of

U3RU4A112 .

I. INTRODUCTION

Geometric frustration refers to the inability of a sys-
tem to minimize the interaction energy between each pair
of spins due to their spatial arrangement. This lowers or
even completely suppresses magnetic ordering tempera-
ture and may reveal competing interactions and complex
ground states. In a geometrically frustrated material,
several states with different orders can have similar en-
ergies. A small perturbation can therefore significantly
affect its electronic properties. An applied magnetic field
can act as a tuning parameter between different magnetic
phases. Frustrated compounds often exhibit complex
phase diagrams and offer a rich playground for studying
competing interactions [1-6].

Kagome systems have a corner-sharing triangular lat-
tice. Among intermetallic compounds having a kagome
lattice, CePdAl stands out due to the coexistence of geo-
metric frustration and an antiferromagnetic order and its
proximity to a quantum critical point [7—9]. Below the
Néel temperature, Ty = 2.7 K, one third of the partly
itinerant Ce magnetic moments are disordered.

Interesting physics can also be expected for uranium-
based kagome intermetallic compounds. The 5f electron
states are usually partially delocalized and participate
in bonding. They hybridize with with the s, p, and d
states of surrounding ligands and conduction electrons.
This has as a consequence a dominance of many-body
phenomena in the cross-over regime. The 5f bandwidth,
the screened interatomic Coulomb interaction, the spin-
orbit coupling, and the exchange interaction are all on a
similar energy scale. Hence, uranium-based intermetal-
lic compounds show a rich variety of ground states and
magnetic properties (see, e.g., Ref. [10]).

The ternary intermetallic compound UsRugAljs crys-

tallizes in a hexagonal crystal structure of GdgRuysAly2
type (space group P63/mmc; a detailed description of
the crystal structure is given in Refs. [11-14]) where
the U atoms form a distorted kagome lattice parallel to
the basal plane. This crystal structure is well suited to
study correlated magnetism in the presence of geomet-
ric frustration, as can be inferred from previous studies
of isostructural compounds, particularly those with mag-
netic rare-earth atoms, R. Complex magnetic structures
and field-induced magnetic phase transitions accompa-
nied by large anomalies in transport and elastic proper-
ties were reported for several members of the R3RuysAlq2
family [16-23]. One might naturally expect UsRuyAl;s
to show various magnetic phases as applied magnetic field
tunes the state of the 5f electrons. Although geometric
frustration is likely to play a role in the magnetism of
UsRuyAlys, the compound orders antiferromagnetically
below 10 K [14, 15]. The frustration, however, affects
the magnetic structure that was found to be noncollinear
with the U moments confined to the basal plane.

Here, we use magnetic field as a tuning parameter to
explore the phase diagram of UsRugAl;s. We employ
magnetization and ultrasound measurements in static
and pulsed magnetic fields to unveil new phases in the
compound. Particularly ultrasound is known to be a
highly sensitive probe of magnetoelastic interactions [24—
30]. We find pronounced anomalies in the magnetic and
elastic properties of UsRuyAljs that allow us to identify
three ordered phases in the H-T plane for field applied
along the [100] axis and two phases for field applied along
the [120] direction. Additionally, our crystal-electric-field
(CEF) analysis confirms that quadrupolar interactions
are responsible for a pronounced softening of a shear elas-
tic modulus. The large number of phases and the exis-
tence of quadrupolar interactions suggest that geometric
frustrations and CEF effects play an important role in
the physical properties of UsRuyAlys.



II. EXPERIMENTAL DETAILS

A UzRuyAl, single crystal was grown from an 8-gram
quasi-stoichiometric mixture of the pure elements (99.9%
U, 99.99% Ru and 99.999% Al) with an Al mass excess of
1% in a tri-arc furnace by a modified Czochralski method
on a rotating water-cooled Cu crucible under protective
Ar atmosphere. A tungsten rod was used as a seed. The
pulling speed was 10 mm/h. Back-scattered Laue diffrac-
tion was used to check the single-crystalline state and to
orient the crystal for magnetic-susceptibility, magnetiza-
tion, specific-heat, and ultrasound measurements.

