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The magnetization process of the breathing pyrochlore magnet CulnCr,Sg has been investigated in ultrahigh
magnetic fields up to 150 T. Successive phase transitions characterized by a substantially wide 1/2-plateau from
65 T to 112 T are observed in this system, resembling those reported in chromium spinel oxides. In addition
to the 1/2-plateau phase, the magnetization is found to exhibit two inherent behaviors: A slight change in the
slope of the M-H curve at ~85 T and a shoulderlike shape at ~135 T prior to the saturation. Both of them
are accompanied by a hysteresis, suggesting first-order transitions. The theoretical calculation applicable to
CulnCr,4Ss is also shown, based on the microscopic model with the spin-lattice coupling. The calculation fairly
well reproduces the main features of the experimentally observed magnetization process, including a relatively
wide cant 2:1:1 phase clearly observed in the previous work [Y. Okamoto e al., J. Phys. Soc. Jpn. 87, 034709
(2018)]. The robust 1/2-plateau on CulnCrsSg seems to be originated from the dominant antiferromagnetic

exchange interactions and the strong spin-lattice coupling.
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I. INTRODUCTION

Frustrated spin systems have been extensively studied for
several decades because they can exhibit macroscopically
degenerate ground states such as quantum spin liquid [1,2].
In real compounds, however, the macroscopic degeneracy is
lifted by various perturbations such as quantum and ther-
mal fluctuations [2], spin-lattice coupling [3], Dzyaloshinskii-
Moriya interaction [4], and so on. Intriguingly, such perturba-
tions can induce successive phase transitions under magnetic
fields, including unconventional magnetic phases as repre-
sented by a magnetization plateau.

Chromium spinel oxides ACr,Os (A = Hg, Cd, Zn,
and Mg) are well known as typical 3D frustrated magnets
exhibiting field-induced successive phase transitions [5—13].
In these systems, nonmagnetic divalent cations occupying the
tetrahedral A sites form a diamond lattice, whereas magnetic
Cr** ions octahedrally surrounded by oxygen ions form a py-
rochlore lattice. The orbital degrees of freedom are quenched
because of the half-filled #,, orbitals, making Cr spinel oxides
an ideal S = 3/2 Heisenberg spin system with strong geo-
metrical frustration. This frustration suppresses the antiferro-
magnetic (AFM) long-range ordering well below the Weiss
temperature, i.e., Iy < |®Ocw]| [5,14—17]. The strength of the
nearest-neighbor (NN) exchange interaction strongly depends
on the Cr-Cr distance [18,19], indicative of a strong spin-
lattice coupling, and consequently, the frustration is resolved
due to the spin Jahn-Teller effect at 7y [20,21]. The spin-
lattice coupling is also responsible for the robust 1/2-plateau
phase with a 3-up 1-down spin configuration that appears
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universally in these oxide compounds [5-13,22-26].
Recently, A-site ordered Cr spinel oxides LiMCrsOg
(M = In, Ga) have attracted attention [27-34]. In these
systems, Cr’" ions form a breathing pyrochlore lattice
comprised of an alternating array of small and large tetra-
hedra, characterized by two kinds of NN AFM exchange
interactions, J and J’, respectively [28]. The difference in the
strengths of J and J’ might introduce unconventional magnetic
properties in high magnetic fields, distinct from ACr,0O;.
LiMCr4Og possesses extremely strong NN AFM interactions,
as indicated by the large Weiss temperature (Ocw = —332 K
and —659 K for M = In and Ga, respectively [28]). Thus,
the saturation field is anticipated to be several hundred tesla,
which can be accessed only by the electromagneto flux
compression (EMFC) system [11,12]. At the present, the
observation up to saturation on LiMCrsOg has not yet been
achieved due to the measurement difficulty [35].

Here, we report a combined experimental and theoretical
investigation into the magnetization process of an A-site
ordered Cr spinel sulfide, CulnCr4Sg, on which the Weiss
temperature is known to be —7(2) x 10" K [41], suggesting
that the saturation field is experimentally more accessible.
The fundamental magnetic properties of this compound
were investigated in the 1970s [36—40] and refocused by
Okamoto et al. recently [41]. The heat capacity of CulnCr4Sg
shows a sharp peak at 7, = 28 K with a sudden drop in the
magnetic susceptibility, suggesting the magnetic ordering
below T, [41]. The previous neutron diffraction experiment
clarified that the spin structure at 4.2 K is a collinear order
comprising decoupled (100) ferromagnetic (FM) planes
[37,39]. This strongly indicates the coexistence of AFM J
and FM J’ for small and large tetrahedra, respectively. The
magnetization process of CulnCr,Sg has been revealed up to
73 T, where M reaches 45% of the saturation magnetization
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of Mg =3.06up/Cr (this value is estimated from the
Landé g factor of 2.04) [41]. The magnetization shows a
jump at ~20 T with a large hysteresis loop and exhibits
a kink at ~35 T, suggesting a first-order phase transition.
Another magnetization kink appears at ~65 T followed by a
plateaulike behavior, which may be a phase transition to the
1/2-plateau phase. In this study, we performed magnetization
measurements on CulnCr4Sg under ultrahigh magnetic fields
up to 150 T to elucidate the full magnetization process. We
also theoretically investigated the magnetization curve of the
breathing pyrochlore magnet by using a microscopic model
with the spin-lattice coupling. Achievement of these works
can help us understand the high-field properties of a novel
type of the pyrochlore spin system that consists of two kinds
of NN exchange interactions with opposite sign.

