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The mutual coupling of spin and lattice degrees of freedom is ubiquitous in mag-
netic materials and potentially creates exotic magnetic states in response to the external
magnetic field. Particularly, geometrically frustrated magnets serve as a fertile play-
ground for realizing magnetic superstructure phases. Here, we observe an unconven-
tional two-step magnetostructural transition prior to a half-magnetization plateau in
a breathing pyrochlore chromium spinel by means of state-of-the-art magnetization
and magnetostriction measurements in ultrahigh magnetic fields available up to 600
T. Considering a microscopic magnetoelastic theory, the intermediate-field phase can
be assigned to a magnetic superstructure with a three-dimensional periodic array of
3-up-1-down and canted 2-up-2-down spin molecules. We attribute the emergence of
the magnetic superstructure to a unique combination of the strong spin-lattice coupling
and large breathing anisotropy.

frustrated magnetism | breathing anisotropy | spin-lattice coupling | ultrahigh magnetic fields

Superstructures in crystalline solids, where the unit cell of atomic arrangements or elec-
tronic states is an integer multiple of the original primitive cell of the lattice, have received
considerable attention because of their complexity as well as their association with exotic
physical properties. Prominent examples are surface superstructures such as the
Si(111)-7 x 7 state (1), charge/orbital ordering in perovskite manganites (2), and charge
density wave states in van der Waals transition-metal dichalcogenides (3) and topological
kagome superconductors (4). For frustrated spin systems, a variety of quantum-entangled
magnetic superstructures can appear in the external magnetic field. Of particular interest
are a series of magnon crystals in a spin-1/2 kagome Heisenberg antiferromagnet (5) and
successive transformations of singlet-triplet superstructures in a spin-1/2 orthogonal-dimer
Heisenberg antiferromagnet (6). These phenomena are accompanied by a cascade of
fractional magnetization plateaus (7—11).

When a spin system interacts with the lattice degrees of freedom, the structural insta-
bility can facilitate the formation of a magnetic long-range order, potentially yielding a
spin—lattice-coupled superstructure. The concept of a spin—lattice coupling was first the-
oretically proposed as the spin-Peierls transition in a spin-1/2 Heisenberg antiferromag-
netic (AFM) chain (12, 13), which was then demonstrated in a number of
quasi-one-dimensional compounds (14, 15). In this mechanism, the spin dimerization is
induced by individual atomic displacements with a doubling of the unit cell, where the
system gains exchange energy at the cost of elastic energy. A similar phase transition was
subsequently found in three-dimensional semiclassical spin systems represented by
chromium-based spinels ACr,O, (4 = Zn, Cd, and Hg) (16-19). At low temperatures,
the strong geometrical frustration inherent in the corner-sharing tetrahedral network, i.e.,
the pyrochlore lattice, of spin-3/2 Cr’" ions is relieved by the local tetrahedral distortion
(called the spin Jahn—Teller effect), resulting in a 2-up-2-down magnetic long-range order
(16, 19) (Fig. 1 Aand B). Interestingly, the application of a magnetic field induces another
spin-lattice-coupled long-range order, a 3-up-1-down state (19, 20) (Fig. 1C). This phase
transition is accompanied by a steep magnetization jump (21-23) and giant magneto-
striction (24) followed by a robust half-magnetization plateau, which can be explained in
the framework of microscopic magnetoelastic theories incorporating local phonon modes
(25, 26). These findings have triggered further studies on the spin—lattice-coupling physics
for various spin models (27-33).

Recently, the introduction of a breathing anisotropy; i.e., a spatial modulation of magnetic
interactions, has been recognized as a new approach to control the ground state of various
spin models (34-306). In this context, the emergence of spin—lattice-coupled superstructures
in addition to the conventional 2-up-2-down and 3-up-1-down states (not superstructures)
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Fig. 1. Spin configurations in a local tetrahedron of the classical Heisenberg antiferromagnet on a pyrochlore lattice. The magnetic frustration arising from the
geometrical constraint (A) is relieved by the spin Jahn-Teller effect below the ordering temperature Ty in zero field, resulting in a 2-up-2-down state (B). On application
of a magnetic field B, the system undergoes a phase transition to a 3-up-1-down state (C). In both collinear magnetic states, the AFM exchange interaction in contracted
(elongated) bonds colored by red (blue) becomes stronger (weaker) by /4, (J4,) than the original strength J through the lattice deformation (25).

is theoretically proposed in the breathing pyrochlore lattice where
the neighboring tetrahedra differ in size in an alternating pattern
(Fig. 2A) (32). Here, we report the possible realization of this theo-
retical prediction in a model compound of the breathing pyrochlore
antiferromagnet, LiGaCr Oy (36—40). By means of state-of-the-art
magnetization and magnetostriction measurement techniques avail-
able in ultrahigh magnetic fields of up to 600 T, we demonstrate that
LiGaCr,Oy exhibits a two-step magnetostructural transition in an
intermediate field range between 150 T and 200 T, followed by a
half-magnetization plateau up to ~420 T. The effective spin
Hamiltonian for LiGaCrOg is established based on density-
functional-theory (DFT) calculations and classical Monte Carlo
(MC) simulations. We show that the combination of the strong
spin—lattice coupling and large breathing anisotropy can be respon-
sible for stabilizing the intermediate-field phase, which we assign to
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Fig.2. Basic properties of a breathing pyrochlore antiferromagnet LiGaCr,Og.
(A) Breathing pyrochlore lattice with two kinds of the nearest-neighbor AFM
exchange couplings of J (/) in tetrahedra A (B) with the bond length r ()
and further-neighbor exchange couplings up to third nearest neighbor. In
LiGaCr,0g, r=2.907 Aand r'=2.919 A at 20 K. (B) Crystal structure of LiGaCr,Os.
The illustrations are drawn with VESTA software (41). (C) Exchange couplings
of LiGaCr,Og in the paramagnetic state at 20 K determined by DFT energy
mapping as a function of on-site interaction strength U. The vertical line
indicates the U value where the exchange couplings match the experimental
Weiss temperature 6, = -659 K (36) The resulting exchange parameters are J/kg
=166.6(2) K, J'Tks = 6.9(2) K, J,/kg = ) K, Jza/ks = 0.3(1) K, and /3,/kg = 0.9(1) K.
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a tetrahedron-based superstructure with a three-dimensional periodic
array of 3-up-1-down and canted 2-up-2-down spin molecules.