Single crystal x-ray diffraction data were collected
at ambient temperature using a four-circle diffractome-
ter (Gemini of Agilent) equipped with a Mo x-ray
tube [A(MoKa) = 0.71073 A], Mo-enhanced collimator,
graphite monochromator, and an Atlas CCD detector.
The CrysAlis Pro [31] program was used for lattice in-
dexing, to refine the unit cell, reduce the data, and per-
form the absorption correction (face-indexing and Gaus-
sian spherical harmonics algorithms). Superflip [32] was
employed to solve the structure. Refinements of the
crystal structure were carried out using Jana2006 [33]
against all the reflections. The final R-factor for the crys-
tal structure solved in the space group P63/mmc (type
GdsRuygAlys) converged to 3.2%. The lattice parameters
of UsRuyAljy were found to be a = 8.828(3) A and ¢
= 9.430(4) A, which are in good agreement with those
reported in Refs. [14, 15].

Magnetic susceptibility (an excitation with an ampli-
tude of poHexe = 0.001 T was applied along the [100]
and [120] axes at a frequency of 97 Hz) and magnetiza-
tion in static magnetic fields up to 14 T were measured
using a commercial Physical Property Measurement Sys-
tem (PPMS). The PPMS was also used for specific-heat
measurements by the relaxation method.

High-field magnetization was measured at 2 K in
pulsed magnetic fields up to 58 T by the induction
method using a coaxial pick-up coil system (a detailed
description of the magnetometer can be found in Ref.
[34]). Absolute values of the magnetization were cali-
brated using data obtained in static fields.

The field and temperature dependences of the relative
sound-velocity changes, Av/v, were measured using an
ultrasound pulse-echo technique [35, 36] in static mag-
netic fields up to 17 T and in pulsed magnetic fields
up to 58 T. A pair of piezoelectric transducers were
glued to opposite surfaces of the sample in order to ex-
cite and detect acoustic waves. We approximated the
relative changes of the elastic moduli, AC;;/Cy;, using
AC;; /Cyi = 2Av;; /vy for small sound velocity changes.
We measured the longitudinal, Ci; (k || w || [L00], where
k and u are the wavevector and polarization of acoustic
waves, respectively), Css (k|| w || [001]), and transverse,
Cua (K || [100],u || [001]), Ceg (K || [100],w || [120]) acous-
tic modes. The magnetic field was applied along the [100]
and [120] axes.
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FIG. 1: Temperature dependences of (a) the magnetic suscep-
tibility, x, (b) the specific heat, C, and (c) the relative change
of the elastic moduli Ci1, Cs3, C44, and Css of UsRusAl12 at
zero field. The ultrasound frequencies were 56, 98, 29, and
124 MHz for the C11, Cs3, Ca4, and Css modes, respectively.

III. RESULTS

Figure 1(a) shows the magnetic susceptibility, x, of
UsRuyAlys in zero field. An antiferromagnetic order sets
in at around 8 K where x starts to decrease for both
[100] and [120] excitation directions. The x vs. T data
agree well with previous results and can be explained by
ordering of the magnetic moments in the basal plane as
found by neutron scattering [15]. [001] is a hard axis. x
does not display anomalies for Hey. || [001] (not shown).

The specific heat, C', displays a lambda-type anomaly
[Fig. 1(b)]. We define the midpoint of the specific-heat
increase as the Néel temperature, Ty = 8.2 K.

Near Ty, all elastic moduli show anomalies that point
to the magnetoelastic coupling in UsRuysAlyo [Fig. 1(c)].
C11 and C33, have minima near Ty. Cy4 displays harden-
ing upon entering the antiferromagnetic state. Cgg starts
softening at Ty and shows a minimum centered at 6 K.
As will be shown below, the broad anomalies in Cy4 and
Cgg originate from two successive phase transitions.
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FIG. 2: Temperature dependences of the magnetization, M,
divided by field, H, applied along the (a) [100] and (b) [120]
axes of UsRusAl;a.