This paper is organized as follows. In Sec. II, we show
the experimental method and the result of high-field magneti-
zation measurements. The details of measurement technique
are described in Supplemental Material [42]. In Sec. III,
we introduce the microscopic Heisenberg model incorporat-
ing the spin-lattice coupling, which can be applied to the
breathing pyrochlore magnet with J > 0 and J' < 0. The
numerical calculation on the effective spin model gives a
detailed and general phase diagram and magnetization curves
for CulnCrySg. In Sec. IV, we compare the calculated mag-
netization curves with the experimentally observed ones and
discuss the characteristic features for CulnCrsSg. Finally,
the possible spin structures on CulnCrsSg under magnetic
fields are proposed, and the strengths of several exchange
interactions on CulnCr4Sg are also estimated.

II. EXPERIMENT

A polycrystalline powder sample of CulnCrsSsg, synthe-
sized by a solid-state reaction method as in Ref. [41], was used
in the present work. The lattice parameter was found to be a =
10.05970(11) A, and the amount of intersite defects was es-
timated at most 3%. High-field magnetization measurements
were performed using a horizontal single-turn-coil (HSTC)
system up to 150 T. The pulsed-field duration time was ap-
proximately 7.3 us. The induction method was adopted to de-
tect the dM/dt signal using a coaxial-type self-compensated
magnetization pickup coil. In order to minimize the uncom-
pensated contribution of the background signal, three sets
of measurements, in the order of sample-out, sample-in, and
sample-out, were carried out as in Ref. [34]. The detailed
procedure to obtain high-quality magnetization data under
magnetic fields up to 150 T is described in Supplemental Ma-
terial [42]. The magnetic field was measured by a calibrated
pickup coil wound around the magnetization pickup coil. The
sample was cooled down to approximately 5 K using a liquid-
He flow cryostat made of glass epoxy (G-10). The temperature
was monitored by a RuO; resistance thermometer.

The M-H curves (up to 134 T and 150 T) and the derivative
dM/dH (up to 150 T) of CulnCr4Sg are shown in Fig. 1. The
absolute magnetization values are calibrated by comparing the
M-H curves with the previous magnetization data up to 73 T
obtained by a nondestructive pulsed magnet [41], which is
also shown in Fig. 1. Although the present data taken in HSTC
have poor signal-to-noise ratio up to ~60 T for up sweep,
two sets of our data overlap quantitatively in the high-field

dM/dH (arb. units)

M (ug/Cr)

H, c2 H, c2' Hc3 HC4 -1

0 50 100 150
HoH (T)

FIG. 1. M-H curves of a powder sample of CulnCr4Sg measured
at approximately 5 K in a HSTC megagauss generator. Measure-
ments were performed up to 134 T (pink and purple curves for up
and down sweeps, respectively) and 150 T (red and blue curves for
up and down sweeps, respectively). Derivatives dM/dH of the M-H
curves up to 150 T are shown in the upper panel. The previously
reported M-H curve and its derivative dM/d H measured at 1.4 K in
a nondestructive pulsed magnet up to 73 T are also shown (orange
and cyan curves for up and down sweeps, respectively) [41]. Each
data is shifted vertically for clarity. The dashed lines in the upper
panel indicate dM/dH = 0 lines. Transition fields are denoted by
brackets or arrows in the upper panel, and drawn by the shaded areas
(first order) or dashed lines (second order) in the lower panel.

region up to 134 T, guaranteeing the high accuracy of our
measurements [42]. As seen in Fig. 1, the hysteresis opening
at uoH¢ ~ 17 T (H,; for down sweep) once closes in the
field region from woHe &~ 65 T to noHey ~ 82 T (Hy for
down sweep), where M is almost constant at ~M;/2, implying
the 1/2-plateau phase. For both up and down sweeps, this
plateaulike feature survives until poHc =~ 112 T, then M
clearly exhibits an upturn behavior. Note that a substantial
hysteretic behavior is seen in the middle of the plateau region:
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TABLE 1. Transition fields for CulnCr,Sg determined from the
magnetization measurements under high magnetic fields. The unit is
tesla.

