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The physical properties of URhSn with quasi-kagome structure are studied using single-crystalline samples
via electrical resistivity, magnetic susceptibility, heat capacity, thermal expansion, and high-field magnetization
measurements. Remarkable magnetic anisotropy is found in the ferromagnetic (FM) state below 7¢c = 16 K as
well as in the ordered state between T and Tp = 54 K, where the easy and hard magnetization directions are
the hexagonal [0001] and [1010] axes. In the paramagnetic state, the magnetic susceptibility shows a Curie-
Weiss behavior; the Weiss temperatures are positive and negative for [0001] and [1010], respectively, indicating
the presence of both FM and antiferromagnetic (AFM) correlations. The entropy release for 5f electrons is
approximately RIn3 at 7. The thermal expansion coefficient is strongly anisotropic around 7o between the
hexagonal basal plane and the [0001] axis, indicating its remarkable anisotropic magnetoelastic response and
uniaxial stress dependences. Interestingly, the magnetic field response of the higher-temperature ordered state is
unusual: 7o (H ) increases and the heat-capacity jump is enhanced with the magnetic field for H || [0001]. Based
on the established thermodynamic evidence for the second-order transition at 7o(H ), a plausible scenario is the
occurrence of a canted AFM ordering or a conical state under magnetic fields, which is stabilized when coupled
with field-induced magnetic moments along the [0001] axis. Another possibility is the occurrence of quadrupole

ordering at To(H).

DOLI: 10.1103/PhysRevB.102.134411

I. INTRODUCTION

In solid-state physics, uranium compounds have attracted
considerable interest because of their unusual properties, such
as unconventional superconductivity [1-3], non-Fermi-liquid
behavior due to quantum phase transitions [4], exotic Kondo
effects [5], and metamagnetic instabilities [6—12]. Further-
more, uranium systems show exotic orders, e.g., multipole
orders in UCu,Sn [13-15], UNiSn [16], and UPd; [17,18],
and the hidden order in URu,Si; [3], whose order parameter
has not been understood for more than three decades [19].
Meanwhile, geometrically frustrated magnetic materials are
fascinating for the investigation of novel quantum states, such
as spin liquids [20,21], the spin nematic state [22], and chiral
magnetism [23]. Hence, a study of frustrated magnetic sys-
tems in uranium compounds with strong spin-orbit coupling
would lead to a nontrivial research field.

The uranium-based UTX (T = transition metals, X =
Al and Sn) system, which crystallizes in the hexagonal
ZrNiAl-type structure (space group: P62m) without inversion
symmetry in the crystal structure, is a good candidate for
frustrated 5 f-electron systems. In particular, the ZrNiAl-type
structure has a distorted kagome structure, which is comprised
of a network of uranium triangular lattices [Figs. 1(a) and
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1(b)]. Rare-earth-based ZrNiAl-type systems, such as CePdAl
[24-29] and YbAgGe [30-32], show novel magnetic phase
diagrams due to geometrical and magnetic frustration effects.
Meanwhile, UTX compounds have provided various interest-
ing properties due to the hybridization effects between 5 f and
conduction electrons [33]; furthermore, they have been inves-
tigated with a focus on their magnetic instability and quantum
criticality [4]. For instance, UCo0Al is a paramagnetic (PM)
system at ambient pressure that exhibits an itinerant meta-
magnetic (first-order) transition at 8 kOe with an Ising-type
moment (0.3 ug/U) [33,34]. It is considered that UCoAl is
located in the vicinity of a tricritical point (TCP), as estimated
at a negative pressure of —0.2 GPa [35]. Furthermore, the
metamagnetic transition has been studied in detail based on
tuning temperature (7), pressure (P), and magnetic field (H),
demonstrating the wing structure in the 7-P-H phase diagram
[36-38]. Moreover, an isostructural ferromagnet URhAI ex-
hibits a weak first-order ferromagnetic (FM) quantum phase
transition at a critical pressure P, ~ 5 GPa and non-Fermi-
liquid behavior above P, [39].

In the present study, we focus on URhSn, which shows
successive phase transitions at 7c = 16 K and 7o =54 K
[40-43]. Previous studies have reported only the results
of polycrystalline samples [40—43], where the transition at
Tc was due to FM transition, whereas the nature of the or-
dered phase below Ty, which we call the higher-T ordered
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FIG. 1. The ZrNiAl-type hexagonal structure of URhSn, shown
(a) for the (1100), which is equivalent to the (1010), and (b) for the
(0001) planes. In the basal plane, the uranium atoms form a quasi-
kagome structure. (c¢) Laue x-ray photograph for the (0001) plane of
the annealed single-crystalline URhSn.

phase herein, has not yet been established. Interestingly, the
higher-T ordered state may not have a simple magnetic origin,
since no magnetic reflection has been observed below T from
neutron scattering studies [42], and no internal field has been
observed from '1”Sn Mossbauer spectroscopy [44]. Although
isostructural UCoSn, URuSn, and UlrSn are all simple ferro-
magnets [40,41], URhSn shows an anomalous phase transition
at Ty above T¢.

