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Single-crystal study of the honeycomb XXZ magnet BaCo,(PO,), in magnetic fields
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We present a study of high-quality BaCo,(PO,), single crystals via magnetization, heat-capacity, thermal-
expansion, and magnetostriction measurements. Sharp anomalies in the thermodynamic properties at Ty = 3.4K
reveal a long-range antiferromagnetic order in these single-crystalline samples, which is absent in polycrystalline
BaCo,(PO,),. The temperature dependent magnetic susceptibilities for in-plane and out-of-plane magnetic fields
are strongly anisotropic and reveal a pronounced easy-plane anisotropy. A Curie-Weiss analysis implies strong
orbital magnetism, as it is known from the sister compound BaCo,(AsQy), that is discussed as a potential
Kitaev spin-liquid material. When applying in-plane magnetic fields at low temperature, BaCo,(POy,); is driven
to another ordered phase at a critical field poHcy & 0.11 T and then undergoes a further field-induced transition
to a highly polarized paramagnetic phase at uoHc, =~ 0.3 T, which is again similar to the case of BaCo,(AsOy),.
In addition, our lowest-temperature data reveal that the field-induced transitions in BaCo,(PO,), become

dominated by thermally assisted domain-wall motion.
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I. INTRODUCTION

Studies of the Kitaev model have become a very active
research area in condensed matter physics during the past
decade, mainly motivated by the expectation to observe novel
physical properties such as topological order with exotic
excitations and their potential applications for quantum com-
puting [1]. The Kitaev model is formulated for a spin-1/2
honeycomb lattice with bond-directional Ising-type exchange
interaction and is exactly solvable with a quantum spin liquid
(QSL) ground state. Experimentally, approximate realizations
of this model are found in several transition metal com-
pounds with a honeycomb lattice, e.g., «-RuCl; or A;IrO3
(A = Li, Na), where strong spin-orbit coupling leads to an
effective spin-orbit assisted pseudospin-1/2 electronic state
for Ru** (4d°) or Ir** (54°) ions in the octahedral crystal
field [2-6]. Many fascinating phenomena like fractionalized
excitations and quantized thermal Hall effect are reported
in these candidate materials, but all of them exhibit a con-
ventional long-range magnetic order at finite temperature
under zero magnetic field due to the presence of substan-
tial non-Kitaev interactions [7-9]. Thus, the original Kitaev
model has been extended to the generic Heisenberg-Kitaev-I"
model with Kitaev K, Heisenberg J, and symmetry-allowed
off-diagonal I" exchange terms [10,11]. The non-Kitaev inter-
actions can be sizable in the real materials, which engenders
a rich phase diagram and may prompt the corresponding sys-
tem far away from the ideal Kitaev spin-liquid state [11,12].
Therefore, searching materials with dominant Kitaev inter-
action is of great importance for the realization of Kitaev
QSL.

Recent theoretical proposals demonstrated that 3d
transition-metal compounds with Co?* ions might also
be a promising platform for the study of Kitaev physics
[13—15]. In an octahedral crystal field, the high-spin state of
Co** (3d7) has an electronic configuration of t25ge§ with total
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spin S = 3/2 and a fictitious angular momentum T=1, giving
rise to a pseudospin-1/2 doublet in the ground state, akin to
the case in Ru** (4d°) and Ir*t (5d°) [4,16,17]. Whereas the
bond-directional Kitaev interaction K is always ferromagnetic
in the 73 e case, the Heisenberg term J may be reduced by a
partial compensation of ferromagnetic and antiferromagnetic
contributions resulting from e,-e,, €,-t2¢, and fp,-15, €xchange
interactions, which provides an encouraging avenue for the
realization of Kitaev QSL [14,15]. As potential realizations,
several Co’*-based materials with honeycomb lattice have
attracted tremendous research interest, such as Na,Co,TeOg,
Na3;Co0,Sb0Og, BaCo,(AsOy4),, and BaCo,(POy4), [18-25].
In particular, BaCo,(AsOy4), has been recently reported to
exhibit a nonmagnetic ground state under a small magnetic
field in the honeycomb ab plane, which may be dominated by
the Kitaev interaction [23]. The magnetism of this material
was already studied in the late 1970’s and antiferromagnetic
ordering at Ty = 5.4K with a complex magnetic structure
was found for single crystals of BaCo,(AsOy), [26,27].
In contrast, for its sister compound BaCo,(POy4), only
polycrystalline samples have been available so far, on which
only short-range magnetic correlations are observed [25-27].
Here, we report a study of high-quality single crystals of
BaCo,(POy4),, which clearly reveals an antiferromagnetic
(AFM) long-range magnetic order with Ty = 3.4K in
zero magnetic field. Based on magnetization, heat capacity
and dilatometer experiments, we derive the magnetic-field
temperature phase diagram for in-plane magnetic fields,
which reveals many similarities to the case of BaCo,(AsQOy),
[23].

