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We present a comprehensive microscopic insight into the spin configurations within the bond-
frustrated cubic spinel compound MnCr2S4 directly unveiled through extensive single-crystal
neutron diffraction studies carried out in zero magnetic field and in fields up to 35T. While our zero-
field results confirm the ferrimagnetic structure with an antiparallel arrangement of the magnetic
Cr3+ and Mn2+ sublattices below TFiM ≈ 65 K, as well as the presence of the exotic Yafet-Kittel
phase below TYK ≈ 5 K, our data measured in fields enable us to precisely determine the field-
induced magnetic structures and their evolution across the phase transitions at µ0H1 ≈ 11T and
µ0H2 ≈ 25 T and beyond that towards µ0H3 (≈ 50 T). Additionally, combining our experimental
findings with mean-field-theory calculations reveals a complex field dependence of the Mn-Mn and
Mn-Cr exchange interactions across the different phases, highlighting the significant influence of
spin-lattice coupling in this material.

I. INTRODUCTION

Magnetic frustration lies at the core of many exotic
and unconventional magnetic phenomena, providing a
rich landscape for the exploration of novel magnetism
and associated effects [1–3]. The family of frustrated
spinel compounds, characterized by the general formula
AB2X4, where either A, B, or both sites are magnetic
(with X = O, S, Se), stands out as an exceptional
resource for realizing a diverse range of such phenomena.
These include manifestations such as spin-orbital liquids,
spiral spin-liquids, spin-driven multiferroicity, and spin-
Peierls-like phases [4–7]. Spinel materials, where both
A and B sites are magnetic, offer a unique opportunity
to investigate the combined effects of geometric and
bond frustrations. The geometric aspect arises from
the pyrochlore-type B sublattice with antiferromagnetic
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exchange coupling JBB. Notably, a pyrochlore-type
spin arrangement can induce significant frustration in
three dimensions [8, 9]. In spinels with magnetic B
sites, there can also be competition with further-neighbor
interactions [10, 11]. On the other hand, the A sublattice
forms a bipartite diamond structure and contributes to
bond frustration through competing antiferromagnetic
JAA and JAB interactions.

In this work, our focus is on MnCr2S4, a magnetically
frustrated cubic spinel system (space group Fd3̄m), in
which the two magnetic ions, viz. Mn2+ (S = 5

2 )
and Cr3+ (S = 3

2 ) occupy the A (tetrahedral) and B
(octahedral) site, respectively, as illustrated in Fig. 1(a).
In absence of any external magnetic field, MnCr2S4

undergoes two magnetic phase transitions: the first
one, at TFiM ≈ 65K, corresponds to a paramagnetic
(PM) to ferrimagnetic (FiM) transition with antiparallel
Mn2+ and Cr3+ spins, while the second one appears at
TYK ≈ 5K and was proposed to be a Yafet-Kittel (YK)
phase [12–19]. The YK phase emerges when JAA and JAB

exhibit comparable strength. This magnetic structure
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FIG. 1. (a) Perspective view of the crystal structure of
MnCr2S4. (b) Illustration of the spin configuration in
the Yafet-Kittel phase, where the two crystallographically
equivalent Mn sites are depicted using distinct colors (Mn1
and Mn2) to differentiate them, as their field-induced spin
configurations become non-equivalent.

results in a symmetric canted-spin arrangement, where
Mn1 and Mn2 moments form angles of +θ and -θ with
the Cr moment, respectively [Fig. 1(b)]. Multiferroic
properties were reported recently in MnCr2S4, for both
YK and FiM phases [20, 21].

This compound exhibits an even more intricate
behavior when subjected to a high magnetic field, as
evidenced by its remarkably diverse magnetic phase
diagram [22–24], which at low temperatures reveals five
field-induced phase transitions occurring at µ0H1 ≈
11 T, µ0H2 ≈ 25 T, µ0H3 ≈ 50 T, µ0H4 ≈ 75 T and
µ0H5 ≈ 85 T, with a particularly robust magnetization-
plateau state of 6 µB/f.u. for fields between 25 and
50 T. Extensive theoretical and experimental efforts have
been devoted to identifying the microscopic driving forces
behind these phenomena [16, 17, 25]. Drawing on
analogies with the quantum-lattice gas models [26, 27],
Tsurkan et al. argued that the YK and the field-
induced phases below and above the magnetization
plateau represent exotic spin-superfluid and supersolid
states, respectively [23].

