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Spin supersolids and spin superfluids reveal complex canted spin structures with independent order of
longitudinal and transverse spin components. This work addresses the question whether these exotic phases
can lead to spin-driven ferroelectricity. Here we report the results of dielectric and pyrocurrent measurements
of MnCr2S4 as function of temperature and magnetic field up to 60 T. This sulfide chromium spinel exhibits
a Yafet-Kittel type spin structure at low temperatures. As function of external magnetic field, the manganese
spins undergo a sequence of ordering patterns of the transverse and longitudinal spin components, which can
be mapped onto phases as predicted by lattice-gas models including solid, liquid, super-fluid, and supersolid
phases. By detailed dielectric and pyrocurrent measurements, we document a zoo of multiferroic phases with
sizable ferroelectric polarization strongly varying from phase to phase. Using lattice-gas terminology, the title
compound reveals multiferroic spin-superfluid and spin-supersolid phases, while the antiferromagnetic solid is
paraelectric.

DOI: 10.1103/PhysRevB.100.014404

I. INTRODUCTION

This manuscript aims to combine two fascinating topics
of recent solid-state research, namely multiferroicity and su-
persolidity. On the one hand, the discovery of spin-driven
ferroelectricity by Kimura et al. [1] revived the large field
of multiferroicity [2], which is of great fundamental and
technological importance [3,4]. It is presently well established
that various spin configurations and exchange mechanisms
can induce ferroelectric (FE) ground states and result in
complex magnetoelectric (H,T) phase diagrams [5]. On the
other hand, the claim of the appearance of supersolidity in
liquid 4He [6], a hybrid between a solid and a superfluid,
raised considerable scientific interest, later was discarded [7],
but stimulated enormous further theoretical and experimental
work. For example, supersolid phases were recently identi-
fied in ultracold atomic gases [8,9] and, moreover, magnetic
analogs of supersolids, so-called spin supersolids, were found
in some spinel compounds [10–12]. These magnetic variants
of supersolids and superfluids are characterized by complex
spin structures, with independent order of the longitudinal and
transverse spin components. Noncollinear spin arrangements
often give rise to multiferroicity. Thus, the question arises
whether this class of complex spin structures of supersolids
and superliquids provides a different route to multiferroicity.
This is the primary motivation of the present work.

More than four decades ago, controversial reports on the
space group of spinel minerals were discussed in the scientific
literature. Conventional cubic spinels usually are assigned
to the space group Fd 3̄m. However, a number of physical
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properties were seemingly better understood assuming the
loss of inversion symmetry giving rise to the space group
F 4̄3m [13–15]. This proposal was further elucidated by
Schmid and Ascher [16], showing that a system with space
group F 4̄3m undergoing a ferrimagnetic phase transition will
feature magnetic phases that permit piezoelectricity, piezo-
magnetism, significant magnetoelectric effects, and even can
exhibit ferroelectricity. To our knowledge, in the 1980s this
controversy died out. However, triggered by the discovery of
spin-driven multiferroicity in perovskite manganites [1], mag-
netoelectric effects including polar order have been reported
in a number of spinels [17–20]. In this class of compounds,
only the occurrence of multiferroicity in CoCr2O4 [19] could
be understood in terms of a canonical spin-driven mecha-
nism, where the occurrence of ferroelectricity is explained
either by a spin-current model [21] or by utilizing an inverse
Dzyaloshinskii-Moriya (DM) interaction [22,23].

MnCr2S4 is a normal spinel compound, which undergoes
ferrimagnetic ordering at 65 K and exhibits a triangular
Yafet-Kittel (YK) type [24] canted spin structure below 5 K
[25,26]. From the very beginning, the question concerning
the magnetic ground state of MnCr2S4, revealing either a
collinear or canted spin structure, was controversially debated
[27] and finally was solved by Plumier and Sougi [28].
The existing experimental evidence of a noncollinear canted
ground state is consistent with F 4̄3m symmetry [29], being
potentially magnetoelectric and multiferroic [16]. In addition,
the title compound gained considerable attention due to the
fact that it exhibits a complex (H,T) phase diagram, with an
ultrarobust magnetization plateau around 40 T and a sequence
of ordered spin structures with separate order parameters of
longitudinal and transverse spin components [30,31,12]. Most
interestingly, these complex spin structures can be mapped
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onto theoretical predictions of phases obtained from quantum
lattice-gas models [32,33], including magnetic analogs of
solid, liquid, superfluid, and supersolid phases [12].

In this manuscript, by performing dielectric and pyrocur-
rent measurements as function of temperature and external
magnetic field, we prove that the low-temperature YK phase
of MnCr2S4 is FE. Moreover, by mapping the complex spin
structures onto predictions of quantum lattice-gas models, we
provide striking experimental evidence that - in the (H,T)
phase diagram up to 60 T - the liquid and solid phases are
paraelectric (PE), while the superfluid and supersolid phases
are FE.

II. EXPERIMENTAL DETAILS

MnCr2S4 single crystals were grown by a chemical
transport-reaction method from the ternary polycrystalline
material prepared by solid-state reaction. A detailed struc-
tural, magnetic, and thermodynamic characterization of these
crystals can be found in Refs. [26,34]. The crystals had
typical sizes of 3 × 3 × 2 mm3. The majority of dielectric
and pyrocurrent measurements was performed with the mag-
netic field along the crystallographic [111] direction and the
probing electric field parallel or perpendicular to the magnetic
field. Additional measurements with the magnetic field along
[100] and [110] and the electric field parallel to the external
magnetic field yielded similar results, with identical transition
temperatures, identical switching behavior, and variations of
the FE polarization never exceeding a factor of three. The
dielectric measurements were performed with silver-paint
contacts either in sandwich geometry or in a cap-like fashion,
covering the opposite ends of the sample. The complex dielec-
tric constants were measured for frequencies between 100 Hz
and 10 kHz using an Andeen-Hagerling AH2700A high-
precision capacitance bridge. For measurements between 1.5
and 300 K and in external magnetic fields up to 14 T, an
Oxford Cryomagnet was used. To probe FE polarization, we
measured both the pyrocurrent at fixed magnetic field and the
magnetocurrent at fixed temperature using a high-precision
electrometer. To align the FE domains, on cooling, electric
poling fields of the order 1 kV/cm were applied. In a number
of temperature- as well as magnetic-field-dependent scans,
the reversal of polarization was confirmed by changing the
sign of the poling field. The polarization P is determined
by integrating the pyro- or magnetocurrent in time. In all
experiments, the polarization baseline was set equal to zero
for temperature and field regions where a paraelectric phase
is obvious. This, e.g., is the case at low magnetic fields and
temperatures well above the onset of manganese spin order.

