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The ferrimagnetic spinel MnCr2Ss shows a variety of magnetic-field-induced phase transitions
owing to bond frustration and strong spin-lattice coupling. However, the site-resolved magnetic
properties at the respective field-induced phases in high magnetic fields remain elusive. Our soft
x-ray magnetic circular dichroism studies up to 40 T directly evidence element-selective magnetic-
moment reorientations in the field-induced phases. The complex magnetic structures are further
supported by entropy changes extracted from magnetocaloric-effect measurements. Moreover, ther-
modynamic experiments reveal an unusual tetracritical point in the H-T" phase diagram of MnCraSy

due to strong spin-lattice coupling.

Frustrated magnets with competing magnetic in-
teractions offer an exceptional playground for study-
ing a variety of exotic magnetic states and emer-
gent magnetic excitations [1]. The competing inter-
actions between the constituent magnetic ions can
be fine-tuned by applying an external magnetic field,
which stabilizes various field-induced states with
complex magnetic structures [2, 3]. This leads to
a rich magnetic-field-temperature (H-T') phase dia-
gram that also can be used as a test bed for validat-
ing various theoretical models [4, 5]. Cubic spinels
AB5 Xy, where A and B represent magnetic cations,
belong to paradigmatic frustrated systems. Geomet-
rical frustration results from the B magnetic cation
being located at the vertices of a pyrochlore lattice
with antiferromagnetic (AFM) exchange interactions,
whereas bond frustration is caused by the competing
exchange interactions of Ja_4, Ja.p, and Jp_p [6]. In
addition to the magnetic frustration, a strong spin-
lattice coupling gives rise to a robust magnetization
plateau, to unconventional metastable magnetostruc-
tural [7], and to spin-driven multiferroic states [8].

MnCryS, crystallizes in a normal cubic-type spinel
structure (space group Fd3m) where the Mn?* (S =
5/2, 3d°) and Cr3* (S = 3/2, 3d?) ions reside on the
tetrahedral A and octahedral B sites, respectively.
This results in a bond frustration with competing
AFM interactions between Jyn-cr and Jyin-mn. The
title compound shows two consecutive transitions at
Tec ~ 65 K to a ferrimagnetic state and at Tyx ~ 5
K to a canted spin configuration [9]. It is suggested
that at Tyk, the Yafet-Kittel (YK) phase is stabi-
lized. This phase is composed of two nonequivalent
manganese sites, Mnl and Mn2, with the magnetic
moments rotated by +120° and -120° with respect to

the chromium moment that is parallel to the external
magnetic field caused by the strong Jor.cr FM inter-
action [10]. A variety of magneto-structural phases
have been identified in the H-T phase diagram span-
ning up to 100 T and below 20 K, including a robust
plateau between 25-50 T [11] (see Sec. I of the Sup-
plemental Material [12]). In addition, from a quan-
tum lattice-gas model, the YK state and the inter-
mediate phase, which is located between the YK and
plateau phases, were suggested to be spin-superfluid
and spin-supersolid states, respectively [13-15]. Very
recently, multiferroicity has been reported in the YK
and intermediate phases of MnCraS, [16, 17]. How-
ever, a detailed understanding of the magnetic struc-
ture in the field-induced phases in MnCrsSy is still
missing. Magnetic spinels with a single magnetic ion
could be studied in details by use of bulk magneti-
zation and neutron scattering measurements [18, 19].
MnCr,S,, however, possesses two magnetic ions fea-
tured by the site-specific magnetic properties at the
A and B sites. This makes bulk-magnetization stud-
ies quite challenging to reveal the microscopic nature
of the field-induced phases.

In this work, we investigate the microscopic nature
by performing soft x-ray magnetic circular dichroism
(XMCD) measurements of a MnCraS, single crys-
tal in pulsed magnetic fields along with macroscopic
thermodynamic experiments. The element-selective
XMCD study, complemented by the extracted en-
tropy changes, reveals a complex sublattice-moment
rotation at the manganese and chromium sites in
fields up to 40 T. Furthermore, the observed mag-
netocaloric effect (MCE) together with ultrasound
and specific-heat measurements reveal a tetracritical
point (TP) owing to spin-lattice coupling in the H-T
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FIG. 1: XAS and XMCD spectra for the (a) Mn and
(b) Cr Lz edge. These spectra were obtained in zero
field at 15 K after a field pulse of 20 T was applied
along the [110] axis to induce a single-magnetic domain
state. The vertical dashed lines represent the photon ener-
gies at which magnetic-field-dependent XMCD data were
recorded [Figs. 2(b) and 3]. The spectra are normalized
to the Lz XAS peak intensity. The illustration shows the
relation of the longitudinal sublattice magnetization, m.,
with respect to the initial-field direction, H, (see text for
details).

phase diagram, which is a rather surprising finding in
an isotropic Heisenberg magnet.