To understand the nature of the higher-7" ordered phase in
URhSn, more precise studies using single-crystalline samples
are necessary. Recently, we have successfully grown single
crystals of URhSn. Herein, we report the results of electri-
cal resistivity, magnetic susceptibility, heat capacity, thermal
expansion, and high-field magnetization experiments, and we
discuss the origin of the unusual magnetic response of the
higher-T ordered phase in URhSn.

II. EXPERIMENTAL PROCEDURES

Single-crystalline URhSn samples were grown using the
Czochralski method in a tetra-arc furnace under an argon
atmosphere. The obtained single crystals were annealed under
high vacuum at 900°C for ten days and 800°C for seven
days, and no remarkable difference was observed in over-
all magnetic properties, but the annealed URhSn showed
sharper phase transitions at both T¢ and 7o, as seen by the
heat-capacity jump. In Fig. 1(c), a Laue photograph of the
(0001) plane is shown. The clear Laue spots demonstrate the
homogeneity of the single crystal obtained. In addition, a
polycrystalline ThRhSn sample was synthesized by arc melt-
ing as a reference material for heat-capacity results.

Electrical resistivity and heat-capacity measurements were
performed using a commercial physical property measure-
ment system (PPMS, Quantum Design Inc.) at temperatures
between 0.34 and 300 K. Here, the electrical resistivity mea-
surements were performed for bar-shape samples using a
standard four-probe ac method for the electric current along
J || [0001] and [1120] at zero field, while the heat capac-
ity measurements were performed using a thermal-relaxation
method at zero and magnetic fields up to 90 kOe along the
[0001]. Magnetization was measured at temperatures from 2
to 300 K in fields up to 70 kOe using a commercial magnetic
property measurement system (MPMS, Quantum Design
Inc.). Here, the temperature dependence of magnetization was
measured under the field-cooled (FC) condition. High-field
magnetization measurements of URhSn up to 560 kOe were
performed using a nondestructive pulse magnet at tempera-
tures from 1.4 to 100 K for the easy magnetization axis [0001].
The linear thermal expansion of URhSn was measured at zero
field for AL/L || [1010], [1120], and [0001], using the active
dummy gauge method, where strain gauges were glued on the
rectangle-shaped sample, and a copper block was used as a
reference. No superconductivity was observed in URhSn and
ThRhSn down to 0.34 K via heat-capacity measurements.

II1. RESULTS

A. Electrical resistivity

Figure 2(a) shows the temperature dependence of resis-
tivity for annealed single-crystalline URhSn, at temperatures
between 0.34 and 300 K, at zero field for the electric cur-
rents along the [0001] and [1120] axes. The remarkably
anisotropic transport properties in URhSn may be related to
the anisotropic Fermi surface in the PM and ordered states.
The residual resistivity ratio (RRR) values for J || [0001] and
J || [1120] are 22 and 11, respectively. Here, to minimize the
effects of sample dependence, the bar-shaped samples were
cut from a small sliced crystal of ~1 x 1 x 0.2 mm?. The
resistivity p(T') shows clear kink anomalies at 7o = 54 K
and Tc = 16 K, both of which are consistent with the results
reported for polycrystalline samples [40]. Below T¢, the re-
sistivity does not reflect p(T) = po + AT? [Fig. 2(b)], which
is expected for an itinerant ferromagnet at low temperatures
[45]. By contrast, as shown in Fig. 2(c), the o(T) in URhSn
obeys the theory of anisotropic FM spin waves [43,46], i.e.,
[p(T) = po + ApuT?e /T + B, T°], where the A and the
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FIG. 2. (a) The temperature dependence of electrical resistivity
p(T) for the annealed single-crystalline URhSn at zero field for elec-
tric currents along J || [1120] and [0001]. (b) p(T) vs T2. (c) p(T)
below 20 K, where the solid line is the fitting result assuming the
anisotropic FM spin wave, and the phonon contribution is derived
from the resistivity data of a polycrystalline ThRhSn.

Bpn T3 term are the energy gap of a spin wave and the phonon
contribution, respectively. We assume that the phonon con-
tribution in URhASn is the same as for nonmagnetic ThRhSn,
and we use the coefficient of By, obtained from the resistivity
data of polycrystalline ThRhSn [the dotted curve in Fig. 2(c)].
At low temperatures below 15 K, the residual resistivity py,
coefficient Agy;, and A values obtained are pg = 6.87 ©S2 cm,
Apm = 0.146 uQcmK ™2, and A =29.4 K for J || [0001],
and pp = 25.8 uQcm, Apy = 0.893 uQcmK™2, and A =
31.9 K for J || [1120]. These results indicate that the gap of
the FM spin wave, A, does not depend on the direction of
electric current, while the Ay and pg are anisotropic over the
two examined directions of current.

In addition, p(7) is nearly quadratic in the higher-7" or-
dered phase in a wide T window (20 < T < 40 K) [Fig. 2(b)]
[43], although the origin of this behavior is still unclear.