The magnetic-field experiments up to 60 T were performed
at the Dresden High Magnetic Field Laboratory. Pulsed mag-
netic fields with pulse duration of 30 and 40 ms were used.
Electric polarization was measured by a pyroelectric tech-
nique [35] with silver paste electrodes on both sides of the
sample. In these experiments, the pyrocurrent was mainly
measured along the [111] direction, supplemented by some
experiments along [110]. Because in pulsed experiments the
time derivatives of magnetic field and electric polarization
are huge, the resulting pyrocurrents are large. Hence, the
corresponding voltage variation can easily be captured via

a shunt resistor connected in series with the measurement
circuit, using a digital oscilloscope (Yokogawa DL750) with
a high sampling rate of 1 MS/s and a 16-bit resolution. Then,
the polarization was calculated numerically by integrating the
pyrocurrent. In all experiments, the current was measured
parallel to the magnetic field. The sample was cooled with
a poling field of about 1.0 kV/cm to the lowest temperature.
After each measurement, the sample was heated up to 40 K
and cooled down again with the poling field switched on.

III. EXPERIMENTAL RESULTS

We start the discussion concerning the possibility of multi-
ferroic spin-supersolid and spin-superfluid phases in MnCr2S4

with a description of its complex spin structures as function of
temperature and magnetic field. The nontrivial noncollinear
ground state results from dominating ferromagnetic (FM) Cr-
Cr and competing antiferromagnetic (AFM) Cr-Mn and Mn-
Mn exchange. In the normal spinel structure, the manganese
ions are located on a bipartite diamond lattice. Neglecting
the exchange between these sublattices, both Mn spins would
be oriented strictly antiparallel to the chromium moments.
However, weak AFM exchange between the sublattices finally
cants the manganese spins, resulting in the YK ground state.
In the spinel structure, the Mn-Mn exchange is weak, as it
is always mediated via intermediate S-Cr-S ion bridges [36].
The exchange paths between the two manganese sublattices,
Mn(1) and Mn(2), are schematically indicated in Fig. 1(a).
Due to mainly 180° bonds, the paths 1-2-3 and 4-2-5 are the
dominant AFM exchange paths [36]. The chromium spins
are aligned parallel to the external magnetic field, which in
Fig. 1(a) is along the crystallographic [111] direction. Figure
1(b) shows the bipartite manganese diamond lattice, which
consists of two interpenetrating fcc lattices. Only the man-
ganese spins with their canted spin arrangement, arising from
the AFM exchange between the two sublattices, are shown.
In this figure, it is assumed that the external magnetic field
and, hence, the chromium moments, point along the [111] di-
rection, the body diagonal of the cube. Finally, Fig. 1(c) docu-
ments the evolution of the spin order as function of an external
magnetic field as proposed in Ref. [12]. On increasing field,
the YK ground state, which is stable at low external magnetic
fields, is followed by the intermediate phase 1 (IM1), by the
ideal AFM phase, by the intermediate phase 2 (IM2), by the
inverse YK (IYK) phase, 2 (IM2), by the inverse YK (IYK)
phase, and finally by the ferromagnetic spin-polarized phase
(FM). The IYK and FM phases, predicted by theory, were not
experimentally detected due to the limited high-field range.
As will be discussed later, using symmetry arguments for the
longitudinal and transverse manganese spin components, the
YK and IYK phases correspond to spin superfluids, while
both intermediate phases resemble spin-supersolid phases
[32,33]. The question that we would like to answer in this
work is, whether some of these complex spin arrangements
can induce ferroelectricity and, hence, lead to multiferroic
phases.

A solid starting point for the interpretation of the tempera-
ture and field dependence of the dielectric and pyrocurrent re-
sults, is the complex (H,T) phase diagram of MnCr2S4. It was
derived earlier by magnetization and ultrasonic experiments

014404-2



MULTIFERROIC SPIN-SUPERFLUID AND … PHYSICAL REVIEW B 100, 014404 (2019)

FIG. 1. (a) Exchange paths between the two manganese sublattices, Mn(1) and Mn(2) of the bipartite diamond lattice. Chromium,
manganese, and sulphur ions, including the localized spins at the manganese and chromium sites in the Yafet-Kittel (YK) phase, are indicated.
Chromium spins are aligned in the external magnetic field along [111]. Via exchange paths of the predominantly 180° bonding angles (1-2-3
or 4-2-5), the two manganese sites are antiferromagnetically coupled resulting in a YK structure in low external magnetic fields H and at low
temperatures. (b) The two manganese sites of the diamond lattice within the unit cell of the normal spinel structure. The chromium spins (not
shown) are aligned along the crystallographic [111] direction (body diagonal of the fcc lattice). The shown spin canting of the manganese spins
corresponds to YK order at low magnetic fields. (c) Schematic spin order as function of an external field H: On increasing fields, Yafet-Kittel
(YK) order is followed by an intermediate phase 1 (IM1), by antiferromagnetic (AFM) order, by an intermediate phase 2 (IM2), by an inverse
YK (IYK) order, and finally, by the field-polarized ferromagnetic order (FM). The intermediate phases correspond to spin supersolidity because
of the coexistence of transverse and longitudinal AFM spin order of the two manganese sites. In (a) and (b) the magnetic moments are not
drawn to scale. In (c) the moments are drawn to scale, taking the magnetization per unit cell into account. It has to be noted that only the YK
phase has been determined by neutron diffraction techniques.

up to 60 T [12]. Figure 2(a) documents this phase diagram,
with the phase boundaries as previously reported [12] indi-
cated by solid lines. The circles indicate data points derived
from the present high-field pyrocurrent measurements, which
will be discussed below. For the phases shown in Fig. 2(a),
the chromium spins are always aligned parallel to the external
field. With respect to this quantization axis, the manganese
spins reveal the order of the transverse as well as the lon-
gitudinal spin components, i.e., perpendicular or parallel to
the chromium spins, respectively. Only the spin order of the
two manganese sublattices is important for the sequence of
magnetic phases in MnCr2S4.

In low external magnetic fields, the YK structure is the
stable spin configuration with symmetrically canted spins and
a FM component exactly antiparallel to the chromium spins
(cf. Fig. 1). As was detected by magnetization experiments
[12,31], the canting angle continuously increases up to ap-
proximately 11 T. Here the system undergoes a metamagnetic
phase transition where both canted manganese spins turn with
respect to the chromium moments and the external field,
establishing AFM order of the transverse as well as of the
longitudinal spin components, as is illustrated in Fig. 1(c).
This spin configuration is indicated as intermediate phase