We performed various experiments including soft
XMCD at the Mn and Cr L3 edges as well as mag-
netocaloric effect complemented by specific-heat and
ultrasound experiments. Details of the experimental
methods are described in Sec. II of the Supplemen-
tal Material [12]. We note the very weak magnetic
anisotropy due to half-filled e, and t5, (Mn*") and
tag (Cr3t) states with zero orbital moment. This en-
sures that the present results in high magnetic fields
are independent of the field direction. This was ver-
ified in previous studies that showed no magnetic
anisotropy above 0.5 T [9, 20].

Figure 1 shows zero-field X-ray absorption spec-
troscopy (XAS) and XMCD results at the Mn and
Cr L3 edge measured at 15 K. In order to prepare a
single-magnetic domain, a pulsed field of up to 20 T
along the [110] axis (hereafter called initial field) was
applied before taking the zero-field spectra. The XAS
spectra with multiplet structures agree with those
previously reported for Mn?* in tetrahedral [21] and
Cr®* in octahedral symmetry [22, 23]. Note that the
Mn XAS and XMCD give an average information on
the two nonequivalent Mn sublattices. The largest
XMCD features near the Lz edge (Mn at ~ 639.8
eV and Cr at ~ 576 eV) show an opposite sign of
the XMCD amplitude, documenting the antiparallel
coupling between the Mn and Cr 3d longitudinal mo-
ments (m;). In static-field bulk magnetization mea-
surements, no remanence has been observed at tem-
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FIG. 2: (a) Field dependence of the bulk magnetization
(left scale) and its field derivative (right scale). (b) Mn
(purple) and Cr (orange) XMCD amplitudes are shown by
symbols as function of magnetic field. The sign of the Mn
XMCD is reversed for correspondence to the relative Mn
sublattice magnetization. The shaded areas indicate the
experimental errors. All data were collected at the initial
temperature of 8 K. The vertical lines separate the phases
I-1V | which are indicated on top of the figure. Schematic
diagrams of the spin structures at the respective phase 11,
II1, and IV are illustrated with orange for Cr, and green
(red) arrows for Mnl (Mn2). See text for details.

peratures above 5 K [9]. The zero-field XMCD results
imply that finite moments of the Mn and Cr sub-
lattice are oriented antiparallel to each other in the
initial-field axis, with the net moment is zero. The
dashed line in Fig. 1(a) [Fig. 1(b)] indicates the pho-
ton energy of 639.8 ¢V (577.8 €V), which was chosen
for studying the Mn (Cr) sublattice magnetization in
pulsed-field XMCD experiments shown in Figs. 2(b)
and 3. The positive XMCD amplitude at these pho-
ton energies corresponds to the (anti)parallel Cr (Mn)
Mn) with respect to the

3d magnetic moment mS* (mY

field direction.

Figures 2(a) and 2(b) show bulk magnetization
data and element-selective L3-edge XMCD up to 40
T, respectively, recorded at the initial temperature
Tini of 8 K in pulsed magnetic fields. The XMCD
amplitude is proportional to the total moment (m.)
of the respective atom [24, 25]. The sign of the Mn
XMCD amplitude at 639.8 eV is reversed to provide
correspondence with the direction of the moment of
the Mn sublattice with respect to the field direction
as shown in the illustration of Fig. 1 and which is also
valid for Fig. 3. The bulk magnetization and its field
derivative signal a sequence of successive phase tran-
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FIG. 3: Field dependence of the Mn Lsz-edge XMCD am-
plitude with the experimental errors shown by the shaded
area at selected initial temperatures Tini. The sign of the
XMCD amplitudes is inverted to provide correspondence
with the relative Mn sublattice magnetization. The data
for Tini = 8 K are the same as that shown in Fig. 2(b).
The results for the field scans between 10 and 25 K are
vertically shifted for clarity. The horizontal dashed lines
show the zero level, which is close to the maximum field
at each temperature. The red, blue, and black arrows de-
note the anomalies, which signal the phase transitions of
II-111, I1I-1V| and I-1V, respectively.

sitions ranging from I to IV as shown at the top of
Fig. 2. These phases are suggested to be I (ferrimag-
netic order with disordered transverse components of
the moments of the Mn ions), IT (YK state), IIT (low-
field asymmetric state), and IV (plateau state) [15].

