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A uranium-based metallic compound UNiyB with an orthorhombic structure exhibits antiferro-
magnetic (AFM) ordering at Tx = 20.4 K. Although an electric current-induced magnetization
below Tx has been observed in this compound [H. Saito et al., J. Phys. Soc. Jpn. 87, 033702
(2018)], its underlying mechanism remains controversial. In this study, we measured thermal ex-
pansion and magnetostriction along the a axis under a magnetic field H up to 14 T applied within
the be plane to investigate the rotational symmetry of a magnetic field-temperature (H—T") phase
diagram in UNiyB. From the phase diagrams constructed under various H angles between b and ¢, it
is suggested that the H—T phase diagram practically exhibits sixfold rotational symmetry within the
be plane despite an orthorhombic crystal structure, which would be attributed to a quasihexagonal
structure formed by U ions with small orthorhombic distortion.

I. INTRODUCTION

Cross-correlation phenomena, such as magnetoelec-
tric and magnetoelastic responses, have attracted con-
siderable attention since the discovery of a magnetoelec-
tric (ME) effect in an insulating antiferromagnet CroOs.
[1, 2] Half a century has passed since that discovery, and
this research field has made remarkable progress both
theoretically and experimentally. According to recent
theoretical studies [3-5], the concept of augmented multi-
poles, which are spatially extended multipoles, is a useful
framework for understanding the cross-correlation phe-
nomena. In addition, these theoretical studies pointed
out the emergence of cross-correlation phenomena not
only in insulating systems but also in metallic ones. For
example, the emergence of current-induced magnetiza-
tion (M), which is attributed to the ferroic ordering of
a magnetic toroidal dipole (MTD), was first predicted
theoretically [6] and later observed experimentally in a
magnetic metal UNiyB. [7] Such a current-induced cross-
correlation response has also been reported in other mag-
netic metals, such as current-induced M in CezPtBi5 [8]
and current-induced strain in EuMnBis [9]. The expected
cross-correlation response is intimately associated with a
type of multipole, namely symmetry of the relevant or-
dered state. Thus, a proper description of the ordered
state is essential for a full understanding of the cross-
correlation phenomenon observed experimentally.

The uranium-based antiferromagnetic (AFM) com-
pound UNiyB has been intensively studied not only as a
frustrated magnet but also as the first metallic compound
exhibiting a current-induced M. [7] For a long time, the
crystal structure of this compound was considered to be
hexagonal with space group P6/mmm. [10, 11] In ad-
dition, below an AFM ordering temperature Ty = 20.4
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K, it has been believed that two-thirds of the U moments
form a vortexlike structure on a honeycomb network [11],
which can be regarded as a ferroic MTD ordering with
sixfold rotational symmetry. [6] This MTD ordering can
explain the experimentally observed in-honeycomb plane
M induced by an in-plane electric current. [6, 7] On the
other hand, it fails to explain the in-plane M induced by
an out-of-plane current, which was also experimentally
observed. [12] Thus, further experimental examination
of the AFM structure remains a crucial issue.

Furthermore, it has recently been confirmed that
UNiyB has an orthorhombic structure (space group
Cmem) with a lower symmetry than the hexagonal struc-
ture. [13-16] The a axis of the orthorhombic structure
a, corresponds to the ¢ axis of the hexagonal structure
cn (]| [0001]), b, corresponds to by, (|| [0110]), and ¢, cor-
responds to ay, (|| [2110]). [13, 17] This lowering of crys-
tal symmetry should influence the anisotropy of physical
properties and the symmetry of the AFM structure, such
as a tilted toroidal ordering [14]. It is worth noting that a
new type of ordering with threefold rotational symmetry,
named a triforce ordering, has recently been proposed to
explain the out-of-plane current-induced M component
by taking the orthorhombic distortion into account. [12]

To elucidate the AFM structure in UNiyB, experimen-
tal verification based on the orthorhombic structure is
essential, however, macroscopic measurements from this
perspective are lacking. For example, magnetic field—
temperature (H-T) phase diagrams obtained thus far
have been constructed based on a hexagonal structure.
[17, 18] The phase diagrams for H | ay and by consist
of multiple phases below Ty, whose boundaries are char-
acterized by metamagnetic transitions, indicative of spin
reorientation. [10, 18] In addition, the role of I's-type
electric quadrupoles in the H-induced transitions has
also been pointed out. [17] The mechanism of H-induced
transitions and their H angular dependences should be
governed by the symmetry of the crystal and magnetic



structures; nevertheless, the details remain unclear.