II. EXPERIMENTAL

Crystals of the y modification of BaCo,(POy), [30] were
grown via a hydrothermal method inspired by the “guani-

©2023 American Physical Society
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FIG. 1. (a) Hydrothermally grown crystals of BaCo,(PO,),.
(b) Typical morphology of grown crystals with pinacoid {001} and
rhombohedron face (113) plus symmetrically equivalent faces. Crys-
tallographic axes are indicated. (c) A fraction of the crystal structure
of BaCo,(PO,), with honeycomb layers of edge-sharing CoOg¢ octa-
hedra (orange) alternatingly stacked along ¢ with layers of Ba atoms
(white) and PO, groups (green). Structure data taken from Ref. [28],
structure model generated with VESTA [29].

dinium route” [28]. 3.75 mmol BaCOj3, 7.5 mmol CoBr,,
7.5 mmol [C(NH;);],CO3, and 15 mmol H3PO,, together
with 30 ml purified H,O were enclosed in the Teflon liner
of a 45-ml autoclave and heated for three weeks. In a se-
ries of experiments ~448 K turned out to be the optimum
temperature for crystal growth. The grown pink crystals
reach dimensions of up to 1 mm?, and their morphology is
dominated by the pinacoid {001} as well as the rhombohe-
dron {113}, see Fig. 1. The trigonal crystals show uniaxial
negative optical character and there are no hints to growth
defects between crossed polarizers in a microscope. From
x-ray diffraction data on powdered crystals room temperature
lattice constants a = 4.8296(6) A and ¢ = 23.1009(30) A are
refined, in agreement with Ref. [28]. y-BaCo,(POy), crystal-
lizes into a trigonal structure with the space group R3 [28,30],
and contains honeycomb layers of slightly distorted edge-
sharing CoOg octahedra, [see Fig. 1(c)], which is essential
for Kitaev exchange. The nearest intralayer Co-Co distance
is 2.80 A, but there is a large interlayer distance of 7.74 A
due to intermediate layers of Ba atoms and tetrahedral [PO4]
groups.

Using commercial setups (Quantum design MPMS or
PPMS) the magnetization was measured in magnetic fields
up to 1 T applied either in-plane or out-of-plane for tem-
peratures from 1.8 to 300 K, while the low-temperature heat
capacity was studied down to 2.5 K for different in-plane
magnetic fields. High-resolution measurements of the rela-
tive length changes AL(T, uoH)/Lo, either as a function of
the temperature or the magnetic field, were obtained on a
home-built capacitance dilatometer that was attached to a
commercial *He cryostat (Oxford Heliox VL) reaching tem-
peratures below about 300 mK. Due to the sample geometry,
AL(T, uoH)/Ly was measured parallel to the ¢ axis, whereas
the magnetic field was again applied in-plane.
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FIG. 2. (a), (b) Magnetic susceptibilities x,, and x. for in-plane
and out-of-plane magnetic fields of 0.1 and 1 T. (b) also shows 1/x;
(right axes) together with Curie-Weiss fits (lines) for 7' > 150 K.
(c) Zero-field heat capacity and (d) relative length change AL(T)/Ly
of the c axis together with the uniaxial thermal expansion coefficient
a. = 1/LydAL(T)/aT.