In applied field, the magnetic susceptibility does not
show any clear anomaly. We used magnetization divided
by field, M/H, and elastic moduli to trace the field evo-
lution of various magnetic phases in UsRugAls.

For a field of 1 T applied along the [100] axis, M/H
displays a pronounced decrease on entering the antiferro-
magnetic state [Fig. 2(a)]. Apart from a maximum at 8
K, a small bump can be resolved near 6 K as indicated by
an arrow. This suggests the presence of two transitions.
They exhibit a broad maximum in M/H in fields up to 4
T. A sharper anomaly emerges at higher magnetic fields.
It is found close to T in zero field and, hence, signals an
antiferromagnetic-paramagnetic phase transition.

M/H for field applied along the [120] axis also shows
a broad maximum [Fig. 2(b)]. It shifts to lower temper-
atures with field up to 10 T. At higher fields, a kink is
observed, e.g., at 7 K in 14 T. It likely indicates a phase
transition from the antiferromagnetic into the paramag-
netic state.

Thus, our magnetization data allow us to follow the
field evolution of the Néel temperature and point to ad-
ditional anomalies below Tx. Our measurements of elas-
tic moduli provide further evidence for new phases in
U3RU4A112.

For field applied along the [100] axis, C1; and Cs3 dis-
play a minimum at the Néel temperature that broadens
with increasing field [Figs. 3(a) and 3(b)]. At 12 T, Ty
is reduced to about 4 K.

Cy4 and Cgg show a change of the slope and a min-
imum, respectively [Figs. 3(c) and (d)]. These fea-
tures shift to lower temperatures with increasing field and
are no longer observed above 4 T. Therefore, they most
likely have an origin different from the antiferromagnetic-
paramagnetic phase transition. The transitions seen in
Cy4 and Cgg correspond to the broad maxima in M/H
[Fig. 2(a)]. A phase transition into the paramagnetic
state can be identified by an inflection point of Cy4 and
Ces-

All elastic moduli show a single anomaly for field ap-
plied along the [120] direction (Fig. 4). C11 and Css ex-
hibit a minimum near the Néel temperature that broad-
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FIG. 3: Temperature dependences of the relative change of
the elastic moduli (a) Ci1, (b) Css, (¢) Caa, and (d) Cee for
field applied along the [100] axis of UsRusAli2. The ultra-
sound frequencies were 56, 89, 29, and 124 MHz for the Ci1,
C33, Cua, and Css modes, respectively.

UsRu,Al, 0.0004I
HII[120]

AC;IC;;

T(K) T(K)

FIG. 4: Temperature dependences of the relative change of
the elastic moduli (a) C11, (b) Css, (¢) Cu4, and (d) Cge for
field applied along the [120] axis of UsRu4Alj2. The ultra-
sound frequencies were 64, 98, 30, and 112 MHz for the Ci1,
C33, Cu4, and Css modes, respectively.

ens and shifts to lower temperatures with increasing field
[Figs. 4(a) and 4(b)].

With decreasing temperature, Cy4 shows hardening in
zero field with a kink at Ty [Fig. 4(c)]. This changes to
softening in 1 T, which suggests a large transformation
of the magnetic state, probably due to a transition to a
new phase. The broad minimum in Cgg observed in zero
field narrows in applied fields [Fig. 4(d)], probably due
to the appearance of a new magnetic phase.
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FIG. 5: Field dependences of (a) and (b) the magnetization,
M, and the field derivative of the magnetization, dM/dH;
and the relative change of the elastic moduli (¢) and (d) Ci1,
(e) and (f) Cu4, (g) Css, and (h) Cs3 for field applied along
the [100] and [120] axis of UsRusAly2. For field applied along
the [100] axis, the ultrasound frequencies were 56, 29, and
124 MHz for the C11, Ca4, and Cgss modes, respectively. For
field applied along the [120] axis, the ultrasound frequencies
were 64, 30, and 98 MHz for the C11, C44, and Czz modes,
respectively.