Results

Breathing Pyrochlore Antiferromagnet LiGaCr,Og. We first
introduce the basic properties of the present target LiGaCr,Oq
(36). The crystallographic ordering of nonmagnetic cations Li"
and Ga®* identical to the zinc-blende structure (Fig. 2B) leads to
the breathing pyrochlore Cr network, as shown in Fig. 24. The
resultant two inequivalent nearest-neighbor Cr—Cr bonds, whose
lengths are 7= 2.970 A and # = 2.867 A at room temperature (36),
are characterized by two distinct AFM exchange couplings /and /":

Hy=] ).8;-8;+] ).S,-S, 1]
(i) ()5

where §;and S; denote the classical Heisenberg spins, and )7, j(4 and
)i, j5 stand for nearest-neighbor sites within tetrahedra A4 and B,
respectively (Fig. 24). Note that / is equal to /' for the conventional
Cr spinel ACr,O,. For LiGaCr,Oy, /' was initially believed to be
stronger than / (36) judging from the empirical relationship between
the strength of the AFM exchange coupling and the lattice constant
(equivalently, the Cr—Cr bond length) in ACr,O, (42), though the
actual situation does not seem so simple. From the structural point
of view, the inversion symmetry breaking at the local Cr site would
give rise to the anisotropic deformation of Cr 34° orbitals. Indeed,
previous DFT energy mapping revealed the dominance of /at room
temperature: J/ky = 100 K and J'/ky = 66.2 K (43), kg being the
Boltzmann constant. Furthermore, the breathing anisotropy J'//
can be strongly temperature dependent as exemplified in a related
compound LilnCr,Oy (43).

In order to evaluate /] for LiGaCr,Oyg at low temperatures, we
measured powder X-ray diffraction patterns at 20 K and performed
the Rietveld analysis (S Appendix, Note 1) and DFT energy map-
ping (Materials and Methods). Since the coexistence of tetragonal
and cubic phases are reported below the ordering temperature 7}
= 14 K (38) (8] Appendix, Note 2), we can expect reliable infor-
mation on the exchange parameters from the structural refinement
at a temperature slightly higher than 7. Notably, tetrahedra 4
and B are found to be reversed in size (r = 2.907 A and # = 2.919
A) while the cubic F-43m structure is preserved at 20 K. Fig. 2C
shows the DFT energy mapping up to the third nearest-neighbor
exchange couplings (Fig. 24). Here, the experimental Weiss
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temperature Oy, =—659 K (36) is used to fix the on-site interaction
strength U. We find a significant reduction of /'// on cooling: J'/]
= 0.66 at room temperature (43) whereas J'// = 0.04 at 20 K (J/
=166.6 Kand J'//y = 6.9 K), indicating that LiGaCrOy is located
close to the limit of decoupled AFM tetrahedra at low tempera-
tures. The estimation of /'// is nearly independent of U (J'/] = 0.04
~ 0.10 for U = 1.25 ~ 2.75 €V), and the second and third
nearest-neighbor exchange couplings are negligibly weak.

Physical Property Measurements in Ultrahigh Magnetic Fields.
As suggested from the large negative Weiss temperature Oy, =
—659 K (36), ultrahigh magnetic fields of several hundreds of tesla
are required to exceed the strong AFM exchange interactions in
LiGaCr,Oyg. Accordingly, we employed two kinds of destructive-
type pulsed megagauss generators: an electromagnetic flux
compression (EMFC) system (44) (Fig. 34) and a single-turn
coil (STC) system (45) (Fig. 3B). The former allows physical
property measurements up to ~600 T only in the field-increasing
process, whereas the latter offers the data up to ~200 T both in the
field-increasing and -decreasing processes. Typical magnetic-field
waveforms generated by the EMFC and STC systems are shown
by gray lines in Fig. 3 Cand D, respectively.

Physical property measurements on magnetic insulators in the
EMEC system were so far limited to the Faraday rotation and optical
absorption measurements (23). These magneto-optical detection
schemes, however, could not be applied to the present polycrystalline
LiGaCr,Oy samples. In this work, we have extended two existing
techniques implemented in the STC system to the EMFC system
to observe successive phase transitions of LiGaCr,Og up to ~600 T:
i) a magnetization measurement using the induction method (31,

46, 47) and ii) a magnetostriction measurement using the optical
fiber-Bragg-grating (FBG) method (48, 49) (SI Appendix, Notes 3

and 6).