Hc] HC2 Hc2’ Hc3 Hc4 Hsat
up 294+6 65+£4 904 112 +£2 136 £2 ~180
down 28 £ 11 65+ 4 82 +4 112 +2 134 £2 ~180
order Ist 2nd Ist 2nd Ist

A gradual dM/dH change is seen at ~90 T for up sweep and
at ~82 T for down sweep. With increasing a magnetic field
above the plateau phase, M exhibits a shoulderlike shape at
woHey ~ 135 T followed by a gradual increase until 150 T,
where M reaches ~2.7 up/Cr. Assuming that M increases
linearly above 150 T for up sweep, the saturation field is
expected to be woHgy ~ 180 T. Judging from the fact that
M reaches the value of M;/2 at ~90 T for up sweep, this
estimation could be plausible.

The transition fields for CulnCrySg are summarized in
Table I. There are in total six phase transitions up to the full
saturation, resulting in a complicated magnetization process.
H.| ~ H. are determined from the change in the slope of
the M-H curve, although the corresponding anomalies are
also visible in dM/dH as indicated by brackets or arrows
in the upper panel of Fig. 1. Here, we deduce H.; and H.,
from the previous magnetization data in Ref. [41] and take
the value of H;; with a large error of approximately 10 T
because the broad metamagnetic behavior is seen in dM/dH
for both up and down sweeps. Note that our magnetization
data did not show a clear anomaly around H, in dM/dH
for down sweep, unlike that observed in a nondestructive
pulsed magnet [41]. This might be the influence of the fast
field-sweep rate or the magnetic-field inhomogeneity in the
STC method, which becomes inevitable for down sweep due
to the deformation of the field generation coil. We attribute
the transitions at H.;, H.», and H.4 to the first order due to
the existence of a hysteresis in the M-H curve and ones at H;,
and H; to the second order. For H.4, the hysteretic behavior
is more obviously seen in dM/dH . The detailed explanations
on the experimental result are given in the following sections
in combination with the theoretical analysis.

III. CALCULATION

As mentioned above, chromium spinel oxides ACr,Og4
exhibit a variety of field-induced magnetic phases, represented
by a robust 1/2-plateau phase. Although several theoretical
studies have been devoted to the Cr spinel oxides [22-26,43],
the ground state of the breathing pyrochlore under magnetic
fields has not been investigated so far. For the sake of the
interpretation of the observed magnetization process, we con-
structed an effective spin model on the breathing pyrochlore
magnet with J > 0 and J’ < 0 and examined the ground state
under magnetic fields.

A. Bond-phonon model and site-phonon model

First, we introduce two microscopic models considering
the spin-lattice coupling used for a standard pyrochlore anti-
ferromagnet. One was first proposed by Penc er al. [22], called
the bond-phonon (BP) model, which assumes independent

changes in the distance between neighboring spins, S; and S ;.
In the following, we treat spins in the classical limit, and
normalize to |S| = 1. The effective Heisenberg Hamiltonian
of the BP model is expressed as

Mep=J) [Si-S; —b(Si- Sl —hY S, (1)
(i,J) i

where the summation (i, j) is taken over all the NN bonds, h

is the magnetic field normalized by h = gugroH, the coeffi-

cient b of the biquadratic term is a dimensionless parameter

representing the strength of the spin-lattice coupling

2
1|dJ
b=—| — , 2
cJ[dr I,:r()»l} @

where c is an elastic constant, |r;; % is the bond length between
NN sites at their regular positions. When we take J > 0 and
dJ/dr < 0, b becomes a positive value. In applied magnetic
fields, the BP model can determine the local spin structure on
each tetrahedron. As magnetic field is increased, the model
undergoes successive phase transitions from an AFM phase to
cant 2:2, 1/2-plateau, cant 3:1, then spin-saturated phases. In
a weak spin-lattice coupling regime (b < 0.05), a cant 2:1:1
phase appears between cant 2:2 and the 1/2-plateau phases.
The mechanism for stabilizing the 1/2-plateau phase can be
attributed to the biquadratic term favoring a collinear spin con-
figuration. The zero-temperature b-h phase diagram on Eq. (1)
has been well understood [22,25,26], and the corresponding
magnetization curves are compatible to the experimentally
observed magnetization processes of ACr,O4 (b = 0.15, 0.10,
and 0.02 for A = Hg, Cd, and Zn, respectively). However, the
biquadratic term cannot completely reproduce the degeneracy
lifting in the pyrochlore system because spin correlations
beyond NN sites via the lattice distortion are not taken into
account on the BP model, resulting in the absence of the
magnetic long-range order [26]. This is not the case in real
compounds.