In this study, we measured thermal expansion and
magnetostriction under H using a single crystal of UNigB
oriented based on the orthorhombic structure and con-
structed H-T phase diagrams within the b,c, plane. The
insights into the H angular dependence of the H—T phase
diagram and lattice distortions associated with the H-
induced transitions will provide essential information for
understanding the AFM ordered states of UNiyB.

II. EXPERIMENTAL DETAILS

A single crystal of UNiyB was grown by the Czochralski
method using a tetra-arc furnace. The crystallographic
axes of the orthorhombic structure in the measured sam-
ple were determined using an x-ray four-circle diffrac-
tometer.

Linear thermal expansion AL(T")/L and magnetostric-
tion AL(H)/L measurements were performed using
strain gauges (KFLB-02-120-C1-16 with resistance R =
120 Q, Kyowa Electronic Instruments) by the two-gauge
active dummy method (Kelvin double bridge method)
to compensate the effects of temperature and magnetic
field. [19] The active and dummy gauges were glued
to the surface of the sample and a pure copper block,
respectively, using gauge cement. The AL(H)/L data
presented in this paper have been corrected by remov-
ing a linear time-dependent component. [20] In addition,
magnetostriction of the copper block and a difference in
magnetoresistance between the active and dummy gauges
were not taken into account.

AL(T)/L and AL(H)/L were measured along the a,
axis in a temperature range of 2-300 K and in a mag-
netic field range up to 14 T using a physical property
measurement system (PPMS; Quantum Design). The
current applied to the circuit was I = 100 pA. Under
this applied current, the actual sample temperature be-
low ~4 K may be some hundred mK higher than the set
temperature value due to the Joule heating of the strain
gauges, e.g., 2.0 + 0.5 K at the lowest set temperature
of 2 K. [20] A magnetic field H was applied within the
boco plane. Here, we define 6 as a H angle from the ¢,
axis within the b,c, plane.

III. RESULTS
A. H | ¢ and b,

Temperature dependence of the linear thermal expan-
sion in UNiyB along the a, axis [= AL4(T')/L,] below 30
K at several fields for H || ¢, (# = 0°) and H || b, (0 =
90°) are shown in Figs. 1(a) and 1(b), respectively. At
zero field, a kink is observed at Ty, below which the lat-
tice along a, spontaneously shrinks. Below ~ 12 K, the
lattice begins to expand upon cooling. This expansion
may be related to some remaining degrees of freedom in
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FIG. 1. (Color online) Thermal expansion ALq(T) /L, for (a)
H || co and (b) H || b, in UNisB at selected fields during the
field-cooling (FC) process. Magnetostriction AL, (H)/L, for
(c) H || co and (d) H || bo at selected temperatures. In all the
figures, the data are shifted vertically for ease of viewing.

the ordered state, as pointed out by previous specific heat
[21], NMR [22], and ultrasound measurements [17]. Note
that the thermal expansion coefficient obtained in this
study shows close agreement above ~10 K with the pre-
vious study [21], although the present data show larger
negative values below ~10 K compared to the previous
data (shown in Supplemental Material [20]).

Figure 1(c) shows the magnetostriction along the a,
axis [= AL,(H)/Ly] up to 14 T at several fixed tem-
peratures for H || ¢,. In this paper, the transition point
between two ordered phases is termed, for example, as
Hir_11 between phases IT and II1. The AL, (H)/L, curve
measured at 2 K shows a notable decrease with hysteresis
at a transition field Hyj_11, followed by an increase with-
out (or with negligibly small) hysteresis at Hyjp—1y. This
behavior persists up to 12.5 K, but at 15 K, the increase
at Hyr—yv disappears. The AL,(T)/L, curves at 8 and
12 T also show corresponding anomalies at Tiy_y;; and
Tii—1v, respectively, as shown in Fig. 1(a). In addition,
a Try_v transition can be observed in AL,(T)/L, at 13
and 14 T, which can be distinguished from Ty determined
from a previous study. [17]

For H || bo, the AL, (H)/L, curves show two successive
transitions at Hiy_yr1 and Hypp—v that are nearly degen-
erated. This slight splitting of these transition fields has
not been reported in previous studies, [17, 18] and it is
difficult to determine whether it is intrinsic in nature or
arises from the experimental misalignment of 6 in this
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FIG. 2. (Color online) H-T phase diagrams of UNi4B con-
structed from AL.(T)/Lo (solid circles) and ALq(H)/La
(solid squares) for (a) 6 = 0° (parallel to the orthorhom-
bic ¢, axis), (b) 30°, (c) 40°, (d) 45°, (e) 49°, (f) 55°, (g)
60°, and (h) 90° (parallel to the orthorhombic b, axis). In
(a) and (h), the data obtained from the previous ultrasound
measurements are also plotted for comparison (open circles).
[17] Here, we plotted their data by swapping the hexagonal
an and by axes. In (b)—(g), the black solid curves represent
T determined from previous ultrasound measurements. [17]
All the solid curves are guides for the eye.

study. In addition, it is significant that AL,(H)/L, de-
creases at Hyjp—v accompanied by hysteresis, unlike the
increase without hysteresis observed at Hyjp—1y for H ||
¢o- The anomalies at Tijj—v can be also observed in the
AL, (T)/L, curve at 10 T [see Figs. 1(b)].