III. RESULTS AND DISCUSSION

Figure 2 illustrates the magnetic phase transition in
BaCo,(POy), studied by magnetization, specific heat, and
thermal expansion. As all data sets show distinct anomalies,
it is clear that there is a sharp transition at 7y = 3.4 K. As
shown in Fig. 2(a), the magnetic susceptibilities measured for
an in-plane () as well as for an out-of-plane (x.) magnetic
field drop below Ty implying the phase transition to be an-
tiferromagnetic. In the low-temperature region, x,, is more
than 10 times larger than ., which indicates a strong in-
plane anisotropy. With increasing temperature this anisotropy
continuously decreases to x.»/x. =~ 1.5 at room temperature.
The 1/x; plots in Fig. 2(b) reveal a strong deviation from a
simple Curie-Weiss (CW) behavior, but above about 150 K
both curves approach straight lines with similar slopes. Conse-
quently, standard CW fits restricted to the higher-temperature
region yield similar effective magnetic moments % = 5.96
up/Co** and uy = 5.34 up/Co®*. These values strongly
exceed the spin-only value g+/S(S + 1) = 3.87 for § = 3/2
with g =2, but are comparable to other Co*t systems,
e.g., BaCo,(AsO4),, Na,Co,TeOg and Na3Co,SbOg, signal-
ing large orbital contributions in these materials [18,20,23].
The Weiss temperatures obtained from the fits for both field
directions are strongly different, with ®,, = —166 K and
®, = 44 K indicating either predominant antiferromagnetic
or ferromagnetic couplings, respectively. Both the anisotropic
®;, as well as the almost isotropic effective magnetic mo-
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ment are very close to the corresponding values obtained for
BaCo,(AsOy); [23]. Weiss temperatures of different signs are
also observed in the Kitaev candidate «-RuCl;, where the
anisotropy of the magnetic susceptibility has been suggested
to arise from large bond dependent off-diagonal interactions
[31].

Figure 2(c) shows the heat capacity of a BaCo,(POy);
single crystal at zero magnetic field which shows one sharp
A-shaped anomaly at Ty, consistent with the magnetic sus-
ceptibility results. It has to be mentioned that there is no
sharp transition in polycrystalline samples, instead two broad
humps near 3.5 and 6.1 K are observed [25,32]. A similar
behavior is reported for ¢-RuCl;, where in high-quality single
crystal samples only one sharp transition is observed at ~8 K,
but for polycrystalline samples or samples with high stacking
faults density, the transition peak at ~8 K becomes weak and
broad along with several additional broad anomalies between
10 and 15 K [33]. Figure 2(d) shows the temperature depen-
dent relative length change AL(T)/Ly measured along the ¢
axis together with the uniaxial thermal expansion coefficient
o, = 1/LydAL(T)/0T. Besides confirming the transition at
Ty, the sharp peak in «, also reveals a pronounced magneto-
elastic coupling in BaCo,(PO4), because it signals a relative
contraction of the interlayer distance by AL/Ly & 10~* due to
the antiferromagnetic order. Consequently, uniaxial pressure
p. along the c¢ axis will stabilize the ordered phase and a
strong initial increase of 07y /dp; ~ 4 K/GPa is estimated via
the Clausius-Clapeyron relation 07y /0p. = VmaIyAa/AC,
with Aa and AC, denoting the peak heights of o and Cp,
respectively.