For field applied along the [100] direction at 2 K, the
magnetization displays a weak change of slope near 12
T [Fig. 5(a)]. The field derivative of the magnetization,
dM/dH, shows an anomaly with hysteresis at low fields
and a maximum just above 12 T. Additional field-induced
transitions can be revealed in the elastic moduli. Cq;
and Cy4 show hardening just below 2 T at 1.4 and 1.5
K, respectively [Figs. 5(c) and 5(e)]. The hardening has
large hysteresis which does not close when sweeping the
field back to zero. For Cy4, a pronounced maximum is
also observed near 4 T at 1.5 K. In the same field range,
Csp shows a minimum [Fig. 5(g)]. Additionally, Cy1, Cyq,
and Cgg display a broad field-induced transition above
12 T as the antiferromagnetic order is suppressed [Figs.
5(c), 5(e), and 5(g)].

For field applied along the [120] axis, the magnetiza-
tion is a smooth function of field up to 14 T at 2 K [Fig.

4

5(b)]. dM/dH shows an anomaly at 1 T. This transition
leads to softening of Cy; and Cyy [Figs. 5(d) and 5(f)]
and hardening of Cs3 [Fig. 5(h)]. For Cyq4, this is in ac-
cordance with our observation that hardening changes to
softening between zero and 1 T at Ty as the tempera-
ture decreases [Fig. 4(c)]. We find no other transitions
in fields up to 16 T.

For Cs3 (H || [100]) and Css (H || [120]), no anomalies
can be resolved (not shown).

Our magnetization and elastic-modulus measurements
in static fields up to 17 T suggest that UsRuyAlj shows
several distinct phases below Try. We have found evidence
for the existence of three magnetic phases for field applied
along the [100] axis. Two phases were revealed for field
applied along the [120] axis. Higher magnetic fields are
required since UsRuyAl;s may display additional field-
induced transitions.

Figure 6(a) shows the magnetization measured in
pulsed magnetic field up to 58 T applied along the princi-
pal crystallographic directions of UsRugAljs at 1.7 K. A
large magnetic anisotropy is evident between the basal
plane and the [001] axis. The easy-magnetization di-
rection lies in the basal plane, in accordance with the
neutron-scattering data [15]. An anomaly with hystere-
sis is found in the vicinity of 13 T for field applied along
the [100] axis. The field derivative of the magnetiza-
tion, dM/dH, shows maxima at 15 and 11 T for up and
down field sweeps, respectively [inset in Fig. 6(a)]. In
the same field range, Cy4 displays a broad anomaly that
originates from a suppression of the antiferromagnetic
order [Fig. 5(e)]. For field applied along the [120] axis,
dM/dH also shows a maximum at 19 T. Above 30 T,
the magnetization for H || [100] and H || [120] tends to
level off and reaches approximately 3.5 ug/f.u. Taking
into account the rather large magnetic moment per ura-
nium atom, My = 2.5 pup [15], more transitions can be
expected in higher fields. The magnetization per f.u. of
the forced ferromagnetic state can be found as follows:
Mtorro = 3 x My = 7.5 pg. For H || [001], the magneti-
zation shows no anomalies.

Since Cy4 displays pronounced anomalies as a func-
tion of temperature and field, we also measured this elas-
tic modulus in pulsed fields. Cy4 displays softening for
H || [100] [Fig. 6(b)]. In addition to the transitions
found in static fields [Fig. 5(e)], we observe an inflection
point between 20 and 30 T. In the same field interval, the
magnetization changes its slope. These anomalies proba-
bly mark a crossover to a new phase. For H || [120], the
softening observed in low fields is followed by pronounced
hardening [Fig. 6(c)]. A kink is seen around 20 T. Near
this field, dM/dH shows a maximum [inset in Fig. 6(a)].