The H-T phase diagrams for H || ¢, and b, constructed
in this study are shown in Figs. 2(a) and 2(h), re-
spectively. Here, the transition points determined from
AL,(T)/L, were estimated based on data obtained from
the cooling and heating processes. [20] In these figures,

the transition points determined from ultrasound mea-
surements are also plotted (open circles), although their
study has been done based on a hexagonal structure. [17]
Here, it should be noted that we plotted their data by
swapping the ay, and by, axes. [20] It is evident that the
present results are identical to the previously reported
phase diagrams by Mentink et al. [18] and Yanagisawa

et al. [17]
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FIG. 3. (Color online) (a) AL.(H)/Lq at 5 K between 6 =

30° and 60°. ALq(H)/L, for (b) 8 = 45° between 5 and 12.5
K and (c) 8 = 49° between 7.5 and 17.5 K. The open triangles
represent possible transition points (not plotted in the phase
diagrams of Fig. 2). The data are shifted vertically for ease
of viewing in these figures.

Figure 3(a) shows AL,(H)/L, of UNiyB at 5 K be-
tween 6 = 30° and 60°. The data for § = 30° and 60°
are quite similar to those for 90° and 0°, respectively,
except for a slight difference in the splitting width of
the nearly degenerate H-induced transitions between 30°
and 90°. The split of Hyy_1;1 and Hypp_v becomes larger
with increasing 6 from 30°. It is noteworthy that, at
45°, a tiny increase in AL, (H)/L, can be observed just
before the second decrease. This indicates that three
successive transitions occur at this angle, named Hyy_1py,
Hir-1v, and Hry_vy. In the AL,(H)/L, curves above
49° (= the [011] direction), the second decrease disap-
pears, but the increase at Hyj_ry becomes clearly ob-
servable instead. Furthermore, we show how the Hiyr_1v
and Hpy_vy transitions evolve as a function of temper-
ature on the AL,(H)/L, data for 45° and 49° in Figs.
3(b) and 3(c), respectively.

Figures 2(b)—(g) show the H-T phase diagrams for
0’s of 30°, 40°, 45°, 49° 55° and 60°, respectively.
The black solid curves represent the phase boundary of



TN determined from previous ultrasound measurements.
[17] Here, the phase boundaries of Ty show no clear H-
direction dependence between ay and by, below ~ 15 T.
[17] One can see a small region of phase IV at 45°, and
it expands into the high-H region with increasing 6.

C. Magnetic field angle phase diagram
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FIG. 4. (Color online) Magnetic field angle magnetic phase
diagram of UNi4B at 5 K. The open circles are Hry_v and
Hy determined at 4.2 K from a previous ultrasound study.
[17] The solid and dashed-dotted curves are guides to the eye,
and the dashed curves represent phase boundaries, assuming
sixfold rotational symmetry.

Figure 4 shows the H-0 magnetic phase diagram at 5 K
in the 0 range between 0° and 90°. The open symbols are
Hyy_v and Hy determined at 4.2 K by Yanagisawa et
al., although their ultrasound study has been performed
based on the hexagonal structure. [17] The dashed curves
represent the phase boundaries, assuming a sixfold sym-
metry. Mentink et al. reported that the Hyj_yp tran-
sition shows sixfold symmetry. [18] It is intriguing that
the split between Hir_1r and Hiip—y does not become
simply larger toward 60°, instead, phase IV is inserted
between IIT and V above 45°. This result may explain
the presence of Hyy_v for a, (= by in the original paper
[17]) and the absence for by, (= ay, in Ref. [17]) suggested
by Yanagisawa et al., [17, 20] as indicated by the dashed-
dotted curve in Fig. 4. Further measurements under
higher H for the intermediate angles are necessary.