The influence of in-plane magnetic fields on the phase
transition in BaCo, (POy,), is summarized in Fig. 3. As shown
in Figs. 3(a) and 3(b) the anomalies of the magnetization and
of the heat capacity first gradually shift to lower tempera-
ture upon increasing the field to 0.2 T, then the anomalies
start to broaden and eventually vanish at about 0.3 T. The
field dependent magnetization measured at different tem-
peratures is presented in Fig. 3(c). Already weak in-plane
fields of less than 1 T are sufficient to magnetize the crystal
above 2.5 /J/B/C02+, and below 3 K this large magnetiza-
tion is reached via two transitions with critical fields puoHc
and poHc, defined via the maxima of dM/d(uoH) as is
exemplarily shown in Fig. 3(d). These magnetic field in-
duced transitions are also observed in the magnetostriction
data AL(uoH)/Lo measured along the out-of-plane direction
with the magnetic field being applied in-plane as shown in
Fig. 3(e). The magnetostriction data were measured upon in-
creasing and decreasing the magnetic field, but for 7 = 2.3 K
there is only little hysteresis around Hci, as is seen in both
AL(uoH)/Ly and its derivative A = 1/LydAL/d(uoH ). This
hysteresis is somewhat enlarged at T = 1.5 K, see Fig. 3(f),
while performing a field cycle at 800 mK not only further
enlarges the hysteresis, but also results in a significant rem-
nant zero-field expansion. At even lower temperature, the
AL(uoH)/Ly curves change their character to a sequence of
more or less regular plateaus with intermediate jumps, see
Fig. 3(g). Note that before each field cycle the crystal has been
heated to well above Ty, typically to 6 K, and then cooled
down in zero field.
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FIG. 3. (a) Magnetization M(T') and (b) heat capacity versus
temperature for different in-plane magnetic fields. The inset of (a):
the first derivative dM(T)/dT of magnetization under magnetic
field of 0.05 T. (c) Field dependent M (uoH) for T = 1.8 to 3.5 K,
(d) also contains the derivative dM/0(uoH ) with two peaks signal-
ing two critical fields at 0.11 and 0.27 T. (e), (f) Magnetostriction
AL(uoH)/Ly of the ¢ axis together with the expansion coefficient
A =1/LydAL/d(uoH) at 2.3 and 1.5 K; the data were obtained with
increasing (red) and decreasing (blue) field. (g) AL(uoH)/Lo at 0.3,
0.5, and 0.8 K, where each data set was obtained after zero-field
cooling from 6 K with increasing and decreasing field. Each curve
ends with a remnant zero-field expansion. (h) Thermal expansion
AL(T)/Ly (red line) measured after a magnetostriction cycle at
0.3 K, which induces a remnant zero-field expansion (marked by
the arrow) in comparison to AL(T)/Ly (o) measured after zero-field
cooling.
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FIG. 4. Phase diagram of BaCo,(PQO,), for in-plane magnetic
fields obtained from heat capacity (C,), uniaxial expansion (AL)
and magnetization (M) measurements. Transition temperatures and
fields are defined by the peak positions of C,(T') and of the first
derivatives of AL(T, pnoH) or M(T, 1oH) with respect to T or puoH,
respectively.

The discontinuous low-temperature magnetostriction
curves resemble so-called Barkhausen jumps of ferromagnets,
which are typically observed when the magnetization reversal
is dominated by the domain-wall motion between differently
oriented domains. Microscopically, the plateau regions
result from the pinning of domain walls until the driving
force on the domain walls due to the continuously varying
external field overcomes the pinning force and causes an
avalanchelike motion to another strong-enough pinning
center. Because thermal fluctuations facilitate the motion of
domain walls, the observed temperature dependence of the
low-temperature magnetostriction curves can be naturally
ascribed to a temperature-assisted domain-wall motion in an
external driving field. This conclusion is further supported
by the zero-field thermal expansion curves AL(T)/Lg
displayed in Fig. 3(h). The curve shown by open symbols
was measured upon heating directly after zero-field cooling
and thus corresponds to thermal equilibrium. In contrast,
the result given by the red line has been recorded after the
magnetostriction measurement at 300 mK shown in Fig. 3(g)
and thus starts from the remnant zero-field expansion, which
thermally decays upon increasing temperature. Consequently,
this AL(T)/Ly curve, displayed as a red line in Fig. 3(h),
decreases with increasing temperature until it merges with the
thermal-equilibrium curve at about 2 K.