IM1 and corresponds to a spin-supersolid phase. Above 25 T,
the manganese spins form ideal antiferromagnetic order, with
both subsystems being aligned parallel or antiparallel to the
chromium moments and, hence, to the external magnetic
field [AFM state in Fig. 1(c)]. This regime extends to 50 T
and is characterized by the detected robust magnetization
plateau, which is solely determined by the magnetization
of the completely field-polarized chromium moments [12].
Beyond 50 T, the canted manganese spins further turn with
respect to the chromium moments, again with AFM order
of both longitudinal and transverse spin components. This
supersolid spin structure again is the stable spin configuration,
but now with the net longitudinal moment aligned parallel
to the external field [cf. Fig. 1(c)]. Remarkably, the phase
diagram [Fig. 2(a)] seems to be symmetric around approxi-
mately 40 T, where the external field exactly compensates the
chromium exchange at the manganese site, locally creating
an effective zero field. At low positive or negative effective
magnetic fields, the manganese moments reveal ideal AFM
order, which is followed by canted supersolid and superfluid
spin structures on increasing absolute values of the effective
field. The superfluid phase at high external fields still has to
be verified experimentally.
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FIG. 2. (a) Schematic (H,T) phase diagram of MnCr2S4 as de-
termined in Ref. [12]. The phase boundaries as deduced in these
experiments are indicated by solid lines. Anomalies resulting from
the present high-field pyrocurrent experiments are shown by empty
circles. Spin configurations [arrows: chromium (blue), manganese
(red and orange)], and the polar order (PE, FE) determined in the
present work are indicated. Four ferroelectric phases (FE1, FE2, FE3,
and FE4) with different polarizations were identified. Dashed lines
are derived from the present dielectric and pyrocurrent experiments,
revealing the additional phase FE3. Following predictions of quan-
tum lattice-gas models, the phases are assigned analogous to liquid,
superfluid, supersolid, and solid states [32,33]. (b) Low-field phases
as determined from the temperature and field dependence of the
dielectric constant ε′ and polarization P up to 14 T. Dashed lines
are drawn to guide the eye. Paraelectric (PE) and ferroelectric phases
FE1, FE2, and FE3 are indicated.

At low magnetic fields, the YK phase is only stable
up to 5 K and, on increasing temperature, is followed by
a partly paramagnetic (PM) phase with ferromagnetically
aligned chromium spins, ferrimagnetic order of the longitu-
dinal manganese spin components, but disordered transverse
spin components. It has to be noted that only the spin structure
of the YK phase has been determined by neutron-scattering
techniques [28]. All the other spin structures are based on
magnetization data [12].

As mentioned above, the spin configurations of MnCr2S4

as function of an external magnetic field can be directly com-
pared to predictions of quantum lattice-gas models [32,33].
In these models, FM and PM states correspond to liquid
phases, AFM transverse spin order represents the superfluid

FIG. 3. Temperature and magnetic-field dependence of the di-
electric constant ε′ in MnCr2S4. These measurements were per-
formed at a frequency of 1 kHz with the external magnetic field
H parallel to the crystallographic [111] direction and the probing
electric field perpendicular to the magnetic field. (a) Temperature
dependence of ε′(T ) from 2 to 15 K at a series of external magnetic
fields between 0 and 14 T. Anomalies at 13 and 14 T are indicated
by arrows. (b) Magnetic-field dependence ε′(H ) from 0 to 14 T
at a series of temperatures from 2 to 12 K. For temperatures T �
10 K, the characteristic peak-like anomalies vanish and are replaced
by a change of slope of ε′(H). The spin patterns (chromium: blue;
manganese: orange and red) are indicated and denoted analogous to
phases derived in lattice-gas models. The minor differences in the
absolute values of the dielectric constants in (a) and (b) correspond
to experimental uncertainties in the field- and temperature-dependent
measuring cycles.

phase, coexistent transverse and longitudinal AFM spin order
characterizes the supersolid phase, while AFM order of the
longitudinal spin components only, denotes the solid phase.
This sequence of phases is indicated in Fig. 2(a). Again,
it should be noted that these phases appear mirrored for
positive and negative effective magnetic fields, with zero field
corresponding to an external magnetic field of 40 T. While
it is certainly appealing to search for spin structures that are
symmetry analogs of complex states of matter [12], it seems
also interesting to check whether these spin structures as
shown in Fig. 1(c) also induce polar states and drive these
magnetic phases towards multiferroicity.

Figure 3 shows the low-temperature dielectric constant ε′
of MnCr2S4 as function of temperature and magnetic field.
In these experiments, the external magnetic field was parallel
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to the crystallographic [111] direction, with the electric field
oriented perpendicular to the magnetic field. Figure 3(a) doc-
uments the temperature dependence of ε′ between 2 and 15 K
for a series of external magnetic fields between 0 and 14 T. At
0 T, the dielectric constant shows an abrupt step-like increase
below ∼5 K, which is of the order of 3% of the absolute
values. The temperature of this dielectric anomaly exactly
corresponds to the transition from the ferrimagnetic phase,
with disordered transverse spin components of the manganese
spins [26], to the planar triangular YK spin structure, where
the spins of the two manganese sites of the diamond lattice are
antiferromagnetically coupled to the chromium spins, but are
slightly canted. This significant dielectric anomaly provides a
first hint that indeed FE order occurs in the YK phase, i.e.,
that this spin analog of a superfluid phase is multiferroic.
Such anomalies are characteristic features of improper ferro-
electrics, where FE order is driven by another order parameter,
and were observed in many spin-driven multiferroics [1,37].
With increasing external magnetic field, the anomaly shifts
to higher temperatures and follows the phase boundary of
the YK phase [see Figs. 2(a) and 2(b)]. At the same time,
the step-like enhancement of the dielectric constant becomes
considerably smaller. The origin of this decrease of the di-
electric anomaly when crossing the YK phase boundary for
finite fields partly remains an open question. One possible
interpretation is that, in the absence of an external magnetic
field, the sample is in a multidomain state, while in finite fields
a single-domain state, with all chromium moments aligned
parallel to the external field, is reached. The significant de-
crease of the dielectric anomaly with increasing magnetic
fields implies that the probing electric field is not strictly in
line with the macroscopic polarization.

Here, we focus on the critical temperatures of the observed
anomalies. On increasing magnetic fields up to 11 T, the
dielectric anomaly shifts up to 9 K, with a very similar
overall shape. At 12 T it remains close to 9 K, but an
additional broad hump evolves at low temperatures, signaling
continuous changes in the low-temperature phase. Interest-
ingly, on further increasing fields, the shape of the dielectric
anomaly changes considerably [see ε′(T) in Fig. 3(a) at 12 T
as compared to the results at 13 and 14 T]. On decreasing
temperatures and at the two highest fields, a minor change
of slope of the temperature-dependent dielectric constant [at
about 11 K for 13 T and 12 K for 14 T; right arrows in
Fig. 3(a)] is followed by a minimum (left arrows) and the men-
tioned subsequent hump in the low-temperature phase. These
findings already indicate that a further phase with different
polar states may exist for higher fields and temperatures,
which will be elucidated below.