Figure 7 shows the H-T phase diagram of UsRuyAlj
based on our magnetization and elastic-modulus mea-
surements. The diagram strongly depends on the field
direction, which points to a large anisotropy of the mag-
netic and elastic properties. For field applied along the
[100] axis, three distinct phases exist below Ty [Fig.
7(a)]. Phase I exists in the low temperature-low field cor-
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FIG. 6: Field dependences of (a) the magnetization, M, for
field applied along the [100], [120], and [001] axes and (b) and
(c) the relative change of the elastic modulus Cya for field
applied along the [100] and [120] axes of UsRu4Ali2. The inset
in panel (a) shows the field derivatives of the magnetization,
dM/dH, for field applied along the [100] and [120] axes. The
ultrasound frequencies were 111 and 104 MHz for field applied
along the [100] and [120] axes, respectively.

ner. With increasing field, phase I changes to an interme-
diate phase IT at 2 T. Near 6 T, UsRu4Al;2 enters phase
IIT. At the lowest temperatures, the antiferromagnetic-
paramagnetic phase boundary is found at about 13 T.
The critical field of a high-field anomaly in the paramag-
netic state found for Cyy in pulsed fields is also shown in
Fig. 7(a).

Two phases can be found for field applied along the
[120] axis [Fig. 7(b)]. Here, the ordered phase is sup-
pressed at 19 T. Phase V exists below the paramagnetic-
antiferromagnetic phase boundary in a broad field range.
Below 1.5 T, UsRuyAljs shows phase IV. This is lkely
the same phase as phase I for H || [100] as both of them
occur in a small region close to zero field. A possible
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FIG. 7: Magnetic phase diagrams for field applied along (a)
the [100] and (b) the [120] axes of UsRusAliz. Lines are
guides to the eye.

nature of the observed phases will be discussed in Sec.
V.

IV. CEF ANALYSIS

For uranium-based intermetallic compounds, CEF ef-
fects are usually not so pronounced as compared to rare-
earth-based materials. This is due to the extended 5f
wavefunctions in contrast to the well localized 4f wave-
functions. Nevertheless, for some uranium-based com-
pounds, e.g., UNiSn and UCuySn, pronounced CEF ef-
fects and concomitant softening of a transverse elastic
modulus were observed [37, 38].

For UsRuyAl;,, there is a large softening of Cyy below
100 K, whereas C11, Cs3, and Cgg show hardening with
decreasing temperature down to Ty (Fig. 8). Below, we
explain this softening by CEF effects.

For a CEF analysis, we have to make an assumption
about the state of the 5f electrons in UgRuyAl;j5. Pre-
vious results showed a reduced ordered uranium mag-
netic moment as compared to the 5f2 and 5f2 config-
urations [14, 15]. Additionally, the electrical resistivity
is either constant or decreases strongly with tempera-
ture in the paramagnetic state, depending on the direc-
tion of current. This suggests that the 5f electrons are
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FIG. 8: Relative change of the elastic moduli C11, C33, Caa,
and Cge of UsRugAli2 at zero field. The ultrasound frequen-
cies were 64, 98, 29, and 124 MHz for the C11, Css, Ca4, and
Ces modes, respectively. The magenta curve is a fit of Caa
using Eq. (6).

likely more delocalized at high temperatures, i.e., ura-
nium approaches the 5f2 state. Therefore, we assumed
the 5f2 configuration of uranium for the CEF analysis in
the paramagnetic state of UsRusAljs.