By combining the critical temperatures and fields obtained
above we construct the temperature versus in-plane magnetic
field phase diagram in Fig. 4. As a function of temperature
there are sharp transitions from the paramagnetic phase to
either an antiferromagnetic phase AFM I or AFM II. The
transition temperature only weakly decreases with increasing
field up to about 300 mT, but then very rapidly drops to
zero. These sharp transitions signal the evolution of long-
range magnetic order in our single-crystalline samples of

BaCo,(POy),, in sharp contrast to previous heat-capacity and
neutron data obtained on polycrystalline samples, which re-
vealed short-range correlations and/or a mixture of helical
and collinear phases [25,32,34]. Instead, our phase diagram of
BaCo,(POy), strongly resembles the phase diagrams obtained
on single crystals of BaCo,(AsQy),, with the main difference
that the transition temperatures and fields of BaCo,(POy);
are reduced by about 40 %. Thus, one may expect similar
magnetic structures of single-crystalline samples of both ma-
terials. In analogy to «-RuCls, the potential occurrence of a
Kitaev spin liquid phase was suspected for BaCo,(AsOy4),
in the intermediate field range where magnetic order is
suppressed, but the completely polarized state is not yet
reached [23], and a recent terahertz spectroscopy study on
BaCo,(AsOy4), gave some evidence for the existence of a
very narrow intermediate phase region (~0.05T) with con-
tinuous excitations directly above the in-plane H,,. Because
our macroscopic data of BaCo, (PO, ), can neither support nor
contradict this conjecture, analogous spectroscopic studies on
the BaCo,(POy), single crystals would be very intriguing.

According to the spherical polarization neutron analysis
data, the in-plane zero-field magnetic structure (AFM I) of
BaCo;,(AsQy), is characterized by a stacking of quasiferro-
magnetic zig-zag chains running along the b axis [35]. These
spins also slightly cant from the b axis and follow the sequence
of up-up-down-down, and could be easily rotated at very low
energy cost due to the weakly effective interchain couplings
[35]. A small magnetic field (0.25 T for BaCo,(AsQy),) is
strong enough to drive the magnetic structure to the AFM II
phase, of which the in-plane propagation vector is locked into
a commensurate wave vector k¢ = (1/3,0) and its magne-
tization is close to 1/3 of the saturation value, implying an
up-up-down arrangement of the almost ferromagnetic chains
under magnetic fields [26,35]. Along the stacking axis ¢, very
limited coherence lengths are reported for both ordered phases
of BaCo,(AsQy),, which naturally can be traced back to the
quasi-two-dimensional magnetic character with very weak in-
terlayer coupling and, in addition, the broken symmetries of
the paramagnetic phase also allows the formation of different
magnetic domains, such as configuration domains and 180°
domains [35,36].

Overall, our results obtained on BaCo,(POy4), single crys-
tals are remarkably similar to those of BaCo,(AsQy),. Apart
from the rather identical general shape of the phase dia-
grams of both materials, the magnetization of BaCo,(POy),
in the intermediate phase AFM II is also close to 1/3 of
its saturation value, see Figs. 3(c) and 3(d), and both ma-
terials show an anomalous hysteresis behavior [35]. For
BaCo,(POy),, the field dependent AL(uwoH )/Ly curves below
2 K become systematically different for the field-increasing
and the field-decreasing run, see Figs. 3(e)-3(g), and a
qualitatively similar behavior has been reported for the
magnetic-field and temperature-dependent propagation vec-
tor of BaCo,(AsOy); [34,35]. After zero-field cooling below
about 2/3 of the zero-field Ty, the propagation vector shows
an incommensurate-commensurate transition as a function of
increasing field, which is only partly reversed or even remains
absent in the subsequent field-decreasing run. Finally, our
lowest-temperature AL(uoH)/Ly curves of Fig. 3(g) indicate
thermally assisted domain-wall motion, which could result
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from the partial coexistence of the phases AFM I, AFM 1I
with fully polarized regions and/or from the field-dependent
repopulation of different domains [36]. We are not aware of
similar observations in BaCo,(AsOy);, but apparently there
are hardly any studies of this material in the temperature range
below 1.5 K.