Figure 3(b) documents the magnetic-field dependence of
ε′ between 0 and 14 T, for a series of temperatures between
2 and 12 K. A high-field peak close to 12 T is followed
by a low-field anomaly, which is strongly field dependent.
The latter, e.g., appears close to 1 T at 6 K and approaches
zero fields at the lowest temperatures. According to the phase
diagram documented in Fig. 2(a), the state between these
two dielectric anomalies corresponds to the YK phase, which
strongly narrows with increasing temperature and finally van-
ishes above about 10 K. The two dielectric anomalies certainly
correspond to polar phase transitions: the low-field anomaly

indicates the transition from the PE high-temperature phase
with PM disorder of the transverse spin components to a FE
phase with YK spin order. As indicated in Figs. 1(c) and 2(a),
on increasing magnetic fields the YK phase is followed by
a spin configuration where the triangular configuration of
the manganese spins partly rotates into the direction of the
external field [12,31]. The anomaly close to 12 T revealed by
Fig. 3(b) signals that at this magnetic phase boundary the polar
order also changes. However, based on the ε′ data alone, it is
unclear if this high-field anomaly signals a transition into a
PE or into a FE phase with different polarization. At 8 K, the
YK phase still exists between about 5 and 12 T. In contrast,
at 10 K the lower phase transition is absent, but a change
of slope can be identified in ε′(H ) close to 13 T. Here the
high-field phase seems to have a different polar configuration,
in accordance with the hints at the existence of an additional
phase provided by the ε′(T ) data of Fig. 3(a), discussed in the
previous paragraph.

To determine the polar ground state of this sequence of
magnetic phases, we performed detailed pyro- and magneto-
current measurements. From the results, we determined the
FE polarization and its direction, depending on magnitude and
sign of the pyrocurrent. Figure 4(a) shows the temperature-
dependent polarization P(T) as function of the external mag-
netic field. In these experiments, the magnetic field was
oriented along the crystallographic [111] direction and the
pyrocurrent was measured perpendicular to the magnetic field.
We made a series of additional experiments measuring the
ferroelectric polarization also parallel to the external magnetic
field. We found identical ordering temperatures and a similar
size of the ferroelectric polarization, signaling that the polar-
ization in the title compound is neither strictly perpendicular
nor parallel to the crystallographic [111] direction. This fact
will be discussed later, also including the high-field results.

A first look at Fig. 4(a) reveals significant polarization at
low temperatures for almost all magnetic fields. This find-
ing clearly proves the polar nature of the covered magnetic
phases, not only including the spin-superfluid YK phase,
but also the spin-supersolid phase with transverse and lon-
gitudinal Mn-spin components [IM1 in Fig. 1(c)]. At zero
external field, the polarization at low temperatures is enhanced
by a factor of more than two compared to nonzero fields,
corresponding to the significantly larger dielectric anomaly
when crossing the phase boundary revealed by Fig. 3(a). For
finite magnetic fields, the low-temperature polarization re-
mains rather constant and extends to successively higher tem-
peratures as the field increases. The temperature-dependent
scan at 12 T results in a polarization that is close to zero,
crosses a FE phase between 8 and 10 K, and is zero again for
higher temperatures. Most interestingly, for magnetic fields
>12 T the polarization changes sign and reveals a clear two-
step behavior. As documented in Fig. 2(a), below 12 T these
scans mainly probe the YK phase, which is ferroelectric (FE1)
and followed by a PE phase polarization, the spin-supersolid
IM1 phase. In addition, even a third FE phase (FE3) seems
to exist in a narrow range of external magnetic fields above
12 T and at temperatures between 10 and 12 K. At magnetic
fields >1 T we expect single-domain magnetic order, with
the chromium spins aligned parallel to the external field and
the longitudinal component of the canted manganese spins
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FIG. 4. Temperature and magnetic-field dependence of the elec-
tric polarization P in MnCr2S4. Measurements were performed with
the external magnetic field parallel to the crystallographic [111]
direction and with the pyro- or magnetocurrent measured perpen-
dicular to the magnetic field. (a) Temperature dependence of the
polarization for a series of external magnetic fields between 0 and
14 T. Negative polarization signals switched FE order. The two-step
behavior for fields �13 T indicates subsequent FE phases with differ-
ent polarization. (b) Magnetic-field dependence of the polarization
for a series of temperatures between 2 and 9 K. The magnetic-
field range of the YK phase is strongly temperature dependent and
followed by a FE phase with switched polarization. Above 5 K, the
low-field phase is PE. At 8 K, the YK phase is stable approximately
between 5 and 12 T.

antiparallel to the field. Summarizing the complex field and
temperature dependence of the pyrocurrent, we conclude that
both the spin-superfluid YK and the spin-supersolid IM1
phases are multiferroic with coexistent magnetic and FE order,
and that MnCr2S4 reveals a zoo of multiferroic phases at low
temperatures and magnetic fields below 14 T.

Further evidence for this scenario is provided by Fig. 4(b),
documenting the magnetic-field dependent polarization in
MnCr2S4 from 0 to 14 T as measured at a sequence of
temperatures between 2 and 9 K. These experiments again
clearly document that the YK phase is ferroelectric (FE1)
and that the stability range of the YK phase shrinks with
increasing temperature. In low fields, the title compound is
multiferroic only below 5 K. In good agreement with the
results of the ε′(T,H) measurements (Fig. 3), the low-field

boundary of this multiferroic phase increases with increasing
field and it is stable, e.g., between 7 and 12 T at 9 K. At all
investigated temperatures, the FE polarization P(H) switches
at magnetic fields above about 12 T and changes sign. This
characterizes the transition from the YK to the IM1 magnetic
phases. As documented in Fig. 4(b), the latter phase also is
ferroelectric (FE2), well confirming our conclusions from the
P(T) results of Fig. 4(a).

Figure 4(b) also reveals a decrease of the polarization
plateaus with increasing temperature, both for fields below
as well as above the phase boundary close to 12 T. When
comparing Figs. 4(a) and 4(b), we observe some discrepancies
in the absolute values of the polarization. The values of
the low-field polarization are of the order of 1−2 μC/m2

in the field scans, while they are rather constant and of
order 1.5 μC/m2 in the temperature scans in a field range
from 1 to 11 T. Larger polarization differences between the
temperature and field scans are encountered when comparing
the values of the high-field phase. It is not yet clear if this
slight differences of the absolute values of the polarization
result from experimental uncertainties, from different history
dependences or different prepoling conditions of the samples
in the different runs.

The thorough dielectric and pyroelectric measurements
documented in Figs. 3 and 4 allow the construction of a de-
tailed low-temperature phase diagram below 14 T [Fig. 2(b)].
The observed polar phases can now be correlated with the
magnetic phase diagram documented in Fig. 2(a). At low
fields and elevated temperatures, the manganese spins form
a spin structure, with the longitudinal component antiparallel
aligned to the chromium moments, but with the transverse
component still being disordered [cf. Fig. 1(c) and arrows in
Fig. 2(a)] [26]. This phase is PE. As described above, on de-
creasing temperature, the manganese spins undergo YK order.
This phase is FE with positive polarization and is assigned
as FE1. On increasing magnetic fields, the canting angle of
the YK spin structure opens and at 12 T, MnCr2S4 under-
goes a metamagnetic transition where the canted manganese
spins instantaneously turn with respect to the external field.
Now, the transverse as well as the longitudinal components
of the manganese spins are antiferromagnetically ordered.
The phase with this spin configuration is also ferroelectric
(FE2), however, with the polarization now switched to neg-
ative values, when compared to the YK phase. Interestingly,
on increasing temperature, this ferroelectric phase FE2 is
followed by another, so far unknown phase (FE3). It also is
ferroelectric, but with reduced polarization, which probably
points along the same crystallographic direction as for phase
FE2. The spin order of this multiferroic phase still has to be
determined. Note the appearance of a tetracritical point close
to 10 K and 12 T, which will be discussed later.