Alternatively, Bergman et al. [24] proposed another micro-
scopic spin model, called the site-phonon (SP) model, which
assumes independent displacement of each site position. The
effective Hamiltonian of the SP model is expressed as

Hsp =J ) [Si-S; —b(S;: - $))’]
(.))

b
_JE Z e,-j~e,-k(S,-'Sj)(Si'Sk)
JF#keN (i)

—th,-, 3)

where €;; denotes the unit vector connecting NN sites i and j
at their regular positions, N (i) denotes the set of NN sites of
site i. In addition to the biquadratic term as present in the BP
model, the SP model includes an additional three-body term
derived from the effective second- and third-NN interactions
caused by the lattice distortion. Since the biquadratic term
still plays a dominant role on the SP model, the basic feature
of the magnetization curve remains unchanged. On the other
hand, the additional term in Eq. (3) reduces the macroscopic
degeneracy of the spin degrees of freedom, leading to the
magnetic long-range order. For example, in the zero-field
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ordered state, a tetragonal collinear spin structure with (1,1,0)
magnetic Bragg peaks is predicted for b < 0.25 [44]. This is
consistent with the neutron scattering experiments on ACr,Oy4
where the observed Bragg-peak patterns involve (1,1,0) re-
flections although they are composed of rich and complex
reflections [14,45,46]. Furthermore, the SP model predicts a
16-sublattice cubic spin structure with space group P4332 for
the 1/2-plateau phase. This spin structure was also observed
in high-field neutron scattering experiments on HgCr,O4 and
CdCr,04 [45,47].

B. Effective spin model applicable to CulnCr,4Sg

Here, let’s move to the case of the breathing pyrochlore
lattice. Recently, Aoyama et al. [48] derived a SP model in
the presence of breathing lattice distortion. The Heisenberg
Hamiltonian considering two kinds of NN exchange interac-
tions, J and J', is written as

Ho=J) Si-Sj+J ) Si-S;, @
(i j)s (i,

where the summation (i, j)s ({i, j)L) is defined only
in the small (large) tetrahedra. Assuming J,J' > 0 and
dJ/dr,dJ /dr < 0, we can define two spin-lattice coupling
parameters with positive sign, b and ¥/, in the small and large
tetrahedra, respectively. Then, the spin interactions mediated
by the SP effect can be expressed as

Hsic=—Jb Y (S;-S;—Jb Y (8;-S;)’

(i.J)s (i, )L

Sy Y sespseso

J7#keNs (i) JFKENL()

— WZ Z Z €+ €x(S; - S;)(S; - Sy),

i jeNs(i) keNL (i)
©)

where Ng (i) (N (7)) is defined only in the small (large) tetrahe-
dra. The derivation process of Eq. (5) is described in Ref. [48].
As well as the case of ACr,Oy, this Hamiltonian also stabilizes
a tetragonal collinear spin structure with (1,1,0) magnetic
Bragg peaks in the wide ranges of b, b’, and J'/J [48], which is
in agreement with the experimentally observed domain state
in the low-temperature ordered phase on LiMCrsOg (M =
In, Ga) [30,31]. The investigation of b-h phase diagrams on
the SP model for various values of J'/J (0 < J'/J < 1) is in
progress [49].

Although one adopted this model to the antiferromagnet
with J,J' > 0, it is also applicable to the case of J > 0 and
J' < 0. In this process, however, we have to be careful of
the preceding sign of each term in Eq. (5). In the case of
J' <0, the sign of dJ'/dr is nontrivial for the following
reasons. In Cr spinel sulfides, the NN exchange interaction is
mainly originated from the AFM direct exchange interaction
between NN Cr sites and the FM superexchange interaction
via Cr-S-Cr path. The difference in the Cr-Cr distance on the
small and large tetrahedra is only 6% at room temperature on
CulnCr,4Ss, so the opposite sign of J and J’ implies that the
AFM direct exchange and the FM superexchange interactions
are competitive. Considering that the former is affected by

the Cr-Cr distance whereas the latter by the Cr-S-Cr angle,
which is clarified to be larger than 90° in all NN Cr pairs on
CulnCr4Sg [41], the increase in the Cr-Cr distance will make
both the direct exchange and the superexchange interactions
weaker. Hence, both situations, dJ'/dr < 0 and dJ'/dr > 0,
could be realized in CulnCrsSg. Note that the above ex-
planation cannot remove the possibility of dJ/dr > 0,
but the assumption of dJ/dr < 0 is more plausible because
the direct exchange interaction becomes relatively dominant
as the Cr atoms get closer. Regardless of the sign of dJ/dr
and dJ’'/dr, the sign of each spin-lattice coupling parameter
becomes b > 0 and b’ < 0 [see Eq. (2)]. However, under the
assumption of dJ/dr < 0 and dJ’/dr > 0, the preceding sign
of the last term in Eq. (5) changes from minus to plus [50].
In the following discussion, we will exclude this case, i.e.,
we will assume dJ/dr < 0 and dJ'/dr < O as the effect of
the spin-lattice coupling. Indeed, the calculation for the case
of dJ'/dr < 0 reproduces the experimental results better than
the case of dJ'/dr > 0, in the sense that it reproduces the
observed wide intermediate phase prior to the 1/2-plateau
phase on CulnCry4Ss.