B. Magnetic susceptibility and inverse susceptibility

Figure 3(a) shows the temperature dependence of the mag-
netization divided by the magnetic field, M/H, of URhSn
measured at 2 kOe, applied along the hexagonal [0001] and
[1010] axes under the FC condition. At approximately 20 K,
the M || H value becomes considerably large for H || [0001]
upon cooling due to the FM transition, which is consistent
with previously reported results for polycrystalline samples
[40,41,43]. A significant anisotropy of x./x, ~ 3 was ob-
served in the PM state above T, where x. and y, are the
magnetic susceptibilities along the [0001] and [1010] axes.
Here, the magnetic susceptibility can be defined as x = M/H
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FIG. 3. (a) M(T)/H of the annealed URhSn at 2 kOe under the
FC condition for the [0001] and [1010] axes in logarithmic scales.
(b) The inverse susceptibility H/M(T) of URhSn for [0001] and
[1010], where the solid lines are the results of fitting (see text). Here,
the data for the as-grown sample are also plotted for [0001].

in the PM and higher-T ordered states, as the M(H) curves
are almost linear between 30 and 300 K, in low magnetic
fields below ~50 kOe, for both easy and hard magnetization
axes. In the FM state, the anisotropy becomes extremely large,
compared with those in the higher-T ordered phase and the
PM state. This remarkable anisotropic FM state is similar to
that observed in URhALI, which also has the ZrNiAl structure
[47-49].

Figure 3(b) shows the inverse susceptibility 1/x(T) =
H/M(T) of URhSn along H || [0001] and H || [1010]. The
1/x(T) data for H || [0001] above ~140 K are well de-
scribed by the Curie-Weiss law, i.e., x(T) = Tc_c(f)“w, where
Ccw and Ow are the Curie constant and Weiss temperature,
respectively. For H || [0001], the effective moment and Weiss
temperature obtained were ug; ~ 3.4up and ©f ~ 12 K,
respectively. Meanwhile, 1/x (T) data for H || [1010] cannot
be described by the Curie-Weiss law due to the presence of a
non-negligible T -independent value. Therefore, we analyzed
using the modified Curie-Weiss law x(T') = Xconst. + TC_C—(‘;W,
where const = 0.000 54 emu/mol is a T-independent value
that includes the Van Vleck term, the Pauli PM contribution,
and the diamagnetism of core electrons. The effective mo-
ment and Weiss temperature obtained for H || [1010] were
Meg ~ 2.4up and OF, ~ —34 K, respectively.

The results above suggest that an FM interaction exists for
H || [0001], whereas an antiferromagnetic (AFM) interaction
exists for H || [1010].

C. Magnetization for easy axis

In Fig. 4, we plot the temperature dependence of the mag-
netization M(T) for URhSn, measured at 10, 30, 50, and
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FIG. 4. The magnetization M(T) of the annealed single-
crystalline URhSn, measured at 10, 30, 50, and 70 kOe for the easy
magnetization axis [0001] under the FC condition. The inset shows
the temperature derivative of magnetization, dM/dT .

70 kOe along the easy magnetization axis of [0001] under
the FC condition. At Ty, a kink anomaly was observed in
M(T)/H. At low temperatures in the FM state, the induced
moment at 70 kOe is 1.5 up/U. Interestingly, the anomaly
at Tp becomes sharper with increasing field as shown in the
temperature derivative of magnetization [Fig. 4 (inset)], unlike
that of the FM transition at 7, which broadened with in-
creasing field. Neither hysteresis nor steplike behaviors were
observed for M(T ), suggesting that the phase transition at Ty
is of second order.

D. Magnetization for the hard axis

Figure 5(a) shows the temperature dependence of the mag-
netic susceptibility in the form of M/H versus T for annealed
URhSn for the hard magnetization axis of [1010], measured
at 1, 2, 10, and 50 kOe. In Fig. 5(b), we present the enlarged
data (shift values are indicated) to depict observed anoma-
lies for clarity. Furthermore, we measured the temperature
dependence of the magnetic susceptibility for H || [1120]
(another hard magnetization axis, not shown). In the PM and
the higher-T' ordered states, the magnetic susceptibility is
almost isotropic between [1010] and [1120]. At To, a clear
kink anomaly was observed in x (7"), and interestingly, x (T)
continues to increase with decreasing 7T for Tc < T < To.
Such a behavior differs from that of a collinear AFM state,
in which x(T) below the Néel temperature does not exceed
the value in the PM state. The significant increase in x (7") for
T < Tp is suppressed with increasing field. A broad anomaly
is also seen in M (T )/H at 22-23 K, defined as Ty; [Fig. 5(b)],
which may be related to the development of the FM fluctua-
tions. A kink was observed at 7c as well, and x (T) decreases
upon cooling below T¢. This might imply that the FM ordering
with the [0001] spin component is accompanied by a slightly
canted FM state, where the magnetic moments might be tilted
to the hexagonal basal plane, although such a signature has
not yet been reported in neutron scattering experiments at
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FIG. 5. (a) M(T)/H for the annealed single-crystalline URhSn
at 1, 2, 10, and 50 kOe applied along the hard magnetization axis
[1010] under the FC condition. (b) The enlarged M (T)/H measured
at 1, 2, 10, 20, 30, and 50 kOe (with shifted traces), where arrows
indicate the FM transition at ¢, the broad anomaly at 7,7, and the
higher-T order at Tp.

zero field [42]. To verify this possibility, further studies us-
ing microscopic probes, such as neutron scattering and NMR
experiments, are necessary.