The dielectric and pyrocurrent experiments on MnCr2S4,
documented in Figs. 3 and 4 and summarized in Fig. 2(b),
were complemented by high-field pyrocurrent experiments
up to 60 T. These experiments have been performed with
the magnetic field along the crystallographic [111] direction.
In documenting the high-field experiments, we focus on the
results obtained with the pyrocurrent measured parallel to the
external field. The resulting polarization P(H) is shown in
Fig. 5. At the lowest temperatures (2, 6, and 8 K) a finite
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FIG. 5. Magnetic-field dependence of the electric polarization P
in MnCr2S4 up to 60 T. These measurements were performed for a
series of temperatures between 2 and 20 K with the external magnetic
field parallel to the crystallographic [111] direction and with the
pyrocurrent measured parallel to the magnetic field.

positive polarization in the YK phase at low fields is followed
by a negative polarization beyond 12 T, in good agreement
with the findings of Fig. 4(b). As stated above, close to
12 T the title compound enters into the FE2 phase discussed
above, where the triangular spin structure becomes rotated
with respect to the external field [phase IM1 in Fig. 1(c)]. In
this phase, the FE polarization switches with respect to the
YK phase. As evidenced by the high-field results of Fig. 5,
the polarization in this phase is not field independent, but con-
tinuously decreases and finally becomes zero for fields close
to 25 T. Here the chromium moments are ferromagnetically
aligned in the external field and the manganese spins form
ideal AFM order, with both sublattices parallel to the external
field [AFM in Fig. 1(c)] [12]. The continuous polarization
decay in the IM1 phase results from the opening of the canting
angle of the manganese spins with increasing fields, approach-
ing a collinear spin structure. Ideal AFM order obviously fi-
nally results in zero polarization. Throughout the regime up to
50 T, characterized by ideal AFM spin order of the manganese
moments, the polarization essentially remains zero. Beyond
this P = 0 plateau region, when entering the IM2 spin struc-
ture [Fig. 1(c)], the polarization increases, showing positive
values opposite to the polarization in phase IM1. At this phase
boundary, the system enters into the FE phase FE4. In the
phase IM2, the manganese spins again reveal AFM order of
both spin components, but with the resulting FM components
now pointing parallel to the external field and, hence, parallel
to the chromium moments [IM2 in Fig. 1(c)]. The continuous
increase of the polarization signals the continuous evolution of
the supersolid spin structure out of the ideal AFM order of the
spin solid phase. At 12 K, P(H) documents the occurrence of
the phase FE3 with negative polarization, while the FE4 phase
has shifted out of the field range of the present experiments.
At 20 K the title compound is PE at all values of the external
field. The anomalies found in the P(H) curves of Fig. 5 are
indicated by open circles in Fig. 2(a), revealing a reasonable
match with the known magnetic phase boundaries [12].

At this point, we would like to make some comments
concerning the possible direction of the ferroelectric polar-
ization in the multiferroic phases of MnCr2S4. Figures 4(b)
and (5) document experimental results of the polarization
measured parallel and perpendicular to the crystallographic
[111] direction, respectively. In additional low-field experi-
ments (<14 T), we observed identical phase boundaries in
both directions with slightly different FE polarizations. In
all experimental settings, we observed nonzero polarization
and identical polarization switching from positive to negative,
when crossing the superfluid to supersolid phase boundary.
We conclude that in both phases the FE polarization can
neither be parallel nor perpendicular to the [111] direction.
At 2 K, for P⊥ [111] the polarization switches from ∼2 to
∼−2 μC/m2 [Fig. 4(b)], while for P || [111] it changes from
∼ 1 to ∼−4 μC/m2 (Fig. 5). Despite the fact that we have to
consider some experimental uncertainties, it is clear that the
polarization direction changes at the phase boundary. More-
over, the polarization seems to come closer parallel to the
[111] direction in the supersolid phase. However, much more
experimental work is needed to determine the polarization
direction of all four identified FE phases.

IV. DISCUSSION

Based on our results on the temperature and field depen-
dence of the dielectric constant and polarization, documented
in Figs. 3–5, we were able to determine the polar order of
the phases shown in Fig. 2(a). The resulting states, either
FE or PE, are indicated in Fig. 2(a). We have identified
four FE phases and two different PE phases. As discussed
above, the spin structures of the manganese spins in these
phases can be correlated with the phases as derived from
lattice-gas models. At low temperatures and on increasing
external magnetic fields, there is a sequence of spin superfluid,
spin supersolid, and solid phases, followed by the mirrored
sequence of supersolid, superfluid, and liquid phases on fur-
ther increasing fields. The latter two phases are theoretically
predicted and still have to be verified experimentally. As
mentioned above, the phase diagram is symmetric about 40 T,
where the manganese spins reside in zero effective magnetic
field. The liquid or fluid phase corresponds either to a para-
magnetic (at low magnetic fields) or to a fully spin-polarized
ferromagnetic state (at high fields, not covered in the present
work). Superfluid phases are characterized by triangular YK-
type spin structures, with ordered transverse spin compo-
nents. Supersolid phases correspond to spin configurations
where the canted manganese spins turn with respect to the
chromium moments and the external magnetic field. These
canted arrangements of the manganese spins exhibit coex-
isting antiferromagnetic order of transverse and longitudinal
spin components. The dielectric experiments performed in the
course of this work allow the polar characterization of all these
magnetic phases.

As mentioned above, it is clear that both the superfluid and
the supersolid phases are FE. These phases are characterized
by canted spin structures. At low fields, the canonical YK
phase is FE with positive polarization. The superfluid phase
at high fields, with inverse YK structure, could not be reached
in the present pyrocurrent experiments, but probably is also
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FE. Both supersolid phases, characterized by concomitant
transverse and longitudinal spin order are also FE. The low-
field supersolid phase has negative polarization when com-
pared to the YK phase. In addition, the two supersolid phases
show opposite FE polarization (see Fig. 5). The extended
region where the chromium moments are aligned with the
external field and with the manganese spins showing ideal
antiferromagnetic order is PE. It thus seems clear that only
canted spin structures show FE polarization. At low fields,
with increasing temperature the YK phase is followed by
a magnetic phase with FM chromium order, predominantly
ferrimagnetic alignment of the manganese spins, but with the
transverse spin components being disordered. This phase also
is PE, making the proposed spin structure of Ref. [26] very
plausible. The phase FE3 is a new phase, which has been
detected in the course of this work. The spin structure of
this phase still remains to be determined. As documented in
Fig. 2(b) and mentioned above, a tetracritical point appears in
the (H,T) phase diagram of MnCr2S4 close to 10 K and 12 T
[Fig. 2(b)]. At first glance, this seems to violate Gibbs’ phase
rule. However, with the appearance of supersolid phases in
between superfluid and solid phases, tetracritical points have
been predicted by lattice gas models [33] and were critically
discussed [38].