Two-Step Magnetostructural Transition at around 200 T. Fig. 3£
summarizes the magnetization data of LiGaCr,O4 measured at
~5 K. In the STC system, a linear increase in the magnetization
M with respect to the external magnetic field B is observed up
to a generated maximum field B, of 145 T, where M reaches
0.70 py/Cr, suggesting that spins are smoothly canting from the
2-up-2-down AFM ground state (38). Here, the absolute value
of M is calibrated using the magnetization data obtained in a
SQUID magnetometer MPMS up to 7 T (8] Appendix, Note 2)
and in a nondestructive pulsed magnet up to 51 T (Fig. 3E). Upon
the application of a higher field using the EMFC system, dM/dr
anomalies with a small hump and a subsequent large hump are
observed at B, = 159 T and B, = 171 T, respectively (/nset of
Fig. 30), indicating a two-step metamagnetic transition. We ensure
the reproducibility in three independent experiments with different
setups (SI Appendix, Note 4). By subtracting the background
component from the observed 4M]ds profile (ST Appendix, Note 5),
M as a function of B and its field derivative dM/dB between 150 T
and 200 T are obtained as shown by red and pink lines, respectively,
in Fig. 3E. The second magnetization jump, AM,, is approximately
six times larger than the first one, AM;, if the B-linear component is
subtracted (Fig. 3E). The absolute value of A at 200 T'is 1.35 + 0.07
up/Cr, which is close to half the expected saturation magnetization
of ~3 u/Cr given that the g-value is estimated to be g = 1.98 ~
2.08 (36, 37). The present observation is most likely ascribed to the
appearance of a half-magnetization plateau as observed in ACr,Oy
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Fig.3. Observation of a two-step magnetostructural transition in LiGaCr,Og at around 200 T. (A) Schematic of the magnetization measurement using the induction
method in the EMFC system. An instantaneous high-current discharge into the outer primary coil induces explosive implosion of the inner brass cylinder (noted
as “Liner”) and as a result compresses the magnetic flux (44). (B) Schematic of the magnetostriction measurement using the FBG method in the STC system.
The probe and sample remain intact during the field pulse due to outward explosion of the STC (45). (C) Temporal evolutions of the magnetic field (gray) and
the induction voltage detected by the self-compensated pickup coil (red) at 5 K in the EMFC system. The induced voltage is a summation of the intrinsic dM/dt
component and the background originating from dB/dt. The inset displays an enlarged view around phase transitions denoted by upward triangles in the dM/dt
data. (D) Temporal evolutions of the magnetic field (gray) and the sample-length change AL/L (purple) obtained in the STC system (corresponding to Data #2).
(E) M-B curves (left axis) and their field-derivatives (right axis) at ~5 K obtained in the nondestructive pulsed magnet (green), STC (blue), and EMFC system (red).
The parallel dashed lines are guides for the eye to visualize magnitudes of magnetization jumps AM, and AM, at B., and B, respectively. (F) AL/L-B curves at
5 K obtained in the STC system. Data #1 and #2 were taken in the same sample setting with different generated maximum field B, (Data #1 is vertically shifted
for clarity). The gray solid line is a guide for the eye to visualize the slope change in AL/L at B, and B,,.
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(21-23), given that the magnetization jump is blunted by thermal
fluctuations or crystallographic disorders.

The existence of an intermediate-field phase between B, and B,
is supported by the magnetostriction measurements. Fig. 3F shows
the magnetostriction data of LiGaCrO4 measured at 5 K using the
STC system with B, = 167 T (Data #1) and 185 T (Data #2).
‘The temporal evolution of the relative sample-length change AL/L
for Data #2 is shown in Fig. 3D. Data #1 and #2 were taken in the
same setup and are in excellent agreement with each other. As seen
in Data #1, a rapid lattice expansion starts at around 160 T, which
corresponds to the phase transition at B,;. Furthermore, as seen in
Data #2, the increase in AL/ L is accelerated above B,,. These obser-
vations indicate that both transitions at B and B,, are likely first
order accompanied by a structural phase transition.

Field Width of Half-Magnetization Plateau. Theoretically, the
magnetic-field width of a half-magnetization plateau correlates
with the strength of the spin-lattice coupling in the (breathing)
pyrochlore-lattice Heisenberg antiferromagnet (25, 32). Therefore,
it is important to determine the termination field of the half-
magnetization plateau B, for further discussions, although our
magnetization measurement could not detect additional phase
transitions above 200 T due to poor sensitivity of our probe in
the high-field region (SI Appendix, Note 4).

As an alternative way to determine B_;, we measured the magne-
tostriction of LlGaCr408 at 5 Kin the EMFC system. Considering
the relation AL/L o M* derived from the magnetoelastic theory (24),
there should be no lattice-constant change in the half-magnetization
plateau region, followed by a significant volume expansion on the
high-field side. Fig. 4 shows three AL/L-B curves (Data #3 ~ #5)
obtained in independent sample settings. The raw data are shown
in ST Appendix, Note 7, and the analytical procedure is described in
SI Appendix, Note 8. For Data #3, a plateau-like behavior is observed
from 200 T up to B,,,, = 360 T. For Data #4 and #5 with B, ~ 600
T, on the other hand, an upturn behavior is clearly observed at
around 420 T, signaling the occurrence of a phase transition from
the 3-up-1-down to a higher-field spin-canted phase. We hence
determine B_; ~ 420 T. Furthermore, another AL/L kink is observed
at around 550 T, potentially reflecting a phase transition to a para-
magnetic phase.