E. M(H) curves in low fields

Figure 6(a) shows the magnetization curve M(H) mea-
sured in the FM state at 4.2 and 13 K, in the higher-T ordered
phase at 25 K, and in the PM state at 60 K under fields along
[0001]. Furthermore, in Fig. 6(b), the M (H ) curves for [1010]
measured at 4.2, 25, and 60 K are shown. For all temperatures,
the easy magnetization direction was [0001] in URhSn. A re-
markable magnetic anisotropy was found between [0001] and
[1010] below To (Mjooo11/Mi010; ~ 13 at 25 K). In addition, at
4.2 K, the FM momentis M ~ 1.5 ug/U for [0001] at 55 kOe,
with a particularly large anisotropy of Miooo11/M10107 ~ 25-
In the higher-T ordered state (T = 25 K), M (H) exhibits a
convex curve for [0001], whereas the M (H) curve above 40 K
is almost linear in low fields, as shown later in the high-field
magnetization results. In the PM state (T = 60 K), the M (H)
curves are also linear up to 55 kOe for both [0001] and [1010].
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FIG. 6. (a) M(H) curves of the annealed single-crystalline
URhASn for [0001] at 4.2, 13 (T < Tc), 25 (T < Tp), and 60 K in
the paramagnetic (PM) state, where diamond markers indicate the
data for the as-grown sample. (b) M(H) curves of the annealed
single-crystalline URhSn for [1010] at 4.2, 25, and 60 K.

F. High-field M (H) curves

Additionally, we performed high-field magnetization mea-
surements for URhSn using a pulse field magnet. Figure 7(a)
shows M (H) curves up to 560 kOe in URhSn for the easy
magnetization axis [0001], measured at several temperatures
from 1.4 to 100 K. As discussed above, the FM moment satu-
rates gradually around 200 kOe along the easy magnetization
direction. The magnetization curve up to at least 560 kOe does
not show any anomaly except for the initial magnetization.
Such a behavior may suggest a canted magnetic structure even
in the FM state, which is supported by the fact that M(T)/H
decreases upon cooling below T for [1010] [Fig. 5(b)].
Figure 7(b) shows the differential magnetic susceptibility
curves as a function of H at temperatures from 55 to 62 K. At
55 K, dM(H)/dH decreases monotonically with increasing
field, showing no anomaly. Furthermore, we confirmed the
absence of an anomaly at 55 K up to 560 kOe [Figs. 7(a) and
7(b)]. By contrast, from 56 to 61 K, a hump anomaly appeared
in dM(H)/dH, and it shifted toward the high-field region
with increasing temperature. At 62 K, there is no anomaly
up to 450 kOe. As will be discussed later based on the H-T
phase diagram, the observed anomaly is related to the field-
reinforced behavior of To(H).

G. Heat capacity and 5 f-electron contribution

Next, we analyzed the heat capacity C(T') of URhSn.
Figure 8 shows the temperature dependence of C(T")/T for
the annealed single crystal of URhSn on a semilogarithmic
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FIG. 7. (a) The magnetization curves for the annealed single-
crystalline URhSn up to 560 kOe for [0001] at 1.4, 10, 30, 40, 50, 55,
62, 70, 80, and 100 K. (b) The differential magnetic susceptibility,
dM/dH, at temperatures from 55 to 62 K (in 1 K steps) for [0001].
Here, the vertically shifted values are indicated for clarity.

scale. The heat capacity of the polycrystalline ThRhSn is also
plotted as a nonmagnetic reference material. The inset shows
the low-T heat capacity for the as-grown single-crystalline
URhSn and the polycrystalline ThRhSn below 2 K. The low-
T C/T value is enhanced for URhSn (12 mJK 2 mol™")
due to the magnetic contribution, compared with the value

1.1 T —
T T T

T T T

1or g 002F  URhSn (As grown) |
09+ N¥
08F 2 001 L hsn (Polyorystal) |

o n olycrysta

e 07f b _JHH

(\IE O 000 1 1 1

4 0.6 00 05 10 15 20

S ost TIK]

S 04r
0.3F i

-e— URhSn (Annealed)
0.2} o ThRhSn (Polycrystal)

01F e o i
0.0 os.0 0000000008820 . e
: 2 3 4 5 6789 2 3 4 5 6789
1 10 100
T[K]