Finally, we speculate about a possible spin-driven mech-
anism responsible for the fascinating multiferroic phase di-
agram of MnCr2S4. From Fig. 2 it seems clear that in the
title compound a spin-driven mechanism must be responsible
for the observed polar order and routes to ferroelectricity
via charge order or via independent polar and spin systems
certainly can be ruled out. Spin-driven ferroelectricity can
occur via a spin-current mechanism [21] or, alternatively, via
an inverse DM effect [22,23]. However, p-d hybridization
[39,40] or an exchange-striction mechanism [5] also have to
be considered. In crystals with special symmetry, the lattice
modulation by exchange striction can break the inversion
symmetry and make the crystal polar [5]. In the present case
where ferroelectricity only appears concomitantly with canted
noncollinear spin structures, we think that the exchange-
striction mechanism can be excluded. p-d hybridization relies

on spin-orbit coupling. The manganese ions with a half-filled
d shell have vanishing spin-orbit coupling, also ruling out this
mechanism.

We think that the spin-current or inverse DM mechanisms
seem to be the most promising routes for explaining the
present results. As shown in Figs. 1(a), all pairs of Mn(1)
and Mn(2) spins, connected by exchange paths via inter-
mediate Cr and S atoms, exhibit the same vector chirality
Si × S j summing up to a macroscopic polarization per unit
cell without any cancellation effects. This mainly results from
the fact that the overall AFM exchange between chromium
and manganese moments forces all longitudinal spin com-
ponents of the manganese ions antiparallel to the external
field. In addition, due to the very low magnetic anisotropy
of MnCr2S4 [26,34] even moderate fields >0.5 T will result
in monodomain samples. However, we recall that even the
ferroelectricity in the YK phase is not of a canonical spin-
driven nature as found in many spiral spin phases [1,5]. The
title compound does not show conventional spin-spiral order,
but canted magnetism of spin pairs located on a bipartite
diamond lattice and we think that it corresponds to a new
type of spin-driven ferroelectricity. The switching of FE po-
larization between the two supersolid phases IM1 and IM2
(see Fig. 5) provides further support of the DM mechanism as
the vector chirality Si × S j changes sign in these two phases.
However, there is no simple argument to explain the switching
of FE polarization between superfluid and supersolid phases
[Figs. 4(b) and 5]. Obviously, much more theoretical work is
needed to explain the complexity of this zoo of multiferroic
phases.

ACKNOWLEDGMENTS

This research was supported by the Deutsche Forschungs-
gemeinschaft (DFG) via the Transregional Collaborative Re-
search Center TRR 80: From Electronic Correlations to Func-
tionality (Augsburg-Munich) and via the Research Center
SFB 1143: From Frustration to Topology (Dresden). We also
acknowledge support by HLD at HZDR, member of the
European Magnetic Field Laboratory (EMFL).

[1] T. Kimura, T. Goto, H. Shintani, K. Ishizaka, T. Arima, and Y.
Tokura, Magnetic control of ferroelectric polarization, Nature
(London) 426, 55 (2003).

[2] M. Fiebig, Revival of the magnetoelectric effect, J. Phys. D 38,
R123 (2005).

[3] S.-W. Cheong and M. Mostovoy, Multiferroics: A magnetic
twist for ferroelectricity, Nat. Mater. 6, 13 (2007).

[4] R. Ramesh and N. A. Spaldin, Multiferroics: Progress and
prospects in thin films, Nat. Mater. 6, 21 (2007).

[5] Y. Tokura, S. Seki, and N. Nagaosa, Multiferroics of spin origin,
Rep. Prog. Phys. 77, 076501 (2014).

[6] E. Kim and M. H. W. Chan, Probable observation of a super-
solid helium phase, Nature (London) 427, 225 (2004).

[7] D. Y. Kim and M. H. W. Chan, Absence of Supersolidity in
Solid Helium in Porous Vycor Glass, Phys. Rev. Lett. 109,
155301 (2012).

[8] J. Léonard, A. Morales, P. Zupancic, T. Esslinger, and T.
Donner, Supersolid formation in a quantum gas breaking a
continuous translational symmetry, Nature (London) 543, 87
(2017).

[9] J.-R. Li, J. Lee, W. Huang, S. Burchesky, B. Shteynas,
F. Ç. Top, A. O. Jamison, and W. Ketterle, A stripe
phase with supersolid properties in spin-orbit-coupled
Bose-Einstein condensates, Nature (London) 543, 91
(2017).

[10] A. Miyata, H. Ueda, Y. Ueda, H. Sawabe, and S. Takeyama,
Magnetic phases of ZnCr2O4 revealed by magneto-optical stud-
ies under ultra-high magnetic fields of up to 600 T, J. Phys. Soc.
Jpn. 81, 114701 (2012).

[11] A. Miyata, S. Takeyama, and H. Ueda, Magnetic superfluid state
in the frustrated spinel oxide CdCr2O4 revealed by ultrahigh
magnetic fields, Phys. Rev. B 87, 214424 (2013).

014404-8

https://doi.org/10.1038/nature02018
https://doi.org/10.1038/nature02018
https://doi.org/10.1038/nature02018
https://doi.org/10.1038/nature02018
https://doi.org/10.1088/0022-3727/38/8/R01
https://doi.org/10.1088/0022-3727/38/8/R01
https://doi.org/10.1088/0022-3727/38/8/R01
https://doi.org/10.1088/0022-3727/38/8/R01
https://doi.org/10.1038/nmat1804
https://doi.org/10.1038/nmat1804
https://doi.org/10.1038/nmat1804
https://doi.org/10.1038/nmat1804
https://doi.org/10.1038/nmat1805
https://doi.org/10.1038/nmat1805
https://doi.org/10.1038/nmat1805
https://doi.org/10.1038/nmat1805
https://doi.org/10.1088/0034-4885/77/7/076501
https://doi.org/10.1088/0034-4885/77/7/076501
https://doi.org/10.1088/0034-4885/77/7/076501
https://doi.org/10.1088/0034-4885/77/7/076501
https://doi.org/10.1038/nature02220
https://doi.org/10.1038/nature02220
https://doi.org/10.1038/nature02220
https://doi.org/10.1038/nature02220
https://doi.org/10.1103/PhysRevLett.109.155301
https://doi.org/10.1103/PhysRevLett.109.155301
https://doi.org/10.1103/PhysRevLett.109.155301
https://doi.org/10.1103/PhysRevLett.109.155301
https://doi.org/10.1038/nature21067
https://doi.org/10.1038/nature21067
https://doi.org/10.1038/nature21067
https://doi.org/10.1038/nature21067
https://doi.org/10.1038/nature21431
https://doi.org/10.1038/nature21431
https://doi.org/10.1038/nature21431
https://doi.org/10.1038/nature21431
https://doi.org/10.1143/JPSJ.81.114701
https://doi.org/10.1143/JPSJ.81.114701
https://doi.org/10.1143/JPSJ.81.114701
https://doi.org/10.1143/JPSJ.81.114701
https://doi.org/10.1103/PhysRevB.87.214424
https://doi.org/10.1103/PhysRevB.87.214424
https://doi.org/10.1103/PhysRevB.87.214424
https://doi.org/10.1103/PhysRevB.87.214424