We used the CEF model to fit our magnetization and
elastic-modulus data [39, 40]. We start with the effective
Hamiltonian,

Heg = Hogr + Hsq + Hoq + Hzeemans (1)
where Hcgr, Hsq, Hqq, and Hzeeman are the CEF,
strain-quadrupole, quadrupole-quadrupole, and Zeeman

energy, respectively. In the hexagonal symmetry of
UsRuyAlys, the CEF term is given by

Hcgr = B3O + BYOY + B{Og + BgOg,  (2)

where B]! are crystal-field parameters and O}, are

Stevens’ equivalent operators [41]. The strain-
quadrupole interaction can be expressed as
Hq=-)_ g0, 3)
i

where g; is the strain-quadrupole coupling constant, O;
is the quadrupole operator, and ¢; is the strain. The
quadrupole-quadrupole interaction is

Hqq = — ZQ§<01‘>O¢, (4)

where ¢} is the quadrupole-quadrupole coupling constant
and (O;) is a thermal average of the operator O;. The
Zeeman energy is

HZeeman = _ngBJHa (5)
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FIG. 9: (a) Temperature dependences of H/M measured in
a field of 1 T and field dependences of the magnetization,
M, up to 58 T at (b) 50 K and (c) 100 K for UsRusAl;o.
In all panels, the symbols and the solid lines represent the
experimental and calculated data, respectively. The inset in
panel (c) shows the CEF level scheme of a U*™ (J = 4) ion
obtained from the CEF parameters listed in Table I. In the
inset, the thin lines represent singlets, the thick lines represent
doublets.

where g; = 0.8 is the Landé factor and J = 4 is the
quantum number of the total angular momentum of a
Ut ion.

The temperature dependence of an elastic modulus Cy;
can be calculated using the equation

_ Nog2 (1)
1—gx\(T)

that takes into account quadrupolar interactions. Here,

Cu(T) = CV(T) (6)



TABLE I: CEF parameters, By, (K), for UsRusAl;s.
BY BY B2 BS
87.9(5) 1.8(3)  -0.009(1) 0.31(3)

CE?) is the background stiffness, Ny = 9.39x10*" m—3
is the density of U atoms per unit volume, ng) is a
quadrupolar susceptibility [35]. More detailed informa-
tion about the CEF analysis is given in the Supplemental
Material [42].

Using the CEF parameters listed in Table I, we could
reproduce the temperature variation of H/M between 80
and 300 K [Fig. 9(a)]. At low temperatures for field
applied along the [001] axis, the calculated H/M grows,
whereas the experimental H/M continues to decrease.
This discrepancy can likely be explained by changes in
the localization degree of the 5 f electrons and the appear-
ance of other contributions on approaching the ordered
state such as Kondo-like interactions [15].

The magnetization in fields up to 58 T is qualitatively
reproduced at 50 and 100 K [Figs. 9(b) and (c)]. The
agreement between theory and experiment is better at
100 K.

Our model also reproduces the softening of Cyy (Fig.
8) in the same temperature range as H/M [Fig. 9(a)].
Using Eq. (6), we obtained g; = 162.6 K and ¢, = -
5.18 K. The negative g} value suggests the existence of
antiferroquadrupolar-type interactions.

In a hexagonal CEF, the 9-fold multiplet of U** splits
into 3 singlets and 3 doublets [inset in Fig. 9(c)]. The
ground-state singlet I'4 is separated from the first excited
doublet T's by 62 K. The next CEF levels have much
higher energies, above 1500 K. The overall CEF splitting
exceeds 6000 K.

In the crystal lattice of UsRuyAlj2, the matrix ele-
ments (I'4]|0,.|T'4) and (I'4|O0.4|T'4) are zero, where O,
and O,, are quadrupole operators. Therefore, for the
ground state there is no quadrupolar degeneracy cor-
responding to the Cyy mode. The energy separation
between the ground state and the first excited state,
62 K, makes the existence of an interlevel quadrupolar
interaction possible. The matrix elements (I'4|O,.|T'5)
and (I'4]O..|T's) have nonzero values. This interlevel
quadrupolar interaction explains the softening of Clyy.