In addition, we include further-neighbor (FN) AFM inter-
actions between sites of second and third NNs, which are
expected to be strong in sulfides unlike oxides [18,51]:

Hex=JD Y Si-Sj+ha D Si-Sj+Jyw Y S8-S;.
(G () 3a @M
(6)

where the summations (({i, j)), ({{i, J)))3s and ({{i, j)))3p
are taken for second NN and two kinds of third NN sites
(3a and 3b), respectively [Fig. 2(a)]. For simplicity, we do not
take care of the effects of the lattice distortion on the strengths
of these FN interactions. Organizing the above, we obtain

Hcuncnss = Ho + Hsie + Hen —h Z Si @)

as the spin Hamiltonian of CulnCr4Ss under magnetic fields.

In this study, we convert this complicated model into a
simple one. We naively anticipate that all four spins within
the same large tetrahedron always take a ferromagnetically
aligned spin configuration even in the external magnetic fields
as in zero field. By treating those four spins as one local-
ized spin at the center of a large tetrahedra, the breathing
pyrochlore magnet with J > 0 and J' < 0 can be mapped onto
the antiferromagnet composed of a face-centered cubic (fcc)
lattice [Fig. 2(b)]. Hereafter, we will represent a spin vector S,
as a spin located at the fcc site after the model transformation
mentioned above. By omitting constant terms and assuming
Jb=J'b in Eq. (7), we finally derive the effective spin
Hamiltonian of CulnCr4Sg as

M ncrs, = U + 4+ 210+ 2J3) Y Sa - Sy
(. B)

—JbY (Sa-Sp)+4JbY S, Sy
(. B) (. B)

Jb
=T D S Sp)SySy)
k a#pFyek

—EZSM ®)
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FIG. 2. (a) Crystal structure of the breathing pyrochlore lattice
with two kinds of NN exchange interactions, J and J', in the small
and large tetrahedra, respectively. Second NN (J;) and third NN in-
teractions (J3, and J3;, for two symmetrically inequivalent paths) are
also shown. (b) Model transformation from the breathing pyrochlore
magnet with / > 0 and J' < 0 to the fcc lattice antiferromagnet.
Four spins in each large tetrahedron are converted to one localized
spin, as indicated by red arrows. (c) Two types of the AFM ordering
which are candidates for the ground state on the fcc lattice antifer-
romagnet. Up and down spins are described by red and blue arrows,
respectively.

where the first summation in the fourth term are taken for
all local tetrahedra k depicted in the fcc lattice of Fig. 2(b).
The second term is originated from the BP effect, and the
third and fourth terms from the SP effect. Note that the
fcc lattice can be regarded as the 3D network of edge-
sharing tetrahedra, possessing geometrical frustration. If we
consider only NN interactions on the fcc lattice, two kinds
of Neel orders, Type I and Type III [Fig. 2(c)], become
candidates for the ground state at zero field (Type II state
can be realized in the existence of FN interactions). Such
a degeneracy can be lifted by fluctuations [2,52,53], FN
interactions [40], and so on. Theoretically, it has been shown
that fluctuations favor Type I state with an ordering wave
vector q = (1,0, 0). Indeed, the observed magnetic structure
of CulnCrsSg at zero field can be mapped onto Type I
state [39].

C. Calculation results

In this section, we focus on the characteristics of the
zero-temperature b-h phase diagram and magnetization curves
derived from Eq. (8). In our analysis, the fourth- and sixth-NN
interactions in the original breathing pyrochlore lattice are not
taken into account. Consequently, only NN interactions and
intratetrahedral interactions appear in the effective Hamilto-
nian on the fcc lattice. Thus, we can rewrite Eq. (8) by taking
a summation of local Hamiltonian on each single tetrahedron:

eff _ 2 local
HCuInCmSg - HCuInCmSg’ (9)
k

Hhcrs, = (1 + 4b) + Jx] Z Se - Sp
(o, Bk

—Jb Y (Sa - Sp)
(o, Bk

Jb
7 2 (SuSpSe-S,)
aFpFy ek

—22&, (10)

ack

where Jpn = 4J5 + 2J3, + 2J35, and the summation (o, 8)x
is taken over all pairs in a single tetrahedron k. Here, we
normalize spin vectors to |[S,| = 1, and choose Jgn/J and b as
adjustable dimensionless parameters. Since all the optimum
spin configurations on each local tetrahedron can be simul-
taneously satisfied on the fcc lattice with an infinite size, we
can obtain the ground state just by numerically minimizing
Eq. (10) at arbitrary strength of the magnetic field.