Classical Monte Carlo Simulations. To get more insights into
the field-induced phase transitions of LiGaCr,Og, we employ a
microscopic magnetoelastic model on the breathing pyrochlore
lattice (32) incorporating the Einstein site phonons assuming the
independent displacement of each site (26). The effective spin
Hamiltonian H g is

Ho=Hy+Hgc—h DS, (2]

where H,, contains minimal exchange terms expressed as Eq. 1,
b is the external magnetic field applied along the z-axis, and

Hyc=—-Jb Y, (si-sj>2—]’// 3 (si-sj)2
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Fig. 4. Magnetic-field width of a half-magnetization plateau in LiGaCr,Og
determined by the magnetostriction measurements. AL/L-B curves at 5 K
obtained in the EMFC system. Data #3, #4, and #5 were taken in independent
sample settings with the generated maximum field of B,,,, = 360, 580, and
620 T, respectively (Data #3 and #4 are vertically shifted for clarity). The half-
magnetization plateau associated with the 3-up-1-down magnetic state is
expected to appear in a field region shaded by cyan.

where 4 (4') is a dimensionless parameter representing the strength
of the spin-lattice coupling between the nearest-neighbor sites
within tetrahedra A (B), N,(i) (INy(7)) denotes a set of the nearest-
neighbor sites of site 7 within tetrahedra 4 (B), and e; is the unit
vector oriented from site 7 to j. Possible effects from the single-ion
anisotropy can be neglected here because of the quenched orbital
angular momentum of the Cr’* ion, as indicated by the g-value
[g=1.98 ~ 2.08 (36, 37)]. In fact, the magnetization curves of
CdCr,Oy [g=2.06 (17)], for example, for A || [100], [110], and
[111] are almost identical (18). As for phonon contributions, the
displacement energies of atoms are quadratic in the Hamiltonian
so that they can be exactly traced out through the standard
Gaussian integration (for the derivation process of Eq. 3, see
SI Appendix, Note 9). Consequently, the phonon-mediated spin
interactions Hg; ¢ consist of biquadratic terms favoring collinear
spin configurations (first and second terms) and three-body quar-
tic terms responsible for lifting the macroscopic degeneracy (third
and last terms). Note that Eq. 2 with /'// = 1 can reproduce a
half-magnetization plateau with a 16-sublattice 3-up-1-down
magnetic structure observed in HgCr,O, (19) and CdCr, Oy (20),
where up-up-up-down chains run along all the six equivalent
[110] directions (26). The magnetic phase diagrams for the mod-
erately breathing case of /'// = 0.6 and 0.2 are reported in ref. 32.
As mentioned above, LiGaCr Oy is characterized by a large
breathing anisotropy of /'// = 0.04 just above 7} according to the
DFT calculations, although the situation would be more complex
below Ty (38). Here, we set J'/J = 0.1 as a typical value for the
strongly breathing case in Eq. 2 and performed classical MC sim-
ulations to calculate the magnetization curves for various sets of
the spin—lattice coupling parameters & and &'. Fig. 5 A-C shows
the calculation results for a system size of N = 16L” spins with
L =12 in three typical cases: a) 6 = 6 = 0.05,b) b= &' = 0.10,
and ¢) 6 = &' =0.15. Regardless of 4 and &', phase I with an
8-sublattice canted 2-up-2-down state (Fig. 5D) and phase I with
a 16-sublattice 3-up-1-down state (Fig. 5E) appear followed by a
higher-field phase II’ (the magnetic structure of phase II is likely
to be more complicated than a simple canted 3-up-1-down state,
and its identification is beyond the scope of this work). An impor-
tant difference manifests just below phase II. In the weak spin—
lattice coupling case of & = &' = 0.05, the system undergoes a
first-order transition from phase I to III with a 16-sublattice
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Fig. 5. Successive field-induced phase transitions based on the magnetoelastic theory on the breathing pyrochlore Heisenberg antiferromagnet. (A-C)
Magnetization curves in the strongly breathing case of J'// = 0.1 for (A) b = b' = 0.05, T// = 0.006, (B) b = b' = 0.10, T// = 0.012, and (C) b = b' = 0.15, T// = 0.012
calculated by means of the classical MC simulations. (D-H) Real-space magnetic structures in (D) phase |, (E) II, (F) Ill, and (G and H) IV, where red (blue) and yellow
arrows represent spins pointing upward (downward) and canting with respect to the magnetic field h, respectively. In phases | ~ llI, the canted 2-up-2-down,
3-up-1-down, and "1-up-1-down + V"-type spin configurations are stabilized, respectively, with no translational symmetry breaking of the underlying breathing
pyrochlore lattice. In phase 1V, a tetrahedron-based long-range order with a sixfold magnetic unit cell size in all the three principle axes emerges. In H, the spin
configurations within three adjacent tetrahedral layers are displayed (corresponding to one-fourth of the magnetic unit cell). This magnetic state is composed
of the canted 2-up-2-down (purple) and 3-up-1-down tetrahedra (gray) in the ratio of 1:2.

"1-up-1-down+V"- type spin correlation (Fig. 5F), which is con-
tinuously connected to phase II. With increasing the spin-lattice
coupling, an intermediate-field phase once disappears for & = 4 =
0.10, and then another phase, phase IV, appears for 4 = 4’ = 0.15.
Remarkably, the magnetic structure of phase IV is a mixture of
the canted 2-up-2-down and 3-up-1-down units of tetrahedra A
in the ratio of 1:2, forming a long-range order witha 6 x 6 x 6
magnetic unit cell (Fig. 5 G and H). The detail of the ordering
pattern is described in ref. 32. We confirm that, for system sizes
in which Z is not a multiple of six, this state cannot be obtained,
and instead a metastable state with higher energy appears
(SI Appendix, Note 10). Note that phase IV appears also for /]
= 0.2 with larger values of 4 and &' (6 = &' 2 0.20) but does not
appear for /'/] = 0.6 with any values of & and &' (32).