Subsequent investigations, using dielectric and
pyrocurrent measurements up to 60 T, provided
the support for spin-driven multiferroicity in these
specific states [20]. High-field magnetostriction and
ultrasound measurements, as well as observations of the
magnetization-plateau phase and multiferroic properties,

confirm the presence of strong spin-lattice coupling
between Mn and Cr spins in MnCr2S4. The latter
was included, via a biquadratic exchange term, in a
classical Monte Carlo calculation-based model to explain
the high-field magnetization, magnetostriction, and
sound-velocity results. This model estimated JMnMn

(AF) ≈ JMnCr (AF) and JCrCr to be ferromagnetic
(F) indicating a favorable condition for the YK phase
stabilization in MnCr2S4, in agreement with previous
estimates [14, 23], and provided predictions regarding
the probable spin structures of the successive field-
induced phases [24]. More recently, their microscopic
nature has been investigated using soft x-ray absorption
spectroscopy (XAS) and magnetic circular dichroism
(XMCD) in pulsed magnetic fields up to 40 T [28]. It
is noteworthy that Mn XAS and XMCD only provide
average information on the two non-equivalent Mn
sublattices in the field-induced phases. Combined with
high-field ultrasound and macroscopic thermodynamic
measurements, this study revealed the presence of a
tetracritical point in the H-T phase diagram at ∼10 K
around 12T. This point has been suggested to be the
convergence of FiM, YK, low-field asymmetric, and
plateau states. Considering MnCr2S4 as a conventional
Heisenberg system, the existence of such a tetracritical
point is rather exceptional [29].

In this study, we present a comprehensive investigation
employing both powder neutron diffraction (PND) and
single-crystal neutron diffraction (SCND) to determine
the magnetic structures of MnCr2S4. This study extends
up to 35 T and involves the use of various instruments
across different neutron facilities. Previous examinations
of this compound were limited to PND studies solely at
zero field (ZF) [15, 18, 30, 31]. Although the existence
of a YK phase was anticipated, the low resolution and
overlapping reflections inherent in powder data led to
conflicting outcomes. Moreover, direct evidence of field-
induced magnetic structures has been lacking thus far.
Consequently, there was a pressing need for SCND to
definitively verify the predicted magnetic structures. By
combining our experimental results with the mean-field
approximation of the spin Hamiltonian, we estimate
the exchange couplings and their field dependences,
providing further insights into the magnetic behavior of
MnCr2S4.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of MnCr2S4 were prepared by
solid-state reactions. Stoichiometric quantities of high-
purity Cr (99.99%), Mn (99.995%), and S (99.999%)
powders were mixed and ground thoroughly. The
mixture was then pressed into pellets and put into
a quartz ampule evacuated to 10−2 mbar, sealed,
and heated at 900 ◦C for one week. This sintering
process was repeated thrice to produce a single-phase
material. High-quality MnCr2S4 single crystals were
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grown by chemical transport reactions from the ternary
polycrystalline material, as described in Refs. [19, 32].
For the present neutron-diffraction study, crystals were
from the same batch as the one previously used for
high-field magnetization and ultrasound measurements
[23]. All of them had irregular shapes of roughly similar
dimensions (∼ 2.5 x 2.5 x 2 mm3).

PND experiments were carried out in ZF between 2
and 80 K on the E6 diffractometer at BER II neutron
scattering facility of the Helmholtz-Zentrum Berlin
(HZB) using a wavelength of λ = 2.45 Å.