The b-h phase diagram and the corresponding magnetiza-
tion curves for given values of b are summarized in Fig. 3.
Regardless of the value of Jpn/J, the b-h phase diagram
becomes identical except the scale of both axes. Here, we
demonstrate the case of Jpny/J = 0. As shown in Fig. 3(a),
several magnetic phases such as cant 2:2, cant 2:1:1, 1/2-
plateau, cant 3:1, and spin-saturated phases appear in applied
magnetic fields. We define A1, hco, hes, and hgy as transition
fields to the cant 2:1:1, 1/2-plateau, cant 3:1, and spin-
saturated phases, respectively. For b < 0.17, the cant 2:1:1
phase appears immediately below the 1/2-plateau phase. The
transition from the cant 2:2 to cant 2:1:1 phase at A is the first
order accompanied by a magnetization jump. The transition
from the cant 2:1:1 to 1/2-plateau phase at h; is the second
order for b < 0.12, where the value of A, /4 is constant to 4.,
while it turns to the first order for b 2 0.12, where h, be-
comes slightly higher as b increases. The transition field A,
gets monotonously higher as b increases, and finally merges
with he, at b~ 0.17. For b 2 0.17, a first-order transition
from the cant 2:2 to 1/2-plateau phase occurs at /., accom-
panied by a magnetization jump. The width of the 1/2-plateau
phase is extremely broad, indicating that the 3-up 1-down spin
configuration with the magnetization M /Mg = 1/2 is stable in
a wide field region. When a higher magnetic field is applied in
the 1/2-plateau phase, the system undergoes a second-order
transition to the cant 3:1 phase at h.3/4 = 4(1 4 6b)J, then
finally enters the spin-saturated phase at hg,. The transition
from the cant 3:1 to spin-saturated phase is the second order
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FIG. 3. (a) Phase diagram of Eq. (10) as a function of the spin-
lattice coupling parameter b and magnetic field 4. Red solid and blue
dashed lines denote first- and second-order transitions, respectively.
The regions shaded in pink, yellow, blue, white, and green express a
cant 2:2, cant 2:1:1, 1/2-plateau, cant 3:1, and fully polarized phase,
respectively. Schematic spin configuration within a single tetrahe-
dron and its irreducible representation of the tetrahedral symmetry
group are also illustrated in each region. This phase diagram is
applicable to any value of Jgy. (b) Magnetization curves as a function
of magnetic field & for /(1 + Jgn/J) = 0 to 0.25 in steps of 0.05.
The transition fields, A1, he, he3, and hg,, are indicated for the case
of b/(1 + Jpn/J) = 0.10 as example.

for b < 0.06, where the value of A, /4 is constant to 8/, while
it becomes the first order for b 2 0.06, where hg, increases
gradually as b increases.

Although the b-h phase diagram of Eq. (10) is similar
with that of Eq. (1) proposed in Ref. [22], there are two
remarkable differences. First, as b increases the broadening of
the 1/2-plateau phase becomes saturated for Eq. (1), whereas
the width of the 1/2-plateau becomes constantly wider in
our model. Second, the cant 2:1:1 phase emerges in wider
ranges of b and & in our results. If we adopt the BP model to
the breathing pyrochlore magnet with J > 0 and J' < 0, the
effective Hamiltonian becomes identical with Eq. (1). Hence,

the differences in the b-h phase diagram can be attributed
to the effective FN interactions caused by the local lattice
distortion, which is only taken into account on the SP model
[the third and fourth terms of Eq. (8)].

IV. DISCUSSION AND CONCLUSION

A few experimental studies have been made under high
magnetic fields on CulnCrySg so far [40,41]. Despite these
efforts, there is still little understanding on the field-induced
magnetic phases. Here, we compare our experimental and the-
oretical results on CulnCr4Sg with those on Cr spinel oxides,
and discuss how our research contributes to the fundamental
understanding of the magnetization process of CulnCr4Ssg.