FIG. 8. The heat capacity C(T)/T at zero field (in the semilog-
arithmic scale) for the annealed single-crystalline URhSn and
polycrystalline ThRhSn. Inset: C(T")/T below 2 K for the as-grown
single-crystalline URhSn and polycrystalline ThRhSn.
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FIG.9. (a) The magnetic contribution of heat capacity
Csy(T)/T = [Curnsa(T) — Crirusn(T)]/T in URhSn at zero field.
(b) The obtained entropy of Ss; in URhSn, divided by the gas
constant R.

of ThRhSn (2 mJK~2mol~!). The magnetic contribution
of 5f electrons in URhSn was obtained by subtracting the
heat capacity of ThRhSn: Cs¢(T') = Cyrnsn(T) — Crirnsa(T)
[Fig. 9(a)]. Using the Cs¢(T')/T data, we derived the magnetic
entropy of 5f electrons in URhSn [Fig. 9(b)]. The entropy
releases are approximately 0.2R (~0.3RIn2) at 7¢ and R
(~RIn3) at Tp.

H. Thermal expansion experiments

Figure 10(a) shows the temperature dependence of the
linear thermal expansion in the annealed URhSn, AL/L, mea-
sured at zero field for AL/L || [1010], [1120], and [0001].
In addition, in Fig. 10(b), the temperature dependence of
the linear thermal expansion coefficient o (T') in URhSn is
plotted, which was obtained from AL/L data. The tempera-
ture dependence of the thermal expansion coefficient is fully
isotropic in the hexagonal basal plane through 7o and Tg.
Meanwhile, AL/L and oy (T) are highly anisotropic between
the basal plane and the [0001] axis during the two phase
transitions. In all directions, the «y (T) data showed a mean-
field-like behavior and a A-type peak at Ty and T¢, supporting
the occurrence of successive second-order phase transitions.
In addition, below T¢, the ap (T') data showed another broad
anomaly at approximately 13 K [Fig. 10(b)], although the ori-
gin of this anomaly in the FM state is still unclear. We define
the transition temperatures Tp and 7¢ as the peak positions of
Ao, as indicated by upper arrows [Fig. 10(b)] and vertical
dashed lines [Fig. 10(a)]. For the [0001] axis, the roughly
estimated magnitude of jumps in the thermal expansion co-
efficient Aqy is indicated by dashed two-headed arrows. A
similar estimation was applied to the Aoy data for the [1010]
axis.

——AL/L || [1010]
——AL/L || [1120]
——AL/L || [0001]

o
(=]
T

@
o
T
—
1

L | L | L | L | L | L | L
0O 10 20 30 40 50 60 70 80
T[K]

FIG. 10. (a) The temperature dependence of the linear ther-
mal expansion AL/L for the [1010], [1120], and [0001] axes, for
the annealed URhSn, measured at zero field. (b) The temperature
dependence of the linear thermal expansion coefficient o) (T') =
d(AL/L)/dT. Here, the transition temperatures, 7c and 7o, defined
as the peaks of Aqy (T), are indicated by upper arrows and dashed
lines.

Using the thermal expansion coefficients, it is intriguing
to estimate the uniaxial pressure dependence of the transition
temperatures using the Ehrenfest relation. For the higher-T
transition at Tp, we obtain dTo/dP;, = VAo /(AC/To) =
4+0.7 K/GPa and —3.9 K/GPa for the uniaxial stress
(P,) along AL/L || [1010] and AL/L || [0001], respec-
tively [50]. Meanwhile, for the FM transition at T¢, we
calculate d7¢/dP; = VinAar /(AC/Te) = 4+6.5 K/GPa and
—10.3 K/GPa for the uniaxial stress along AL/L || [1010]
and AL/L || [0001], respectively. It is noted that the
anisotropy of the thermal expansion coefficient has greater
significance for the higher-T transition (7p) than for the
FM transition (7¢), while the magnetization exhibits high
anisotropy in the FM state below T¢ [Fig. 3(a)]. In addition,
the volume expansion coefficient (Aay) was estimated by
applying the relation Aoy = ZAQEO]O] + AaE)O()I]. Using the
Ehrenfest relation d7;/dP = Vi, Aay/(AC/T;), where T; =
To or ¢, we derive the pressure dependences (initial slopes)
of To and T¢ at ambient pressure. The obtained values of
d1o/dP = —2.5 K/GPa and dTc/dP = 2.7 K/GPa are con-
sistent with our pressure experiments [51].
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FIG. 11. (a) C(T')/T of the annealed single-crystalline URhSn
measured at 0, 40, 60, and 90 kOe for [0001], where the inset shows
the enlarged figure around Ty (at 0, 40, 50, 60, 70, 80, and 90 kOe).
The heat-capacity jump at T in URhSn, AC/To, as a function of
(b) magnetic field H and (c) H?, where the solid line is the result of
linear fitting.