Our experimental results cannot identify the spin struc-
ture of BaCo,(POy4),, but the characterization of the high
quality single crystals have demonstrated close similarities
of the physical properties between BaCo,(POy), and its sis-
ter compound BaCo,(AsOy),. Very recent neutron scattering
measurements on the BaCo,(AsOy4); single crystals have
shown that the frustrated XXZ-J;-J3 model better describes
the measured inelastic structure factor rather than the Kitaev
JKT'T" model [37]. These results do not support a dominant
Kitaev-type interaction in the BaCo,(AsQy),, but as explicitly
pointed out, this material may nonetheless be close to a spin-
liquid state which results from geometrical frustration and the
pronounced two-dimensional nature of its magnetism. In fact,
continuous excitations are observed in BaCo,(AsO4), by tera-
hertz spectroscopy as well as by inelastic neutron experiments
[37,38]. As such a continuum is a solid evidence of the emer-
gence of spin-liquid behavior, our results on BaCo,(POy),
single crystals suggest the occurrence of similar continuous
excitation spectra in this sister compound. This issue asks
for further clarification by terahertz spectroscopy or neutron
diffraction studies on single crystal samples of BaCo,(POy);.

IV. SUMMARY

We have successfully synthesized high-quality single crys-
tals of BaCo,(PO4), on which we observe a strong easy-plane
magnetic anisotropy and a long-range antiferromagnetic mag-
netic order at Ty = 3.4 K, whereas in polycrystalline samples
of this material only short correlations are observed. For in-
plane magnetic fields we derive a phase diagram with two
antiferromagnetically ordered phases in close vicinity to the
almost fully magnetized state, which strongly resembles the
phase diagram of the isostructural BaCo,(AsQOy),. This lat-
ter material has been discussed as a promising candidate to
realize a Kitaev spin liquid [14,15,23]. However, the XX Z-J;-
J»-J3 model yields an alternative description of the magnetism
of these layered materials and even without dominant Kitaev-
type interaction the close vicinity of competing phases might
give rise to another kind of quantum spin-liquid behavior
[37-40]. In order to clarify these issues, additional inves-
tigations on related model materials appear promising and
we hope that these findings on single-crystalline samples of
BaCo,(POy), will stimulate further experiments on this inter-
esting class of materials.

ACKNOWLEDGMENTS

We thank M. Braden, A. Bertin, C. Hickey, and S. Trebst
for stimulating discussions. We acknowledge support from
the German Research Foundation via CRC 1238 (Project No.
277146847, Subprojects A02 and BO1).

[1] A. Kitaev, Ann. Phys. 321, 2 (2006).

[2] T. Takayama, A. Kato, R. Dinnebier, J. Nuss, H. Kono, L. S. L.
Veiga, G. Fabbris, D. Haskel, and H. Takagi, Phys. Rev. Lett.
114, 077202 (2015).

[3] G. Jackeli and G. Khaliullin, Phys. Rev. Lett. 102, 017205
(2009).

[4] H. Takagi, T. Takayama, G. Jackeli, G. Khaliullin, and S. E.
Nagler, Nat. Rev. Phys. 1, 264 (2019).

[5] D. I. Khomskii and S. V. Streltsov, Chem. Rev. 121, 2992
(2021).

[6] S. Trebst and C. Hickey, Phys. Rep. 950, 1 (2022).

[7] S.-H. Do, S.-Y. Park, J. Yoshitake, J. Nasu, Y. Motome, Y.
Kwon, D. T. Adroja, D. J. Voneshen, K. Kim, T.-H. Jang, J.-H.
Park, K.-Y. Choi, and S. Ji, Nat. Phys. 13, 1079 (2017).

[8] A. Banerjee, J. Yan, J. Knolle, C. A. Bridges, M. B. Stone,
M. D. Lumsden, D. G. Mandrus, D. A. Tennant, R. Moessner,
and S. E. Nagler, Science 356, 1055 (2017).

[9] Y. Kasahara, T. Ohnishi, Y. Mizukami, O. Tanaka, S. Ma, K.
Sugii, N. Kurita, H. Tanaka, J. Nasu, Y. Motome, T. Shibauchi,
and Y. Matsuda, Nature (London) 559, 227 (2018).