In Ref. [15], the low-field asymmetric state was
described by a spin configuration with a tilted tri-
angular structure, when compared to the YK con-
figuration, however, with the chromium moments
still aligned strictly parallel to the external magnetic
field. In earlier work, this asymmetric spin state
was thought to result from the manganese spins lo-
cated at the two nonequivalent tetrahedral sites bear-
ing magnetic moments of different length and sign
[26] or this spin state was described by an “oblique”
spin configuration with deviations of the chromium
moments from the external field direction, a config-
uration which was thought to be stabilized by bi-
quadratic exchange [27]. Similar spin structures, with
the chromium moments not parallel to the external
field were proposed and were shown to result from
strong spin-lattice coupling effects [11].

Figure 2(b) shows that the Cr and Mn XMCD
amplitudes remain almost constant in phase I and
II. The Mn XMCD amplitude markedly starts to
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FIG. 4: Color-coded magnetic entropy Sy in the H-T
plane, extracted from isentropic temperature variations in
magnetic field shown by the black solid lines. The phase
boundaries as determined by static (DC) and pulsed-field
ultrasound (US) experiments for longitudinal (L) and
transverse (T) acoustic modes, as well as from specific-
heat (C') experiments are shown by symbols. The purple
lines are guides to the eye and separate the phases I-V.

increase above ~ 11.5 T in phase III, which reflects
the simultaneous rotation of the Mnl and Mn2 mo-
ments and indicate a continuous increase of the open-
ing angle between Mnl and Mn2 moments. This fi-
nally leads to the collinear AFM state of the Mn1 and
Mn2 spins along the field direction [110] in phase IV
where the Mn XMCD amplitude becomes zero. On
the other hand, the Cr XMCD amplitude decreases
slightly in phase IIT (Fig. 2). This could indeed re-
flect the deviation of the Cr magnetic moments from
the original direction parallel to the field in the phase
1I, which was predicted for the magneto-structural
phase in a recent study and was explained by strong
spin-lattice coupling [11]. In phase IV, the Cr XMCD
amplitude further increases and reaches its saturation
significantly larger than the amplitude in phase II.
Monte-Carlo simulation and the bulk magnetization
results [11] show that the size of the Cr moments are
expected to be the same in phases I, IT, and IV. This
suggests that the XMCD amplitude in phase IV con-
tains both contributions from local-structural and Cr
magnetic-moment changes. The magnetic structures
deduced from the XMCD data are shown in Fig. 2(b),
which provides element-selective information on the
proposed YK (II), low-field asymmetric (IIT), and
plateau (IV') states. As discussed in the following,
this microscopic picture is further supported by our
pulsed-field MCE measurements (Fig. 4).

In the temperature range below 20 K, the moment
of the Mn sublattice is anticipated to be responsi-
ble for the main contributions to the field-induced
changes in the bulk magnetization, rather than the



Cr counterpart [9]. Figure 3 shows the field depen-
dence of the Mn Lz-edge XMCD amplitude at se-
lected Tini. At Tin; = 8 and 10 K, the system evolves
through the phases I, II, III, and IV as shown in Fig.
4. The field-dependent XMCD amplitude signals the
transitions of II-III and III-1V. At Ti,; = 15 and
17.5 K, anomalies are identified that correspond to
the phase transition from I to IV. At Tiy; = 25 K,
no anomaly is detected up to 40 T, which well agrees
with the previous magnetization data [15]. This con-
firms that the observed variations of the Mn XMCD
signals originate from the Mn 3d magnetic moment.
We note that Monte Carlo simulation suggests subtle
displacements of the sulfur atoms that bridge the Mn
and Cr cations [11]. In future, it will be important to
investigate the lineshapes of XAS/XMCD spectra at
high magnetic fields in phase IIT and IV, which could
provide further insights into such subtle changes of
the local environments.

Now, we present the thermodynamic results. Fig-
ure 4 shows the contour plot of the magnetic entropy
Sum extracted from the isentropic T'(H) data (black
solid lines) obtained in pulsed fields up to 60 T. The
phase boundaries are drawn by purple lines deduced
from ultrasound and specific-heat anomalies (see Sec.
IIT of the Supplemental Material [12]), which separate
the phases I-V (see Sec. I of the Supplemental Ma-
terial [12]). The absolute values of the entropy were
calibrated with data at 10 T from literature [9].