1. Magnetic field dependences of 7o (H ) and heat-capacity jump

Next we focus on the magnetic field evolution of the transi-
tion at To(H ). Figure 11 shows the C(T')/T measured in zero
and several magnetic fields (40, 60, and 90 kOe) applied along
the easy magnetization axis [0001]. The inset is an enlarged
figure of C(T')/T around the transition. Heat-capacity mea-
surements in fields along the hard magnetization directions
were not performed because of the difficulty due to strong
magnetic torque effects. Interestingly, with increasing field,
the heat-capacity jump in C(T")/T at To becomes larger and
sharper, and To(H ) shifts to a higher T with increasing field
[Fig. 11(a) (inset)]. Figure 11(b) shows the field dependence
of the heat-capacity jump AC/Tp, considering the entropy
conservation at Tp. The variation of heat-capacity jump at 7o
is small below ~40 kOe, and AC/Tp is roughly proportional
to H?, as shown in Fig. 11(c). This proportionality is discussed
phenomenologically in the following section.

J. H-T phase diagram

Figure 12 shows the obtained H-T phase diagram for
URhSn. To(H) increases with increasing field for [0001], and
the evolution of the 7o (H ) line above 300 kOe is still unclear
[52]. Meanwhile, To(H) does not shift significantly for the
hard magnetization axis [1010]. Furthermore, we plotted 7y}
[the broad anomaly in M(T)/H] and Tc¢ for the hard magne-
tization axis of [1010]. In the case of a first-order transition
(and TCP), a sharp peak anomaly is expected in dM(H)/dH;

50 T T T T T T T
30 T T T T T T T T T T 7

45 = | Y .

Q o0l URhSn Vd H J/[0001]
400 2 ot < op(M T
= | Ordered y” | . AC;’((%’)/T
35 L i ° d

— T 10 phase PM o MT
o 30k i 1 i

9 30 0 L 1 L 1 L 1 L 1 L ‘
o 25+ 50 52 54 56 58 60 62 [

2 TIK] To ¢
T 20r H//[1010] PO

M(T) _ !
15 ( Hj/f1o010] &
A M(T) '
10+ \ \ v -
. Crossover

S5 M TCA v Ordered Phase 7
ol 1 m P B & .

0 10 20 80 40
TIK]

FIG. 12. H-T phase diagram of the annealed URhSn for [0001]
and [1010], where the dashed lines are guides to the eyes. The inset
shows the enlarged figure around 7o (H ).

however, the dM/dH data did not show such behavior, sug-
gesting that To(H ) maintains a second-order transition up to
300 kOe at the least. In general, when the symmetry of the
ordered phase differs from that of the PM phase, the line of the
ordered phase is distinguished from the PM state, and the line
of the second-order phase transition should not terminate at a
critical end point (CEP). Therefore, we consider that the line
of phase transition may be located in magnetic fields higher
than 560 kOe.

IV. DISCUSSION

In this section, we focus on the characteristics of the un-
usual phase transition at 7o in URhSn. Our experimental
results indicate that the phase transition at 7p is a second-

order phase transition, which is also strongly supported by
dTo

thermodynamic considerations: 2 > 0 and A(aM )’T >
. . . dT,
0 satisfy the Ehrenfest relation, i.e., d_l-? = — (aT )/A(T ).

Therefore, it is natural to consider that a symmetry breaking
below Tp exists with an order parameter. The most prominent
feature in URSn is its unusual field response of 7T, which
is not trivial. We explain the magnetic-field dependence of
the transition temperature 7o (H ) phenomenologically in two
general cases: the ordered states, in which (i) the time-reversal
symmetry is broken with a magnetic order parameter of Mo;
and (ii) the time-reversal symmetry is not broken with a
quadrupole order parameter.

A. Magnetic order Mg below Ty

First, it is important to consider the magnetic suscepti-
bility in the PM region. A negative Weiss temperature for
H || [1010] indicates the presence of an AFM interaction,
whereas a positive Weiss temperature for H || [0001] indicates
the presence of an FM interaction. In addition, no remarkable
anisotropy was observed in the hexagonal basal plane between
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the [1010] and [1120] directions in the PM and higher-T
ordered states. As shown in Fig. 1(a), the uranium atoms of
URhSn form a triangular lattice with the distance of uranium
atoms dy.y = 3.87 A, possessing three equivalent sites in the
basal plane, whereas dy.y = 3.99 A for the [0001] axis [40].

The free energy for a simple system with AFM and FM
interactions can be expressed using the Landau expansion
with coefficients «, 8, and y, assuming o > 0 and 8 > 0, as
follows [53]:

o )(_1
F=ZJIT - To(0)IME + BMY + yMEm* + %mz — mH,
ey

where Mg is the order parameter of the higher-7 ordered
phase, assuming an (undefined) AFM magnetic structure, and
m is the uniform magnetization that couples to a magnetic
field. In addition, xo is the magnetic susceptibility when the
magnetic order of Mg is absent.

By examining the stability condition of F for My and
m, namely % =

5 = 0, one obtains the magnetic suscep-
m

tibility as x = 3 = xo(1 + 2)(0)/M(2))_1 >~ xo(1 — ZXOyMé),
near the transition temperature. In addition, Mg is given as
follows:

a[T — To(0)] + 2y x2H?