Discussion

From the above results, we find that the theoretical M—B curve
for the strong spin—lattice coupling case of 4 = &' = 0.15 (Fig. 5C)
is qualitatively compatible with the experimental A/~B curve of
LiGaCr,Oyq (Fig. 3E) in that the two-step magnetization jump as
well as the relatively wide half-magnetization plateau are repro-
duced. We hence believe that the experimentally observed
intermediate-field phase prior to the half magnetization plateau
would be a magnetic superstructure phase induced by the strong
spin-lattice coupling and large breathing anisotropy. However,
the magnetization in phase IV amounts to m/m, ~ 0.4 (Fig. 5C),
which is larger than the experimental value at B,,, m/m =~ 0.3
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(Fig. 3E). Moreover, the present site-phonon model tends to
underestimate the field width of the half-magnetization plateau
(26, 32), as demonstrated in ACr,O, with /'// =1 (21, 22) and
also in the present case (S Appendix, Note 11). These quantitative
discrepancies may arise from the missing incorporation of the
macroscopic lattice deformation in the site-phonon model.
Another microscopic magnetoelastic model assuming independent
bond-length changes, i.e., the bond-phonon model, can resolve
this issue (87 Appendix, Note 11), although it can describe neither
magnetic long-range orders nor additional complicated magnetic
transitions found in the site-phonon model (25, 32). The devel-
opment of an extended magnetoelastic Hamiltonian is necessary
to fill the gap between experiment and theory.

Finally, it is worth mentioning the relationship of the present
findings to the magnetism of isolated tetrahedral clusters, namely
J = 0. If we take into account quantum spins and neglect the
spin-lattice coupling, the application of a magnetic field induces
the quantization of a total spin number per cluster, which can be
regarded as a spin crossover rather than a phase transition. As a
consequence, the M-B curve exhibits fractional magnetization
plateaus at m/m, = p/2n for spin-n/2 systems (p, n: integer values
satisfying 0 < p < 27). Such a magnetization behavior was indeed
observed in a spin-1/2 breathing pyrochlore antiferromagnet
Ba;Yb,Zn;0y, (50) and a spin-3/2 tetrahedral-cluster compound
Co,BO,; (51). In LiGaCr,Og, however, no plateau-like structure
is observed at around m/m, = 1/6, i.e., M = 0.5 uy/Cr (Fig. 3E),
suggesting that a spin crossover is masked by the intertetrahedral
exchange coupling /'. Also, it is obvious that if we set /' = 0 and
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b = 0 in the classical Heisenberg model with the spin-lattice
coupling Eq. 2, no magnetic superstructure phase appears due to
the absence of spin interactions within tetrahedra B. Three-body
spin interactions across tetrahedra A and B (Fig. 2A) originating
from the site-dependent local phonons, corresponding to the last
term in Eq. 3, play a crucial role in bringing about rich
field-induced phases in the breathing pyrochlore system.

In summary, we observe a two-step magnetostructural transition
between 150 T and 200 T prior to a robust half-magnetization
plateau in the breathing pyrochlore antiferromagnet LiGaCr,Oj.
Considering the magnetoelastic theory incorporating local phonon
modes, the intermediate-field phase can be assigned to a
spin-lattice-coupled superstructure with a three-dimensional peri-
odic array of 3-up-1-down and canted 2-up-2-down spin molecules,
which we attribute to the strong spin—lattice coupling and large
breathing anisotropy. The present work, combining the exotic
experimental observations with the microscopic magnetoelastic
theory in the complicated three-dimensional frustrated magnet,
paves the way for further verifications of intriguing physical phe-
nomena originating from the spin—lattice coupling and/or breath-
ing anisotropy, both of which can be relevant in magnetic materials
regardless of the geometry of the underlying crystalline lattice. For
instance, the formation of a 3 x 3 spin-lattice-coupled superstruc-

ture phase associated with a 1/9-magnetization plateau as well as a

\/_ x \/5 one associated with a 1/3-magnetization plateau is the-
oretically predicted in a kagome-lattice Heisenberg antiferromagnet
(33); its experimental verification as well as theoretical studies on
the effect of introducing the breathing anisotropy remain open
questions. In addition, we demonstrate that the electromagnetic
induction and FBG methods are powerful tools to detect magnetic
and structural phase transitions, respectively, in ultrahigh magnetic
fields well above 100 T. These techniques would be applicable to a
broad range of materials such as frustrated magnets, spin-crossover
systems, heavy-fermion compounds, and superconductors, leading
to further flourishing of high magnetic field science.

Materials and Methods

sample Preparation. Polycrystalline samples of LiGaCr,04 were obtained from
the same batch used in ref. 36, prepared by the conventional solid-state reaction
method. The powder samples were formed into rod shape with ~0.8 mm diam-
eterand ~1.5 mm length using epoxy (Stycast 1266) for the magnetostriction
measurement.

Powder X-ray Diffraction Measurement and Structural Analysis. We per-
formed the powder X-ray diffraction measurement on LiGaCr,04 at 20 K using
a commercial X-ray diffractometer (SmartLab, Rigaku). The incident X-ray beam
was monochromated by a Johansson-type monochromator with a Ge(111) crystal
to select only Cu-Ka1 radiation. Only a tiny amount of impurity phases were
found, ensuring that the sample is of high quality. The Rietveld analysis was per-
formed using the JANA2006 program (52), confirming the cubic F-43m structure.
Detailed results are shown in S/ Appendix, Note 1.