V. DISCUSSION

The electronic properties of uranium-based intermetal-
lic compounds are largely determined by the unfilled 5 f
shell. The 5f wavefunctions are more extended as com-
pared to the 4 f wavefunctions of the rare-earth elements,
resulting in a greater hybridization with valence and con-
duction electrons. The 5f states of a vast majority of
uranium intermetallics are itinerant, or partly itinerant
[10, 43, 44]. On the one hand, the extended hybridization
delocalizes the 5f electrons and leads to a loss of mag-

netic order. On the other hand, it promotes magnetic
coupling between the 5f sites. An empirical rule for the
formation of a magnetic order is given by a critical value
of the distance between nearest-neighbor uranium ions,
known as the Hill limit [45]. If the inter-uranium spacing
exceeds 3.4 - 3.6 A, a spontaneous magnetic order of the
uranium sublattice may exist. However, Hill’s rule is not
always valid and should rather be taken as an indication
whether the 5f electrons can be localized (see, e.g., Refs.
[46, 48, 49, 57]).

Another important consequence of the extended hy-
bridization of the 5f states is the magnetic anisotropy.
It is related to the bonding anisotropy in the sense that
the direction of magnetic moments is determined by the
bonding symmetry. As a result, the U magnetic mo-
ments tend to align as far as possible from the nearest-
neighbor U-U links [50]. In uniaxial crystal structures,
e.g., hexagonal and tetragonal, the moments are ori-
ented perpendicular to the shortest inter-uranium spac-
ings. The strong spin-orbit coupling leads to a very
large magnetic anisotropy and a prevalence of collinear
magnetic structures, whereby the magnetic moments are
locked along high-symmetry directions.

UsRuy Al displays unusual magnetic properties that
do not completely follow this conventional picture. The
U atoms form a kagome lattice parallel to the basal
plane where the shortest inter-uranium distances, 3.575
A, are found. This value is within the Hill limit, and
one could expect a small localized moment, if any. How-
ever, UsRuyAljs shows a rather large magnetic moment,
2.5 pup/U atom, as found by neutron scattering [15]. For
a CEF analysis, we assumed the 5f2 state of uranium
in the paramagnetic region and found a better agree-
ment between experiment and theory at 100 K than at
50 K. Further, the direction of the U magnetic moments
is not perpendicular to the shortest inter-uranium spac-
ings. This would require the moments to be oriented
parallel to the hexagonal 6-fold axis. Unexpectedly, the
U magnetic moments are arranged in a noncollinear tri-
angular structure in the basal plane [15].

The unanticipated ground-state magnetic properties of
UsRuyAlj2 can be tuned by an external parameter to
study the exchange interactions and magnetic anisotropy
and reveal the role of a possible geometric frustration.
We have found that the magnetic and elastic properties
of UsRuyAlys are particularly susceptible to applied mag-
netic fields.

The H-T phase diagram of UsRugAlys features three
phases for H || [100] and two phases for H || [120]
below the Néel temperature. The transitions between
these phases lead to pronounced anomalies in elastic
moduli due to the existence of magnetoelastic coupling.
This makes ultrasound measurements extremely useful
for mapping out the phase diagram.

Since the U atoms are coupled antiferromagnetically
and form a kagome lattice, competing exchange interac-
tions are a likely reason for the existence of several phases
in the H-T diagram of UsRusAl;s. Apart from the



peak due to the paramagnetic-antiferromagnetic transi-
tion, our zero-field specific-heat data do not show other
anomalies [Fig. 1(b)]. This suggests that the magnetic
entropy changes little when passing from one phase into
the other.