IV. DISCUSSION

We discuss the possible origin of the observed lat-
tice distortions associated with the phase transitions in
UNiyB. Two important mechanisms are known to be in-
volved in magnetostriction in 4f-electron systems: the
crystalline-electric-field (CEF) model and exchange stric-
tion model. [23] The lattice along the a, axis sponta-
neously shrinks below T at zero field, while the lattice
perpendicular to a, expands. [21] On the other hand,
the magnetic ordered moments lie within the b,c, plane
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below Ty [11, 14], which should be attributed to the mag-
netic anisotropy due to the CEF effect. [17, 24, 25] From
these in-plane moments, naively, it is expected that the
5f orbital has a larger distribution along the a, axis.
If layers containing Ni ions, which sandwich an atomic
layer containing U ions, are positively charged [13], the
Ni layers are attracted to the 5f orbital by a Coulomb
attraction below Ty, resulting in a spontaneous lattice
contraction along a,.

The present magnetostriction measurements also in-
dicate the lattice contractions along a, accompanying
the H-induced transitions in the AFM ordered state, ex-
cept for the expansion at Hir_rv. Since the H-induced
transitions are considered to originate from the spin flop
within the boc, plane [18], these lattice contractions may
be dominated by the intersite exchange interactions be-
tween the magnetic moments (the exchange striction
model) rather than the single-site effect (the CEF model).
[23] The exchange interaction in this system should de-
pend on the distance between the U ions through the
Ruderman-Kittel-Kasuya-Yosida interaction. The U-U
distance within the plane may increase by the spin flop
until the distance where the ferromagnetic interaction
becomes stable, resulting in a lattice contraction along
the a, axis. In ErGag, such an exchange-striction model
has been applied to similar magnetostrictions associated
with the spin flop. [26]

On the other hand, the same exchange striction model
appears to have difficulty in explaining the lattice expan-
sion at Hin—1y, because M (H) shows a steep increase
even at this transition field. [18] If the ordered moments
are tilted toward the a, direction, the distribution of the
5f orbitals along the a, axis decreases. As a result, the
lattice along a, may expand. However, it is uncertain
whether such a tilt occurs when H is applied within the
plane. To understand the origin of the nonmonotonic
magnetostrictions associated with the H-induced transi-
tions, contributions of the electric quadrupoles and one-
third of U magnetic moments, which remain disordered
below Ty, should also be taken into account.

Finally, we comment on the rotational symmetry of
the AFM structure within the byc, plane in UNiyB. This
study revealed that the H-T phase diagrams of UNi,B
for 6 of 0° and 60° are identical within experimental ac-
curacy, as can be seen in Fig. 2. On the other hand, the
phase diagrams for 30° and 90° are also identical, except
for the slight difference in the splitting width of the nearly
degenerate H-induced transitions, which may be due to
the experimental misalignment of 6 (~ £ 1°). Thus,
we argue that the H-T phase diagram of UNiyB prac-
tically exhibits sixfold rotational symmetry within the
boco plane, although twofold rotational symmetry is gen-
erally expected under an orthorhombic structure. This
fact suggests that the effect of orthorhombic distortion
on the rotational symmetry of the H-T phase diagram
is too small to be detected, at least within present ex-
perimental accuracy, and the observed effective sixfold
rotational symmetry is plausibly attributed to a quasi-



hexagonal structure formed by U ions.

Note that the present result does not necessarily mean
that the magnetic structure also exhibits sixfold rota-
tional symmetry. The most straightforward interpre-
tation of the AFM structure in UNiyB is a toroidal
magnetic ordering with sixfold rotational symmetry or
a slightly distorted toroidal ordering with twofold rota-
tional symmetry. [6, 14] On the other hand, a triforce
ordering with threefold rotational symmetry or a slightly
distorted triforce ordering may also explain the observed
effective sixfold rotational symmetry of the magnetic
phase diagram if the ordered state contains multiple do-
mains. [12] To elucidate the rotational symmetry of the
AFM states in UNiyB, further experimental investiga-
tions of various physical quantities, such as electrical
transport and M, along with theoretical calculations, are
required.

V. SUMMARY

We have investigated lattice distortions along the a,
axis associated with H-induced transitions in an AFM
state of UNigB and constructed H-T phase diagrams for
H’s applied within the b,c, plane. The H-T phase di-
agrams for 6 of 0° (= ¢,) and 90° (= b,) are identical
to those for 60° and 30° within experimental accuracy,
respectively, except for a slight difference in the split-
ting width of successive H-induced transitions between 6
= 30° and 90°. This fact suggests that the H-T phase
diagram of UNiyB practically exhibits sixfold rotational
symmetry within the b,c, plane. In addition, the split-
ting of nearly degenerate H-induced transitions observed
at # = 30° does not become simply larger toward 60°

with increasing 6; a unique phase IV characterized by lat-
tice expansion is inserted between III and V above 45°.
The insights obtained from this study will guide us to a
full understanding of current-induced M found in UNiyB
through the proper description of the AFM structure.
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