MULTIFERROIC SPIN-SUPERFLUID AND … PHYSICAL REVIEW B 100, 014404 (2019)

[12] V. Tsurkan, S. Zherlitsyn, L. Prodan, V. Felea, P. T. Cong, Y.
Skourski, Z. Wang, J. Deisenhofer, H.-A. Krug von Nidda, J.
Wosnitza, and A. Loidl, Ultra-robust high-field magnetization
plateau and supersolidity in bond-frustrated MnCr2S4, Sci. Adv.
3, e1601982 (2017).

[13] N. W. Grimes, Off-centre ions in compounds with spinel struc-
ture, Phil. Mag. 26, 1217 (1972).

[14] N. W. Grimes, Antiferroelectricity among compounds with
spinel structure? J. Phys. C 6, L78 (1973).

[15] N. W. Grimes, V. Thompson, and H. F. Kay, New symmetry
and structure for spinel, Proc. R. Soc. London Ser. A 386, 333
(1983).

[16] H. Schmid and E. Ascher, Are antiferroelectricity and other
physical properties ‘hidden’ in spinel compounds? J. Phys. C
7, 2697 (1974).

[17] J. Hemberger, P. Lunkenheimer, R. Fichtl, H.-A. Krug von
Nidda, V. Tsurkan, and A. Loidl, Relaxor ferroelectricity and
colossal magnetocapacitive coupling in ferromagnetic CdCr2S4,
Nature (London) 434, 364 (2005).

[18] R. Fichtl, V. Tsurkan, P. Lunkenheimer, J. Hemberger, V.
Fritsch, H.-A. Krug von Nidda, E.-W. Scheidt, and A. Loidl,
Orbital Freezing and Orbital Glass State in FeCr2S4, Phys. Rev.
Lett. 94, 027601 (2005).

[19] Y. Yamasaki, S. Miyasaka, Y. Kaneko, J.-P. He, T. Arima, and Y.
Tokura, Magnetic Reversal of the Ferroelectric Polarization in a
Multiferroic Spinel Oxide, Phys. Rev. Lett. 96, 207204 (2006).

[20] J. Bertinshaw, C. Ulrich, A. Günther, F. Schrettle, M. Wohlauer,
S. Krohns, M. Reehuis, A. J. Studer, M. Avdeev, D. V. Quach,
J. R. Groza, V. Tsurkan, A. Loidl, and J. Deisenhofer, FeCr2S4

in magnetic fields: Possible evidence for a multiferroic ground
state, Sci. Rep. 4, 6079 (2014).

[21] H. Katsura, N. Nagaosa, and A. V. Balatsky, Spin Current and
Magnetoelectric Effect in Noncollinear Magnets, Phys. Rev.
Lett. 95, 057205 (2005).

[22] M. Mostovoy, Ferroelectricity in Spiral Magnets, Phys. Rev.
Lett. 96, 067601 (2006).

[23] I. A. Sergienko and E. Dagotto, Role of the Dzyaloshinskii-
Moriya interaction in multiferroic perovskites, Phys. Rev. B 73,
094434 (2006).

[24] Y. Yafet and C. Kittel, Antiferromagnetic arrangements in fer-
rites, Phys. Rev. 87, 290 (1952).

[25] F. K. Lotgering, Spin canting in MnCr2S4, J. Phys. Chem.
Solids 29, 2193 (1968).

[26] V. Tsurkan, M. Mücksch, V. Fritsch, J. Hemberger, M. Klem,
S. Klimm, S. Körner, H.-A. K. von Nidda, D. Samusi, E.-V.
Scheidt, A. Loidl, S. Horn, and R. Tidecks, Magnetic, heat
capacity, and conductivity studies of ferrimagnetic MnCr2S4

single crystals, Phys. Rev. B 68, 134434 (2003).
[27] N. Menyuk, K. Dwight, and A. Wold, Magnetic properties of

MnCr2S4, J. Appl. Phys. 36, 1088 (1965).
[28] R. Plumier and M. Sougi, Neutron diffraction reinvestigation of

MnCr2S4, Mater. Sci. Forum 133–136, 523 (1993).
[29] W. L. Roth, The magnetic structure of Co3O4, J. Phys. Chem.

Sol. 25, 1 (1964).
[30] J.-M. Denis, Y. Allain, and R. Plumier, Magnetic behavior

of MnCr2S4 in high magnetic fields, J. Appl. Phys. 41, 1091
(1970).

[31] R. Plumier, The magnetic structure of sulfur spinel MnCr2S4

under applied magnetic field, J. Phys. Chem. Solids 41, 871
(1980).

[32] H. Matsuda and T. Tsuneto, Off-diagonal long-range order in
solids, Prog. Theor. Phys. Suppl. 46, 411 (1970).

[33] K.-S. Liu and M. E. Fisher, Quantum lattice gas and the
existence of a supersolid, J. Low Temp. Phys. 10, 655 (1973).

[34] V. Tsurkan, M. Müksch, H.-A. Krug von Nidda, J. Hemberger,
D. Samusi, A. Loidl, S. Horn, and R. Tidecks, Anomalous
magneto-crystalline anisotropy of MnCr2S4 single crystals,
Solid State Commun. 123, 327 (2002).

[35] Z. Wang, N. Qureshi, S. Yasin, A. Mukhin, E. Ressouche, S.
Zherlitsyn, Y. Skourski, J. Geshev, V. Ivanov, M. Gospodinov,
and V. Skumryev, Magnetoelectric effect and phase transitions
in CuO in external magnetic fields, Nat. Commun. 7, 10295
(2016).

[36] W. L. Roth, Magnetic properties of normal spinels with only
A-A interactions, J. Phys. (Paris) 25, 507 (1964).

[37] F. Schrettle, P. Lunkenheimer, J. Hemberger, V. Yu. Ivanov,
A. A. Mukhin, A. M. Balbashov, and A. Loidl, Relaxations
as Key to the Magnetocapacitive Effects in the Perovskite
Manganites, Phys. Rev. Lett. 102, 207208 (2009).

[38] M. E. Fisher and D. R. Nelson, Spin Flop, Supersolids, and
Bicritical and Tetracritical Points, Phys. Rev. Lett. 32, 1350
(1974).