M} = —
© 48 — 8y x H>

@

The transition temperature 7o(H ) of the order parameter Mo
can be obtained by setting the coefficient of M3 in the free
energy to zero:

_ 2y 2
To(H) = To(0) — ;(XOH) . 3)

Importantly, if the coefficient y for the Mém2 term is negative,
the transition temperature 7o (H ) increases with the magnetic
field. In other words, applying fields (the presence of uniform
magnetization) stabilizes the magnetic order of Mg. Simulta-
neously, the uniform magnetization m ~ xoH (1 — 2 XoyM(z))
increases below Tp upon cooling for y < 0, as shown in

Figs. 3(a) and 4. The heat capacity C(T,H) = —Tgi—; near
the transition temperature is derived for low fields H, using

the expressions (1) and (2) for F (T, H) and Mo(T, H)? [54]:

AC o? 4y2xo 2
T_o_@|:1+ 5 (XOH):|- “

Thus, the above phenomenological arguments successfully
explain AC/Ty o H? behavior, as observed in Fig. 11(c).
Although the order parameter is not determined by our
macroscopic measurements, we discuss the possible mag-
netic order in URhSn. Our heat-capacity data indicate that
the second-order phase transition at 7o becomes pronounced
by applying magnetic fields. To explain the anomalous field-
reinforced order in URhSn, we phenomenologically proposed
an AFM ordered state that stabilized in magnetic fields
coupled with field-induced moments along the easy magne-
tization direction of [0001]. In addition, the high-field M (H)
curves did not exhibit any metamagnetic behavior up to
560 kOe in the higher-T ordered state at 50 K for the easy
magnetization direction of [0001] [Fig. 7(a)]. In magnetic
fields applied along [0001], a canted AFM ordering may occur

in magnetic fields with no metamagnetic transition; the tilting
of the canted AFM moments increases with the field until the
magnetic moments are aligned parallel to the magnetic field
direction. However, at zero field, the absence of an internal
field below Ty should be considered to cancel out the internal
field at the Sn site [Fig. 1(b)], which is halfway between
two adjacent uranium quasi-kagome layers, as seen by pre-
vious zero-field Mossbauer spectroscopy [44]. Since there is
no significant anisotropy in the basal plane in the higher-T’
ordered state, we speculate, for instance, that all-in and all-out
120° spin structures may stabilize an AFM triangular uranium
lattice for two adjacent uranium layers.

We refer to an interesting system for comparison,
NpNiGas, which exhibits successive magnetic transitions:
AFM (T* = 26 K) and FM (Tt = 30 K) transitions [55,56].
In NpNiGas, the canted AFM ordered state is embedded in the
FM state, in contrast to the case of URhSn. Nevertheless, sim-
ilar behaviors are observed in the easy magnetization axis of
the tetragonal [001], i.e., an increase in magnetization M (T )
below T* and the field-reinforced AFM transition temperature
T*(H) [55].

Alternatively, the existence of both AFM (in the basal
plane) and FM (along [0001]) correlations may result in a
helimagnetic order (helicoidal state) in URhSn [57,58]. In this
case, for magnetic fields applied perpendicular to the heli-
coidal plane, namely for the easy magnetization direction, a
conical state would be stabilized, resulting in a magnetization
curve with no metamagnetic transition. Therefore, a conical
(FM helicoid) structure along the [0001] in magnetic fields
may occur, which agrees with our high-field magnetization
data. Meanwhile, the M(H) curve is expected to indicate a
metamagnetic transition when the helicoidal state becomes
a fan structure for magnetic fields parallel to the helicoidal
plane [59,60]. Further experiments using microscopic probes
along with high-field experiments for hard magnetization axes
are required to clarify the points above. In addition, our pre-
liminary pressure experiments have revealed that To(P) is
suppressed with increasing P up to 5.9 GPa, while the Curie
temperature 7¢(P) exhibits a broad maximum at P ~ 4 GPa,
gradually approaching To(P) [51]. The possible occurrence
of the helimagnetic order in URhSn may result in a different
type of quantum phase transition above ~ 6 GPa due to the
competition between underlying FM and AFM interactions,
in contrast to the wing structure observed in the isostructural
ferromagnet URhAI [39] and other FM systems [4].

B. Quadrupole order below T

Another possible origin of the higher-7' ordered state is
multipole ordering, which is related to the 5 f -electron degrees
of freedom. In particular, the field-reinforced behavior of the
transition temperatures has been explained by the antiferro-
quadrupole ordering in CeBg and PrPbs [61,62]. In this case,
the time-reversal symmetry is not broken, unlike the magnetic
orders discussed above. In uranium systems, ferroquadrupole
orderings have been observed in UCu,Sn [13-15] and UNiSn
[16], whereas antiferroquadrupole ordering has been observed
in UPd; [17,18,63].