In the low-field region below 70 T, two phase transitions
at H,; and H,, are observed prior to the 1/2-plateau. The
former is the first-order phase transition which is accompanied
by a large hysteresis and associated with a cusp in dM/dH,
whereas the latter might be the second order because a broad
hump structure in dM/dH between 40 T and 65 T almost
overlaps for up and down sweeps as shown in the upper panel
of Fig. 1 (visible only in the result obtained by a nondestruc-
tive pulsed magnet [41]). The calculated magnetization curve
with a small spin-lattice coupling parameter (b < 0.17) shown
in Fig. 3(b) well reproduces these two-step phase transitions
qualitatively. Hence, the intermediate phase between H.; and
H_, can be identified with a cant 2:1:1 phase. The cant 2:1:1
phase has already been observed for ZnCr,04 (120 ~ 135 T)
[10] and MgCr,04 (125 ~ 140 T) [13] by optical Faraday
rotation measurements, but its field region is rather narrow
compared to the cant 2:2 phase. In contrast, the M-H curve
of CulnCr,Sg seems to show a relatively broad cant 2:1:1
phase although it is difficult to define the precise values of
H.; and H.,. Such a broad cant 2:1:1 phase is reproduced
better by our theoretical calculation based on the SP model
rather than the BP model [22]. After reaching the 1/2-plateau
phase at H.,, the magnetization slowly increases until H3
then shows a substantial upturn behavior. Our theoretical
calculation suggests a second-order phase transition from the
3:1 collinear spin state to the spin-canted state without any
change in the lattice symmetry at h.3, where the magnetization
starts increasing again. Given that no hysteretic behavior is
observed in dM/dH at H.s, it seems plausible to ascribe H.3
to hc3. As shown in Fig. 3(b), if the magnetization changes
linearly in higher fields than 4., it will reach M;/2 at around
hes regardless of the value of b. On the other hand, the linear
fit of the experimental M-H curve below H.; will cross the
M = M/2 value at ~70 T, which is much lower than the
value of the observed oH.3 =~ 112 T. There are a few possible
reasons for this behavior. One is that we restrict our theoretical
analysis on the simple case of the equal coupling in different
symmetry by, = by = by,. When we adopt the microscopic
model to real compounds, we can assume different values of
b, i.e., bs, # bp # by, [22,25,54]. Indeed, by, seems larger
than bg for HgCr,04 and CdCr,04 [54], which might also be
true for CulnCr4Sg. Another possible reason is that AFM FN
interactions might become stronger in the 1/2-plateau phase
due to the lattice distortion. In order to accurately account
for the observed value of H_3, it is necessary to estimate the
change in the FN interactions caused by the magnetostriction.
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FIG. 4. Two possible 3-up 1-down spin structures for the 1/2-
plateau phase on the fcc lattice. Up and down spins are described by
red and blue arrows, respectively.

In addition to these phase transitions, two exotic features
are observed in the M-H curve of CulnCrySg, which cannot
be explained by our theoretical calculation. (i) First, a gradual
dM/dH change appears at H.» accompanied by a hysteresis.
Since this behavior was well reproduced by several measure-
ments with different maximum magnetic fields, the technical
issue of measurements can be excluded [42]. As mentioned
above, it is natural to consider that H., and H.3 correspond
to hey and A3 defined in our calculated results, respectively.
Accordingly, the magnetic structure between H., and H.;
should be the 3-up 1-down spin configuration, analogous to
the 1/2-plateau phase realized in Cr spinel oxides. One possi-
ble mechanism for the first-order nature at H, is the change in
the global spin structure accompanied by the lattice distortion
while maintaining the 3-up 1-down spin configuration in small
Cry tetrahedra. The present theory cannot take into account
such a scenario because our microscopic spin model focuses
only on the local spin structure of four sites in the mapped
fcc lattice, i.e., the spin structure of 16 sites in the original
breathing pyrochlore lattice. Importantly, two kinds of global
spin structure are possible for the 1/2-plateau phase in our
model, as shown in Fig. 4. In order to lift this degeneracy, it is
required to include more perturbations to calculation, which
is out of the scope in this work because there is still some
ambiguities about the exchange interactions on CulnCrySs.
To the best of our knowledge, a phase transition within a
magnetization plateau has been reported only on MnCr;Sy,
which is composed of two kinds of magnetic ions Mn* (§ =
5/2) and Cr’* (S =3/2) occupying the tetrahedral A and
octahedral B sites of the spinel structure AB, X, respectively
[55]. In the case of MnCr,S4, however, such a transition
was hardly detected as anomalies in the M-H curve while
it was clearly observed by the ultrasound measurements. It
should be noted that the magnetocaloric effect cannot be
ignored in our magnetization data of CulnCr4Sg because the
measurement condition in the STC system is close to adiabatic
due to the fast field-sweep rate. Although we speculate the
hysteretic behavior at H.y is mainly related to the change in
the spin state, a dedicated technique sensitive to the lattice
deformation under high magnetic fields might be required
to understand such an exotic feature in the M-H curve. (ii)
Second, the M-H curve of CulnCr4Sg exhibits a shoulderlike
behavior characterized by a sharp peak in dM/dH around H_4,
where M reaches ~2.5 ug/Cr, which is much smaller than
Mg = 3.06 ug/Cr. It suggests the existence of another inter-
mediate phase between cant 3:1 and spin-saturated phases.
In the series of Cr spinel oxides ACr,O4 (A = Hg, Cd,