DFT Calculations. Exchange parameters of LiGaCr,04 were estimated by the
DFT-based energy mapping (53, 54). We performed all electron DFT calcula-
tions using the full potential local orbital code (55). Note that this technique
has proven to be very reliable for the breathing pyrochlore chromium spinels
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kagome superconductors AV;Shs (4 = Rb, Cs). Phys. Rev. X 11,031050 (2021).
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(31,43). We used the generalized gradient approximation (GGA) exchange and
correlation functional (56). For the electronic structure calculations, we used
the T = 20 K crystal structure with the F-43m space group determined in this
work. We accounted for strong correlations on the Cr 3d orbitals by applying a
GGA+U exchange correlation functional (57) for several different values of Uand
Jy = 0.72 eVfixed following ref. 58.

Magnetization and Magnetostriction Measurements. The magnetization up
to 7 Twas measured using a SQUID magnetometer (MPMS; Quantum Design).
The magnetization up to 51T, 145T, and 200 T was measured by the induction
method in a nondestructive pulsed magnet, a horizontal STC system (45), and
an EMFC system (44), respectively. The details of experimental setup, data, and
analysis method for the magnetization measurements using the EMFC system are
presented in S/ Appendix, Notes 3-5, which include additional references (59-63).
The longitudinal magnetostriction up to 185 Tand ~600Twas measured by the
optical FBG method in the horizontal STCand EMFC systems, respectively. Here, a
relative sample-length change AL/L was detected by the optical filter method with
the resolution of 10°to 10 (48, 49). The details of experimental setup, data, and
analysis method for the magnetostriction measurements using the EMFC system
are presented in S/ Appendix, Notes 6-8. All of the experiments were performed
at the Institute for Solid State Physics, University of Tokyo, Kashiwa, Japan.

Classical Monte Carlo Simulations. To identify various magnetic phases
appearing in the spin Hamiltonian Eq. 2, we performed classical Monte Carlo
(MC) simulations in which a spin vector at each lattice site is updated in conven-
tional random and successive over-relaxation-like processes. In the former (latter)
process, we tried to rotate a spin in a randomly proposed direction (by the angle &
around the local mean field) by using the Metropolis algorithm. In our simulation,
2 x 10° MC site sweeps were carried out at each temperature and magnetic
field under the periodic boundary condition, and the first half was discarded for
thermalization. Observations were done in every 10 MC sweeps and the statistical
average was taken over four independent runs. We often encountered various
metastable states due to very complicated interactions in the spin-lattice coupling
term Eq. 3, and low-temperature spin states obtained in the field-cooling, field-
increasing, and field-decreasing processes were sometimes different. In such a
situation, we compare the thermal average values of the energy of these states
and regard the lowest-energy state as the equilibrium state. Since our cubic unit
cell contains 16 sites, the total number of spins N is related to the linear system
size Lvia N = 16L°. We have checked that the results for L = 6 and 12 are essen-
tially the same and consistent with those for smaller L's, e.g., L = 1, where the
thermalization is much easier (the spin configurations for phases I, I, and Il
shown in Fig. 5 can be described even in the small-size system of L = 1), so that
only the result for L = 12 is shown in Fig. 5 A-C.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.

ACKNOWLEDGMENTS. We appreciate Mr. H. Sawabe for the technical sup-
port in performing experiments using the electromagnetic flux compression
system. This work was partly supported by the Japan Society for the Promotion
of Science (JSPS) KAKENHI Grants-In-Aid for Scientific Research (No. 20J10988,
No. 21K03469, No. 23H04859, No. 23H04860, and No. 23H04861). M.G. was
a postdoctoral research fellow of the JSPS.

Author affiliations: Institute for Solid State Physics, University of Tokyo, Kashiwa, Chiba
277-8581, Japan; "RIKEN Center for Emergent Matter Science, Wako, Saitama 351-0198,
Japan; ‘Department of Engineering Science, University of Electro-Communications,
Chofu, Tokyo 182-8585, Japan; YDepartment of Earth and Space Science, Graduate
School of Science, Osaka University, Osaka 560-0043, Japan; and °Research Institute for
Interdisciplinary Science, Okayama University, Okayama 700-8530, Japan

5. J.Schulenburg, A. Honecker, J. Schnack, J. Richter, H.-J. Schmidt, Macroscopic magnetization jumps
due to independent magnons in frustrated quantum spin lattices. Phys. Rev. Lett. 88, 167207
(2002).

6. K.Kodama et al., Magnetic superstructure in the two-dimensional quantum antiferromagnet
SrCu,(BO,),. Science 298, 395 (2002).

7. S.Nishimoto, N. Shibata, C. Hotta, Controlling frustrated liquids and solids with an applied field in a
kagome Heisenberg antiferromagnet. Nat. Commun. 4, 2287 (2013).

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2302756120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302756120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302756120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302756120#supplementary-materials

Downloaded from https://www.pnas.org by 222.229.201.21 on August 7, 2023 from | P address 222.229.201.21.

10.

1.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

R. Okuma et al., A series of magnon crystals appearing under ultrahigh magnetic fields in a kagomé
antiferromagnet. Nat. Commun. 10,1229 (2019).

H. Kageyama et al., Exact dimer ground state and quantized magnetization plateaus in the two-
dimensional spin system SrCu,(BO;),. Phys. Rev. Lett. 82, 3168 (1999).

M. Jaime et al., Magnetostriction and magnetic texture to 100.75 Tesla in frustrated SrCuy(BOs),.
Proc. Natl. Acad. Sci. U.S.A. 109, 12404 (2012).

Y. H. Matsuda et al., Magnetization of SrCu,(BOs), in ultrahigh magnetic fields up to 118 T. Phys.
Rev. Lett. 111, 137204 (2013).

D. B. Chesnut, Instability of a linear spin array: Application to Wiirster's blue perchlorate. J. Chem.
Phys. 45,4677 (1966).