For URhSn, the entropy release at Ty is approximately
RIn3 [Fig. 9(b)], although the crystal-electric-field (CEF)
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level scheme in URhSn has not yet been clarified [64-66].
If a (pseudo)degenerate state exists in the CEF ground state
with quadrupole degrees of freedom, a quadrupole ordering
may occur to lift its degeneracy. To discuss this possibility, it
is interesting to compare the behavior of thermal expansion in
URhSn with the ferroquadrupole order in UCu,Sn. Through
the ferroquadrupole transition, UCu,Sn exhibits significant
anisotropic thermal expansion coefficients along the hexag-
onal [1010] and [0001] axes [14]. It is also noted that the
development of short-range ordering (fluctuations) is seen
only along the [0001] axis for both UCu,;Sn and URhSn
[Fig. 10(b)]. In UCu,Sn, thermal expansions along the hexag-
onal [1010] and [1120] axes also show anisotropic behavior,

Aa[LIOIOI <0 and Aa{mo] > 0, upon cooling through ferro-
quadrupole ordering, due to the cooperative Jahn-Teller effect
[14]. As shown in Fig. 10(b), ar (T') data along the [1010] and
[1120] axes display isotropic behavior at around Tg in URhSn

(A" ~ Al 5 0), in stark contrast to the behavior of
UCu,Sn [14].

At first glance, it may seem that these results for URhSn
do not support the existence of ferroquadrupole ordering.
However, thermal expansions along the hexagonal [1010] and
[1120] axes may be isotropic because of the (twinned) elastic
domain structure accompanied by the ferroquadrupole order-
ing. The observation of spontaneous distortion in UCu,Sn
likely implies that the domain size may not be small on a
macroscopic scale in UCu,Sn [14].

It is important to examine the thermal expansion of URhSn
under uniaxial stress along the [1010] and [1120] axes to clar-
ify the symmetry-breaking effect in the basal plane. However,
it is unclear at this stage how much uniaxial stress would
be necessary to detwin the domain of the higher-7 order in
URhSn. It is also important to examine the lattice constants
and crystal structure through the higher-7T phase transition
using microscopic probes, such as low-7T x-ray and neutron
scattering experiments.

An antiferroquadrupole order is also possible. Crystal de-
formations in an antiferroquadrupole order would be expected
to be smaller than deformations in a ferroquadrupole or-
der, although any observation of crystal deformation on a
macroscopic scale depends on the domain structure and the
magnetoelastic coupling for each ordering. In the case of
antiferroquadrupoles, applying a magnetic field is expected
to induce a staggered magnetic multipole moment, including
the dipole moment, because the field-induced mixing of the
CEF states occurs between the quadrupole ground state and
the CEF excited states at each U site. When these staggered
magnetic multipole moments are stabilized due to AFM inter-
actions, the transition temperature increases with the applied
magnetic field, as shown in 7o (H ). However, the present mag-
netic susceptibility data indicate a positive Weiss temperature
for H || [0001], indicative of the FM correlation between
magnetic moments along this direction, in contrast to the
aforementioned situation. Therefore, to clarify the possibility

of antiferroquadrupole ordering, it is important to perform
investigations using microscopic probes for URhSn. In par-
ticular, the azimuth-angle dependence of the resonant x-ray
scattering intensity provides direct information regarding the
presence of antiferroquadrupole ordering [67,68]. Further-
more, elastic neutron scattering experiments under magnetic
fields along the [0001] axis can reveal whether the order
parameter of the phase transition below To is the antiferro-
quadrupole order or not; the presence of the AFM ordered
moment or the field-induced magnetic multipole moment may
be directly detected as magnetic Bragg diffractions [69,70].

V. SUMMARY

In summary, we successfully grew single-crystalline
URhSn, and we studied the nature of the successive phase
transitions via transport, thermodynamic, and magnetic prop-
erties. Remarkable magnetic anisotropy was observed in the
FM state (T < Tc = 16 K) and the higher-T ordered state
(Te < T < To =54 K), where the easy and hard magneti-
zation directions were along the [0001] and [1010] axes,
respectively. The resistivity is noticeably anisotropic for elec-
tric currents along the [0001] and [1120] axes. In the PM state,
the Curie-Weiss behavior was observed with FM and AFM
correlations for [0001] and [1010], respectively. The most
remarkable feature is the observation of a field-reinforced
second-order phase transition at 7p. Interestingly, the anomaly
at Tp becomes pronounced with increasing field, which is
evidenced thermodynamically, as shown in the heat-capacity
jump (AC/To o< H?). Thermal expansion data also support
the occurrence of a second-order phase transition at Tp. The
anisotropy of the thermal expansion coefficient is more promi-
nent at the higher-T transition (7p) than at the FM transition
(Tc), while the magnetization exhibits greater anisotropy in
the low-T FM state below Tc. Meanwhile, the large entropy
release of RIn3 is observed at Tp, suggesting that the 5f
electron degrees of freedom are related to this transition. A
plausible scenario is the occurrence of a canted AFM order
or a conical state under magnetic fields, which is stabilized
through the coupling of field-induced magnetic moments
along [0001]. Another possibility for the transition at Ty is
quadrupole ordering in URhSn.
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