[10] Y. Singh, S. Manni, J. Reuther, T. Berlijn, R. Thomale, W.
Ku, S. Trebst, and P. Gegenwart, Phys. Rev. Lett. 108, 127203
(2012).

[11] J. G. Rau, Eric Kin-Ho Lee, and H.-Y. Kee, Phys. Rev. Lett.
112, 077204 (2014).

[12] J. Chaloupka, G. Jackeli, and G. Khaliullin, Phys. Rev. Lett.
105, 027204 (2010).

[13] R. Sano, Y. Kato, and Y. Motome, Phys. Rev. B 97, 014408
(2018).

[14] H. Liu and G. Khaliullin, Phys. Rev. B 97, 014407 (2018).

[15] H. Liu, J. Chaloupka, and G. Khaliullin, Phys. Rev. Lett. 125,
047201 (2020).

[16] J. G. Rau, E. K.-H. Lee, and H.-Y. Kee, Ann. Rev. Condens.
Matter 7, 195 (2016).

[17] D. Piwowarska, P. Gnutek, and C. Rudowicz, Appl. Magn.
Reson. 50, 797 (2019).

[18] L. Viciu, Q. Huang, E. Morosan, H. Zandbergen, N.
Greenbaum, T. McQueen, and R. Cava, J. Solid State Chem.
180, 1060 (2007).

[19] C. Wong, M. Avdeev, and C. D. Ling, J. Solid State Chem. 243,
18 (2016).

[20] G. Lin, J. Jeong, C. Kim, Y. Wang, Q. Huang, T. Masuda, S.
Asai, S. Itoh, G. Giinther, M. Russina, Z. Lu, J. Sheng, L. Wang,
J. Wang, G. Wang, Q. Ren, C. Xi, W. Tong, L. Ling, Z. Liu, L.
Wu, J. Mei, Z. Qu, H. Zhou, X. Wang, J.-G. Park, Y. Wan, and
J. Ma, Nat. Commun. 12, 5559 (2021).

[21]1J. Q. Yan, S. Okamoto, Y. Wu, Q. Zheng, H. D. Zhou,
H. B. Cao, and M. A. McGuire, Phys. Rev. Mater. 3, 074405
(2019).

[22] C. Wellm, W. Roscher, J. Zeisner, A. Alfonsov, R. Zhong, R. J.
Cava, A. Savoyant, R. Hayn, J. van den Brink, B. Biichner, O.
Janson, and V. Kataev, Phys. Rev. B 104, L100420 (2021).

[23] R. Zhong, T. Gao, N. P. Ong, and R. J. Cava, Sci. Adv. 6,
eaay6953 (2020).

[24] L. Y. Shi, X. M. Wang, R. D. Zhong, Z. X. Wang, T. C. Hu,
S. J. Zhang, Q. M. Liu, T. Dong, F. Wang, and N. L. Wang,
Phys. Rev. B 104, 144408 (2021).

[25] H. S. Nair, J. M. Brown, E. Coldren, G. Hester, M. P. Gelfand,
A. Podlesnyak, Q. Huang, and K. A. Ross, Phys. Rev. B 97,
134409 (2018).

024402-5


https://doi.org/10.1016/j.aop.2005.10.005
https://doi.org/10.1103/PhysRevLett.114.077202
https://doi.org/10.1103/PhysRevLett.102.017205
https://doi.org/10.1038/s42254-019-0038-2
https://doi.org/10.1021/acs.chemrev.0c00579
https://doi.org/10.1016/j.physrep.2021.11.003
https://doi.org/10.1038/nphys4264
https://doi.org/10.1126/science.aah6015
https://doi.org/10.1038/s41586-018-0274-0
https://doi.org/10.1103/PhysRevLett.108.127203
https://doi.org/10.1103/PhysRevLett.112.077204
https://doi.org/10.1103/PhysRevLett.105.027204
https://doi.org/10.1103/PhysRevB.97.014408
https://doi.org/10.1103/PhysRevB.97.014407
https://doi.org/10.1103/PhysRevLett.125.047201
https://doi.org/10.1146/annurev-conmatphys-031115-011319
https://doi.org/10.1007/s00723-018-1080-4
https://doi.org/10.1016/j.jssc.2007.01.002
https://doi.org/10.1016/j.jssc.2016.07.032
https://doi.org/10.1038/s41467-021-25567-7
https://doi.org/10.1103/PhysRevMaterials.3.074405
https://doi.org/10.1103/PhysRevB.104.L100420
https://doi.org/10.1126/sciadv.aay6953
https://doi.org/10.1103/PhysRevB.104.144408
https://doi.org/10.1103/PhysRevB.97.134409

XIAO WANG et al.