[39] C. Jia, S. Onoda, N. Nagaosa, and J. H. Han, Bond electronic
polarization induced by spin, Phys. Rev. B 74, 224444 (2006).

[40] T. Arima, Ferroelectricity induced by proper-screw type mag-
netic order, J. Phys. Soc. Jpn. 76, 073702 (2007).

014404-9

https://doi.org/10.1126/sciadv.1601982
https://doi.org/10.1126/sciadv.1601982
https://doi.org/10.1126/sciadv.1601982
https://doi.org/10.1126/sciadv.1601982
https://doi.org/10.1080/14786437208227375
https://doi.org/10.1080/14786437208227375
https://doi.org/10.1080/14786437208227375
https://doi.org/10.1080/14786437208227375
https://doi.org/10.1088/0022-3719/6/4/005
https://doi.org/10.1088/0022-3719/6/4/005
https://doi.org/10.1088/0022-3719/6/4/005
https://doi.org/10.1088/0022-3719/6/4/005
https://doi.org/10.1098/rspa.1983.0039
https://doi.org/10.1098/rspa.1983.0039
https://doi.org/10.1098/rspa.1983.0039
https://doi.org/10.1098/rspa.1983.0039
https://doi.org/10.1088/0022-3719/7/15/019
https://doi.org/10.1088/0022-3719/7/15/019
https://doi.org/10.1088/0022-3719/7/15/019
https://doi.org/10.1088/0022-3719/7/15/019
https://doi.org/10.1038/nature03348
https://doi.org/10.1038/nature03348
https://doi.org/10.1038/nature03348
https://doi.org/10.1038/nature03348
https://doi.org/10.1103/PhysRevLett.94.027601
https://doi.org/10.1103/PhysRevLett.94.027601
https://doi.org/10.1103/PhysRevLett.94.027601
https://doi.org/10.1103/PhysRevLett.94.027601
https://doi.org/10.1103/PhysRevLett.96.207204
https://doi.org/10.1103/PhysRevLett.96.207204
https://doi.org/10.1103/PhysRevLett.96.207204
https://doi.org/10.1103/PhysRevLett.96.207204
https://doi.org/10.1038/srep06079
https://doi.org/10.1038/srep06079
https://doi.org/10.1038/srep06079
https://doi.org/10.1038/srep06079
https://doi.org/10.1103/PhysRevLett.95.057205
https://doi.org/10.1103/PhysRevLett.95.057205
https://doi.org/10.1103/PhysRevLett.95.057205
https://doi.org/10.1103/PhysRevLett.95.057205
https://doi.org/10.1103/PhysRevLett.96.067601
https://doi.org/10.1103/PhysRevLett.96.067601
https://doi.org/10.1103/PhysRevLett.96.067601
https://doi.org/10.1103/PhysRevLett.96.067601
https://doi.org/10.1103/PhysRevB.73.094434
https://doi.org/10.1103/PhysRevB.73.094434
https://doi.org/10.1103/PhysRevB.73.094434
https://doi.org/10.1103/PhysRevB.73.094434
https://doi.org/10.1103/PhysRev.87.290
https://doi.org/10.1103/PhysRev.87.290
https://doi.org/10.1103/PhysRev.87.290
https://doi.org/10.1103/PhysRev.87.290
https://doi.org/10.1016/0022-3697(68)90015-2
https://doi.org/10.1016/0022-3697(68)90015-2
https://doi.org/10.1016/0022-3697(68)90015-2
https://doi.org/10.1016/0022-3697(68)90015-2
https://doi.org/10.1103/PhysRevB.68.134434
https://doi.org/10.1103/PhysRevB.68.134434
https://doi.org/10.1103/PhysRevB.68.134434
https://doi.org/10.1103/PhysRevB.68.134434
https://doi.org/10.1063/1.1714109
https://doi.org/10.1063/1.1714109
https://doi.org/10.1063/1.1714109
https://doi.org/10.1063/1.1714109
https://doi.org/10.4028/www.scientific.net/MSF.133-136.523
https://doi.org/10.4028/www.scientific.net/MSF.133-136.523
https://doi.org/10.4028/www.scientific.net/MSF.133-136.523
https://doi.org/10.4028/www.scientific.net/MSF.133-136.523
https://doi.org/10.1016/0022-3697(64)90156-8
https://doi.org/10.1016/0022-3697(64)90156-8
https://doi.org/10.1016/0022-3697(64)90156-8
https://doi.org/10.1016/0022-3697(64)90156-8
https://doi.org/10.1063/1.1658825
https://doi.org/10.1063/1.1658825
https://doi.org/10.1063/1.1658825
https://doi.org/10.1063/1.1658825
https://doi.org/10.1016/0022-3697(80)90032-3
https://doi.org/10.1016/0022-3697(80)90032-3
https://doi.org/10.1016/0022-3697(80)90032-3
https://doi.org/10.1016/0022-3697(80)90032-3
https://doi.org/10.1143/PTPS.46.411
https://doi.org/10.1143/PTPS.46.411
https://doi.org/10.1143/PTPS.46.411
https://doi.org/10.1143/PTPS.46.411
https://doi.org/10.1007/BF00655458
https://doi.org/10.1007/BF00655458
https://doi.org/10.1007/BF00655458
https://doi.org/10.1007/BF00655458
https://doi.org/10.1016/S0038-1098(02)00374-5
https://doi.org/10.1016/S0038-1098(02)00374-5
https://doi.org/10.1016/S0038-1098(02)00374-5
https://doi.org/10.1016/S0038-1098(02)00374-5
https://doi.org/10.1038/ncomms10295
https://doi.org/10.1038/ncomms10295
https://doi.org/10.1038/ncomms10295
https://doi.org/10.1038/ncomms10295
https://doi.org/10.1051/jphys:01964002505050700
https://doi.org/10.1051/jphys:01964002505050700
https://doi.org/10.1051/jphys:01964002505050700
https://doi.org/10.1051/jphys:01964002505050700
https://doi.org/10.1103/PhysRevLett.102.207208
https://doi.org/10.1103/PhysRevLett.102.207208
https://doi.org/10.1103/PhysRevLett.102.207208
https://doi.org/10.1103/PhysRevLett.102.207208
https://doi.org/10.1103/PhysRevLett.32.1350
https://doi.org/10.1103/PhysRevLett.32.1350
https://doi.org/10.1103/PhysRevLett.32.1350
https://doi.org/10.1103/PhysRevLett.32.1350
https://doi.org/10.1103/PhysRevB.74.224444
https://doi.org/10.1103/PhysRevB.74.224444
https://doi.org/10.1103/PhysRevB.74.224444
https://doi.org/10.1103/PhysRevB.74.224444
https://doi.org/10.1143/JPSJ.76.073702
https://doi.org/10.1143/JPSJ.76.073702
https://doi.org/10.1143/JPSJ.76.073702
https://doi.org/10.1143/JPSJ.76.073702