Each MCE trace shows multiple kinks that signal
successive magnetic phase transitions. Obviously, the
MCE exhibits the anomalies at the same positions as
those deduced from ultrasound and specific-heat mea-
surements. Starting from the phase I, the tempera-
ture decreases in the adiabatic processes due to the
increase of Sy, toward the phases II and III. After
entering the phase IV, the adiabatic temperature re-
markably increases resulting from the decrease of Sy,
up to 40 T. Then Sj; increases toward the phase V'
and levels off. The overall phase boundaries are qual-
itatively in good agreement with the previous works
based on other macroscopic experiments [11, 15]. The
smaller entropy values Sy, in the phase IV compared
to the phases II and III, probably signal the larger
noncollinearity of the magnetic structures in the lat-
ter states.

Our element-selective  XMCD results comple-
mented by this MCE data provide compelling evi-
dence for the proposed noncollinear (collinear) mag-
netic structures in the phases IT and IIT (IV'). This is
in line with a recent report suggesting a spin current
or inverse Dzyaloshinskii-Moriya mechanism to be re-
sponsible for the multiferroic properties observed in
the phases II and IIT [16]. Furthermore, our MCE
results indicate the importance of the adiabatic tem-
perature changes for mapping the H-7T phase diagram
from pulsed-field experiments (see Sec. IV of the Sup-
plemental Material [12]).

Remarkably, our observations signal the presence

of a tetracritical point in the phase diagram, which
was already suggested from the phase diagram deter-
mined from pyrocurrent measurements [16]. The TP
has been theoretically predicted [13, 14, 28, 29] for
AFM systems with competing magnetic anisotropies,
and experimentally observed as well [30, 31]. On
the other hand, MnCrsS, has three spin degrees of
freedom (n = 3), dominated by rather isotropic Mn-
Mn, Mn-Cr, and Cr-Cr Heisenberg exchange inter-
actions. According to renormalization-group theory,
the TP does not emerge in n = 3 spin systems un-
der uniform or staggered magnetic fields with either
longitudinal or transverse component [14, 29]. How-
ever, very recently, a TP was analytically shown to
be one of the possible three nondecomposable crit-
ical points for systems with n = 3 using renormal-
ization group theory in d = 4-¢ dimensions [33]. In
MnCrsSy, the intermediate phase (I17) is stabilized
via spin-lattice coupling (see Sec. V of the Sup-
plemental Material [12]). Monte-Carlo calculations
show that strong spin-lattice interaction in MnCrsSy
spontaneously breaks the Zs symmetry of the Mn-
Cr bonds in the phases III, IV, and V [11] and ef-
fectively generates staggered magnetic fields at the
site of the manganese spins. The effective staggered
field in MnCrsSy has both longitudinal and trans-
verse components with respect to the uniform exter-
nal magnetic field, originating from a slight canting
of the Cr moment observed in our experiments [Fig.
2(b)]. This stabilizes the asymmetric intermediate
phase and results in the TP, which is rather unusual
for conventional Heisenberg systems [29)].

Finally, we discuss the symmetry of the phases I—
IV based on the magnetic structures deduced from
the current study. At zero field, with decreasing tem-
perature, the O(3) and O(2) symmetries are succes-
sively broken at T and Ty, respectively. In finite
magnetic fields, the O(3) symmetry is always broken.
In the low-field intermediate phase III, both the O(2)
and Zs symmetries are broken. On the other hand, in
the plateau phase IV, the Z5 symmetry is kept bro-
ken, while the O(2) symmetry is restored. A series of
symmetry breakings at the respective phase transi-
tions is consistent with the earlier theoretical studies
which predict the TP [14, 29].

In summary, element-specific XMCD together with
the observed entropy variations provide direct evi-
dence of the proposed noncollinear magnetic struc-
tures in the YK (IT), low-field asymmetric (I17), and
plateau (IV) phases. Because the H-T phase dia-
gram of MnCrsS, is symmetric with respect to a field
of approximately 40 T [11, 15], the present results
provide a plausible description of the magnetic struc-
tures beyond 40 T, in phase V, and the higher-field
phase (called inverse YK phase in Ref. [11]) close
to saturation. In addition, our thermodynamic re-
sults hint toward an alternative route to the tetra-
critical point (TP) due to a novel mechanism, sig-
nificant spin-lattice couplings, in frustrated systems.



We believe the understanding of the relation between
the TP and spin-strain interactions might give further
insight into the spin-superfluid and supersolid states
suggested in analogy to bosonic systems [15, 32].
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