PHYSICAL REVIEW MATERIALS 7, 024402 (2023)

[26] L. Regnault, P. Burlet, and J. Rossat-Mignod, Phys. B+C 86-88,
660 (1977).

[27] L. Regnault and J. Rossat-Mignod, J. Magn. Magn. Mater. 14,
194 (1979).

[28] Z. Bircsak and W. T. A. Harrison, Acta Cryst. C 54, 1554
(1998).

[29] K. Momma and F. Izumi, J. Appl. Cryst. 44, 1272 (2011).

[30] R. David, H. Kabbour, A. Pautrat, and O. Mentré, Inorg. Chem.
52,8732 (2013).

[31] J. A. Sears, L. E. Chern, S. Kim, P. J. Bereciartua, S. Francoual,
Y. B. Kim, and Y.-J. Kim, Nat. Phys. 16, 837 (2020).

[32] L. P. Regnault, J. Rossat-Mignod, J. Villain, and A. de
Combarieu, J. Phys. Collog. 39, C6-759 (1978).

[33] H. B. Cao, A. Banerjee, J.-Q. Yan, C. A. Bridges, M. D.
Lumsden, D. G. Mandrus, D. A. Tennant, B. C. Chakoumakos,
and S. E. Nagler, Phys. Rev. B 93, 134423 (2016).

[34] L. P. Regnault, C. Boullier, and J. E. Lorenzo, Heliyon 4,
e00507 (2018).

[35] L. P. Regnault and J. Rossat-Mignod, in Magnetic Properties of
Layered Transition Metal Compounds, edited by L. J. de Jongh
(Springer, Netherlands, Dordrecht, 1990), pp. 271-321.

[36] P. Brown, in Neutron Scattering from Magnetic Materials, edited
by T. Chatterji (Elsevier Science, Amsterdam, 2006), pp. 215-
244.

[37] T. Halloran, F. Desrochers, E. Z. Zhang, T. Chen, L. E. Chern,
Z. Xu, B. Winn, M. K. Graves-Brook, M. B. Stone, A. 1.
Kolesnikov, Y. Qui, R. Zhong, R. Cava, Y. B. Kim, and
C. Broholm, Proc. Natl. Acad. Sci. USA 120, €2215509119
(2022).

[38] X.Zhang, Y. Xu, T. Halloran, R. Zhong, C. Broholm, R. J. Cava,
N. Drichko, and N. P. Armitage, Nat. Mater. 22, 58 (2023).

[39] S. Das, S. Voleti, T. Saha-Dasgupta, and A. Paramekanti,
Phys. Rev. B 104, 134425 (2021).

[40] P. A. Maksimov, A. V. Ushakov, Z. V. Pchelkina, Y. Li,
S. M. Winter, and S. V. Streltsov, Phys. Rev. B 106, 165131
(2022).

024402-6


https://doi.org/10.1016/0378-4363(77)90635-0
https://doi.org/10.1016/0304-8853(79)90117-3
https://doi.org/10.1107/S010827019800794X
https://doi.org/10.1107/S0021889811038970
https://doi.org/10.1021/ic4009027
https://doi.org/10.1038/s41567-020-0874-0
https://doi.org/10.1051/jphyscol:19786339
https://doi.org/10.1103/PhysRevB.93.134423
https://doi.org/10.1016/j.heliyon.2018.e00507
https://doi.org/10.1073/pnas.2215509119
https://doi.org/10.1038/s41563-022-01403-1
https://doi.org/10.1103/PhysRevB.104.134425
https://doi.org/10.1103/PhysRevB.106.165131