P. Pincus, Instability of the uniform antierromagnetic chain. Solid State Commun. 9,1971(1971).
J.W. Bray et al., Observation of a spin-Peierls transition in a Heisenberg antiferromagnetic linear-
chain system. Phys. Rev. Lett. 35,744 (1975).

M. Hase, I. Terasaki, K. Uchinokura, Observation of the spin-Peierls trasition in linear Cu?* (Spin-1/2)
chains in an inorganic compound CuGeO,. Phys. Rev. Lett. 70, 3651 (1993).

S-H. Lee, C. Broholm, T. H. Kim, W. Ratcliff II, S.-W. Cheong, Local spin resonance and spin-Peierls-
like phase transition in a geometrically frustrated antiferromagnet. Phys. Rev. Lett. 84, 3718 (2000).
M.T. Rovers et al., Muon-spin-relaxation investigation of the spin dynamics of geometrically
frustrated chromium spinels. Phys. Rev. B 66, 174434 (2002).

J:H. Chung et al., Statics and dynamics of incommensurate spin order in a geometrically frustrated
antiferromagnet CdCr,0,. Phys. Rev. Lett. 95, 247204 (2005).

M. Matsuda et al., Spin-lattice instbility to a fractional magnetization state in the spinel HgCr,0,.
Nat. Phys. 3,397 (2007).

M. Matsuda et al., Universal magnetic structure of the half-magnetization phase in Cr-based spinels.
Phys. Rev. Lett. 104, 047201 (2010).

S.Kimura et al., Large change in the exchange interactions of HgCr,0, under very high magnetic
fields. Phys. Rev. B 83,214401(2011).

A.Miyata, S.Takeyama, H. Ueda, Magnetic superfluid state in the frustrated spinel oxide CdCr,0,
revealed by ultrahigh magnetic fields. Phys. Rev. B 87, 214424 (2013).

A.Miyata, H. Ueda, Y. Ueda, H. Sawabe, S. Takeyama, Magnetic phases of a highly frustrated magnet,
InCr,0,, up to an ultrahigh magnetic field of 600 T. Phys. Rev. Lett. 107,207203 (2011).

L. Rossi et al., Negative thermal expansion in the plateau state of a magnetically frustrated spinel.
Phys. Rev. Lett. 123,027205 (2019).

K. Penc, N. Shannon, H. Shiba, Half-magnetization plateau stabilized by structural distortion in the
antiferromagnetic Heisenberg model on a pyrochlore lattice. Phys. Rev. Lett. 93,197203 (2004).
D.L.Bergman, R. Shindou, G. A. Fiete, L. Balents, Models of degeneracy breaking in pyrochlore
antiferromagnets. Phys. Rev. B 74, 134409 (2006).

F.Wang, A. Vishwanath, Spin phonon induced collinear order and magnetization plateaus in
triangular and kagome antiferromagnets: Applications to CuFeO,. Phys. Rev. Lett. 100, 077201
(2008).

F.A. G.Albarracin, D. C. Cabra, H. D. Rosales, G. L. Rossini, Spin-phonon induced magnetic order in
the kagome ice. Phys. Rev. B 88, 184421(2013).

K. Aoyama, H. Kawamura, Spin ordering induced by lattice distortions in classical Heisenberg
antiferromagnets on the breathing pyrochlore lattice. Phys. Rev. B99, 144406 (2019).

A. Miyata et al., Spin-lattice coupling in a ferrimagnetic spinel: Exotic H-T phase diagram of MnCr,S,
up to 110T. Phys. Rev. B 101, 054432 (2020).

M. Gen, Y. Okamoto, M. Mori, K. Takenaka, Y. Kohama, Magnetization process of the breathing
pyrochlore magnet CulnCr,Sg in ultrahigh magnetic fields up to 150 T. Phys. Rev. B 101, 054434
(2020).

K. Aoyama, M. Gen, H. Kawamura, Effects of spin-lattice coupling and a magnetic field in classical
Heisenberg antiferromagnets on the breathing pyrochlore lattice. Phys. Rev. B 104, 184411 (2021).
M. Gen, H. Suwa, Nematicity and fractional magnetization plateaus induced by spin-lattice coupling
in the classical kagome-lattice Heisenberg antiferromagnet. Phys. Rev. B 105, 174424 (2022).

H. Tsunetsugu, Theory of antiferromagnetic Heisenberg spins on a breathing pyrochlore lattice.
Prog. Theor. Exp. Phys. 2017, 033101 (2017).

J-C. Orain et al., Nature of the spin liquid ground state in a breathing kagome compound studied
by NMR and series expansion. Phys. Rev. Lett. 118,237203(2017).

Y. Okamoto, G.J. Nilsen, J. P. Attfield, Z. Hiroi, Breathing pyrochlore lattice realized in A-site ordered
spinel oxides LiGaCr,0g and LilnCr,0g. Phys. Rev. Lett. 110,097203 (2013).

PNAS 2023 Vol. 120 No.33 e2302756120

37.

38.

39.

40.

41,

42.

43.

44.

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

S. Lee et al., Multistage symmetry breaking in the breathing pyrochlore lattice Li(Ga, In) Cr,0g. Phys.
Rev.B93,174402 (2016).

R. Saha et al., Magnetodielectric effects in A-site cation-ordered chromate spinels LiMCr,04 (M = Ga
and In). Phys. Rev. B94, 064420 (2016).

T.Kanematsu, M. Mori, Y. Okamoto, T. Yajima, K. Takenaka, Thermal expansion and volume
magnetostriction in breathing pyrochlore magnets LiACr,Xg (4 = Ga, In, X = O, S). J. Phys. Soc. Jpn.
89,073708(2020).