and Zn), a shoulderlike behavior in the M-H curve and a dras-
tic change in the intensity of the optical absorption associated
with an exciton-magnon-phonon process have been reported
just before the full saturation of magnetization [7,9,11]. In
the case of HgCr,Oy, a first-order structural transformation
to the crystal structure with A; symmetry was predicted at this
phase transition by the previous ESR study [6]. This interme-
diate phase is now believed to be a spin-nematic phase after
the theoretical proposal incorporating the quantum effect [43].
Recently, the ground state of the S = 1/2 Heisenberg model
on the fcc lattice under magnetic fields was also investi-
gated by Morita et al. [56]. The magnetization curve on the
S = 1/2 fcc lattice without tetragonal distortion is quite sim-
ilar with our results [Fig. 3(b)], exhibiting cant 2:2, cant
2:1:1, 1/2-plateau, cant 3:1, and spin-saturated phases. In this
case, the tetragonal distortion on the fcc lattice induces more
diverse supersolid phases immediately below the 1/2-plateau
and the spin-saturated phase. This distortion can be regarded
as the lattice distortion caused by the spin-lattice coupling on
the isotropic fcc lattice. Thus, these quantum phases might
also be relevant to our experimental observation although
CulnCr4Sg is a S = 3/2 system.

Finally, we remark on the estimation of the exchange inter-
actions on CulnCr4Sg. Under the mean-field approximation,
the Weiss temperature ®cw and the saturation field Hg, can
be deduced as follows, respectively:

S(S+1 ,
Ocw = —%u F I+ e, (11)
B
8S
/‘LOHsat = _(J +JFN)a (12)
EUB

where kg is the Boltzmann’s constant. By combining two
formulas Egs. (11) and (12), J + Jegy and J' can be obtained
independently. Previously, Plumier et al. [40] calculated them
from the experimental results of the magnetic susceptibility
and the magnetization up to 38 T by using the estimated
values of Ocw = —77 K and poHg = 146 T, where they
might mistakenly multiply a factor of 2 to the right side
of Eq. (11). Here, we recalculate in the same way, which
yields the exchange interactions of (J + Jgn)/kg = 21 K and
J'Jkg = =2 K with g = 2.04, Ocw = —7 x 10! K [41], and
toHg = 1.8 x 10> T (estimated from this study). This im-
plies that the AFM interactions are dominant on CulnCr,4Ss,
which could be responsible for the robust 1/2-plateau as
observed in Cr spinel oxides. It should be noted that the
M-H curves of LiGaCrsSg and LilnCrsSg, where the FM
interaction J’ is expected to be strong, do not clearly exhibit
the 1/2-plateau [41]. Recently, the exchange interactions of
several Cr spinel compounds forming a breathing pyrochlore
lattice were theoretically investigated by Ghosh et al. [51].
By using the lattice parameter of CulnCrsSg at room tem-
perature, the exchange interactions are obtained as J/kg =
14.7 K, J'/kg = —=26.0 K, J»/kg = 1.1 K, J3,/ks = 6.4 K,
and J3p/kg = 4.5 K. Assuming these values, the saturation
field is calculated to be 3.6 x 10 T, which is much higher
than the experimental observation. It seems that we have to
carefully consider the influence of the spin-lattice coupling
and thermal fluctuation.
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To summarize, we investigated the magnetization process
of the breathing pyrochlore magnet CulnCr4Sg with J > 0 and
J' < 0 both experimentally and theoretically. The observed
M-H curve is characterized by a wide 1/2-plateau exhibiting
from woHe ~ 65T to uoH.s ~ 112 T, and the saturation field
is estimated to be poHsy =~ 180 T. Two unique behaviors are
also observed in the M-H curve: A slight slope change ac-
companied by a hysteresis at uoH.» ~ 85 T in the 1/2-plateau
region and a shoulderlike shape at oHc4 &~ 135 T prior to the
saturation. In particular, there are few reports on the former
phenomenon, i.e., a phase transition within a magnetization-
plateau state. We also proposed the microscopic classical spin
model to understand the magnetic behavior of the breathing
pyrochlore magnet with J > 0 and J' < 0. The calculation
well reproduces the main features of the magnetization pro-
cess of CulnCrySg, especially a relatively wide cant 2:1:1

phase. However, there are still many unsolved issues in
CulnCr4Ss, such as the global spin structure in each phase, the
possible change in the exchange interactions under magnetic
fields, and so on. Further experimental investigation such as
the magnetostriction, magnetocaloric effect, ultrasound, ESR,
NMR, neutron, and x-ray measurements under high magnetic
fields should be interesting and will provide useful clues to
understand the essence of the successive phase transitions on
CulnCry4Ss.
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