Below, we discuss the nature of zero-field and field-
induced phases in terms of their possible magnetic-
moment configurations.  The magnetic structure of
UsRuyAljs was determined to be commensurate non-
collinear with the moments confined to the basal plane
at 1.6 K [15]. The representation analysis indicates that
only one two-dimensional (2D) physically irreducible rep-
resentation (irrep) is active in the model described in
Ref. [15] (mGMS5- in the Miller and Love notation [51]).
In fact, further symmetry analysis of the solution using
the tools of Bilbao Crystallographic Server [52, 53] shows
that the spin configuration corresponds to the Shubnikov
space group Cmcm’, for which two different irreps are
found to be active instead of one. In addition to the
primary 2D irrep, mGM>5-, a secondary unidimensional
irrep, mGM2-, allows additional degrees of freedom for
the spins in this structure. In the model described in
Ref. [15], the magnetic ordering splits the magnetic site
into two independent sites with distinct degrees of free-
dom for the U spins. Nevertheless, spin amplitude and
orientation seem to be correlated with those of the pri-
mary active irrep. Hence, some relative spin orientations
not forced by symmetry were probably included in the
model [53], although certainly fully supported by the ex-
perimental data.

It follows from our magnetic-susceptibility and magne-
tization data that the U magnetic moments do not devi-
ate from the basal plane below Tx. As the temperature
is raised above 6 K, a different magnetic state emerges.
Given that the geometrical arrangement of the U atoms
likely frustrates exchange interactions, it is reasonable to
expect a magnetic structure that is incommensurate with
the unit cell.

Although rare, incommensurate magnetic structures
have been found for some uranium intermetallics. An in-
commensurate helical structure was reported for UPtGe
where it forms due to the coexistence of a small in-plane
magnetic anisotropy and frustrated exchange interactions
[54, 55]. Another example is UNiGe that shows an incom-
mensurate phase between 41.5 K and Ty = 51 K [56-58].
Below 41.5 K, a commensurate antiferromagnetic phase
exists [57-59]. For UsRuyAlj2, no temperature depen-
dence of the magnetic wavevector is given in Ref. [15].
As the magnetic structure likely changes in the vicinity
of 6 K, an additional zero-field neutron-scattering study
is required to follow its temperature evolution.

The antiferromagnetic order of UsRuyAljs does not
seem particularly robust as relatively small fields, ~ 1
T, break it. This reflects that the ground state can be

easily perturbed due to geometric frustration. The field-
induced states have a nonzero ferromagnetic component.
Since the magnetization is far from the forced ferromag-
netic state even in fields up to 58 T, the ferromagnetic
component coexists with an antiferromagnetic compo-
nent. This was observed for the field-induced phases of
UNiGe [56, 60-62].

A small magnetic moment might be induced on the
Ru atoms in applied field as well. UsRusAlis has a
large C/T value, ~ 600 mJ mol~* K~2 [15], close to
that of DyzRuyAlj2, ~ 500 mJ mol~! K~2 [16]. As ex-
plained for DysRu4Alyo, the Ru 4d subsystem is involved
in the exchange interactions due to the polarization com-
ing from the 4f and 5d states. A similar effect likely
exists for UsRuyAl;2, whereby the Ru 4d states are po-
larized through the 5f and 6d states. In applied field, the
splitting of the spin-up and spin-down subbands of the
itinerant 4d states grows, and the Ru magnetic moment
increases.

We can speculate about an additional broad high-field
feature in Cy4 in the paramagnetic state for field applied
along the [100] axis [Fig. 6(b)]. It probably originates
from changes of the U magnetic moment. As the mag-
netization continues to increase in this field range, the U
moments may become more localized. If this picture is
correct, the band structure should be affected. Therefore,
electrical-resistivity measurements in high fields may pro-
vide more information about the physics of the 5f states
of U3RU.4A112.

VI. CONCLUSION

Our results reveal an important role of geometric frus-
tration and CEF effects in the physical properties of
UsRuyAly2. We observed several distinct ordered phases
when field is applied along the basal plane. Our CEF
analysis suggests that the quadrupolar interactions re-
sult in a pronounced elastic softening of the shear mod-
ulus Cy4. Thus, UsRuyAl;s is a good candidate for mag-
netic x-ray and neutron scattering studies of frustration
effects.
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