G. Pokharel et al., Neutron scattering studies of the breathing pyrochlore antiferromagnet
LiGaCr,0g. Phys. Rev. Lett. 125, 167201 (2021).

K. Momma, F. Izumi, VESTA 3 for three-dimensional visualization of crystal, volumetric and
morphology data. J. Appl. Crystallogr. 44,1272 (2011).

A.N. Yaresko, Electronic band structure and exchange coupling constants in ACr,X, spinels (4 = Zn,
Cd, Hg; X=0,S, Se). Phys. Rev. B77,115106 (2008).

P.Ghosh et al., Breathing chromium spinel: A showcase for a variety of pyrochlore Heisenberg
Hamiltonians. npj Quantum. Mater. 4, 63 (2019).

D. Nakamura, A. Ikeda, H. Sawabe, Y. H. Matsuda, S. Takeyama, Record indoor magnetic field of 1200
Tgenerated by electromagnetic flux-compression. Rev. Sci. Instrum. 89, 095106 (2018).

N. Miura, T. Osada, S. Takeyama, Research in super-high pulsed magnetic fields at the megagauss
laboratory of the University of Tokyo. J. Low. Temp. Phys. 133,139 (2003).

S.Takeyama, R. Sakakura, Y. H. Matsuda, A. Miyata, M. Tokunaga, Precise magnetization
measurements by parallel self-compensated induction coils in a vertical single-turn coil up to 103 T.
J. Phys. Soc. Jpn. 81,014702 (2012).

M. Gen, D. Nakamura, Y. Okamoto, S. Takeyama, Ultra-high magnetic field magnetic phases up to
130Tin a breathing pyrochlore antiferromagnet LilnCr,Og. J. Magn. Magn. Mater. 473, 387 (2019).
A.lkeda et al., High-speed 100 MHz strain monitor using fiber Bragg grating and optical filter for
magnetostriction measurements under ultrahigh magnetic fields. Rev. Sci. Instrum. 88, 083906
(2017).

A.lkeda et al., Signature of spin-triplet exciton condensations in LaCoOj at ultrahigh magnetic fields
up to 600 T. Nat. Commun. 14, 1744 (2023).

T. Haku et al., Low-energy excitations and ground-state selection in the quantum breathing
pyrochlore antiferromagnet Ba,Yb,Zn0,. Phys. Rev. B 93, 220407(R) (2016).

H. Hagiwara, H. Sato, M. Iwaki, Y. Narumi, K. Kindo, Quantum magnetism of perfect spin tetrahedra
in Co,B,0;;. Phys. Rev. B 80, 014424 (2009).

V. Petricek, M. Dusek, L. Palatinus, Crystallographic computing system JANA2006: General features.
Z Kristallogr. Cryst. Mater. 229, 345 (2014).

H. 0. Jeschke, F. Salvat-Pujol, R. Valenti, First-principles determination of Heisenberg Hamiltonian
parameters for the spin-1/2 kagome antiferromagnet ZnCus(OH),Cl,. Phys. Rev. B 88, 075106
(2013).

H. 0. Jeschke, H. Nakano, T. Sakai, From kagome strip to kagome lattice: Realizations of frustrated S
= 1/2 antiferromagnets in Ti(lll) fluorides. Phys. Rev. B99, 140410(R) (2019).

K. Koepernik, H. Eschrig, Full-potential nonorthogonal local-orbital minimum-basis band-structure
scheme. Phys. Rev. B59, 1743 (1999).

J.P.Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made simple. Phys. Rev.
Lett. 77,3865 (1996).

A.I. Liechtenstein, V. 1. Anisimov, J. Zaanen, Density-functional theory and strong interactions:
Orbital ordering in Mott-Hubbard insulators. Phys. Rev. B 52, R5467 (1995).

T. Mizokawa, A. Fujimori, Electronic structure and orbital ordering in perovskite-type 3d transition-
metal oxides studied by Hartree-Fock band-structure calculations. Phys. Rev. B 54, 5368 (1996).
S.Takeyama et al., Magnetisation measurements in ultra-high magnetic fields produced by a single-
turn coil system. J. Phys. £21, 1025 (1988).

K.Amaya et al., Magnetization measurements in very high plused fields produced by a single-turn
coil system. Physica B 155, 396 (1989).

T. Goto, H. Aruga Katori, T. Sakakibara, M. Yamaguchi, Successive phase transitions in ferromagnetic
YCoj. Physica B177,255(1992).

A Kirste et al., High magnetic field study of charge melting in Bi,,(Sr, Ca), ,MnO; perovskites:
Unconventional behavior of bismuth charge ordered compounds. Phys. Rev. B 67, 134413
(2003).

Y. Okamoto et al., Magnetic transitions under ultrahigh magnetic fields of up to 130 Tin the
breathing pyrochlore antiferromagnet LilnCr,Og. Phys. Rev. B95, 134438 (2017).

https://doi.org/10.1073/pnas.2302756120 7 of 7



	Signatures of a magnetic superstructure phase induced by ultrahigh magnetic fields in a breathing pyrochlore antiferromagnet
	Significance
	Results
	Breathing Pyrochlore Antiferromagnet LiGaCr4O8.
	Physical Property Measurements in Ultrahigh Magnetic Fields.
	Two-Step Magnetostructural Transition at around 200 T.
	Field Width of Half-Magnetization Plateau.
	Classical Monte Carlo Simulations.

	Discussion
	Materials and Methods
	Sample Preparation.
	Powder X-ray Diffraction Measurement and Structural Analysis.
	DFT Calculations.
	Magnetization and Magnetostriction Measurements.
	Classical Monte Carlo Simulations.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 26