SCND studies were performed on the thermal neutron
single-crystal two-axis diffractometer D23 and on the
IN22 spectrometer (both CEA-CRG) at the Institut
Laue Langevin (Grenoble, France) as well as on the
HFM/EXED instrument [33–35] at the HZB. On D23,
data were collected at several temperatures between 1.6
and 80 K in ZF and dc fields up to 6 T on a single crystal
of MnCr2S4 mounted inside a 6 T vertical cryomagnet.
The sample was previously aligned on the OrientExpress
neutron Laue diffractometer so that the field was applied
along the [111] direction. The D23 diffractometer was
equipped with a lifting-arm detector and operated in
normal-beam mode with an incident wavelength λ =
1.274Å selected from a Cu(200) monochromator.

To further probe the field-driven evolution of the
magnetic structure, especially across µ0H1 (≈ 11 T) and
in between µ0H1 and µ0H2 (≈ 25 T), complementary
measurements were performed on the Extreme
Environment Diffractometer (EXED) within the
High Field Magnet (HFM) facility at the HZB. This
instrument combined a horizontal-field dc hybrid magnet
(HFM) capable of reaching fields up to 26T and a time-
of-flight neutron diffractometer (EXED) [33–36]. The
sample was mounted in a 4He-flow cryostat equipped
with a rotation stage around the vertical axis with an
angular range of 180◦, allowing the sample orientation
to be adjusted in situ. The sample was aligned with the
[111] direction along the field and the [1̄10] axis lying
in the horizontal scattering plane and perpendicular to
the field. Working in diffraction mode, we measured the
field dependence at 2 and 12 K of the reflections (02̄0)
and (22̄0), as well as the field dependence at 2 K of the
reflection (13̄1). A rotation of 37.5◦ and 11◦ around
the vertical axis was applied to reach the magnetic
reflections (02̄0) and (13̄1), respectively. Data reduction
was done using the Mantid software [37] which takes
into account the vanadium normalization as well as the
Lorentz correction.

An additional experiment was carried out on the
IN22 spectrometer, operated in the double-axis mode
(without analyzer) and equipped with a pulsed-field set-
up, including a 1.15-MJ generator and a 40-T horizontal-
field cryomagnet having a field-pulse duration of ∼100 ms
[38]. In this magnet, the constraints of the sample holder
require the sample to be affixed to one of its faces, with
one edge of the crystal aligned parallel to the direction of
the applied field. This limitation restricted our abilities
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FIG. 2. Typical powder neutron diffraction (10K, 0T)
pattern of MnCr2S4 along with Rietveld refinement of the
nuclear and magnetic structures (E6, HZB). Red circles,
black, and blue lines correspond to the measured, fitted,
and difference between the measured and fitted intensities,
respectively. The upper and lower vertical bars in green
denote positions of the nuclear and the magnetic Bragg
reflections, respectively. The positions of the characteristic
(200), (311), and (420) reflections, expected to emerge in
the YK phase, are indicated with the asterisk signs. A peak
from aluminium background is also indicated. A sketch of the
antiparallel alignment of Cr and Mn moments along <111>,
obtained by refinement, is shown above the powder pattern.

to measure with the same field alignment as for the
lower field experiments. Due to the irregular shapes
of our MnCr2S4 single crystals, which have (111)-type
faces with edges oriented along ⟨110⟩ directions, the field
was applied along the [110] direction, with the scattering
plane defined by [110] and [001]. We note that applying
the field along [110] is not essentially different from
applying it along [111], in terms of the magnetic behavior
of MnCr2S4. Given the weak single-ion anisotropy of
Mn2+ and Cr3+, this compound shows rather similar field
dependences in these two field orientations, especially
in the high-field regime, as reported in Refs. [19, 24,
28].With that mounting, we were able to measure the
(002) reflection. Measurements were performed in fields
up to 35T at several temperatures between 2 and 18K,
using a wavelength of 1.208 Å.

All single-crystal data were analyzed using
Mag2pol [39], while Fullprof Suite package [40]
was used for the Rietveld analysis of powder data.
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FIG. 3. Neutron counts at the peak maximum as a function of
temperature for six types of Bragg reflections extracted from
the zero-field single-crystal neutron-diffraction measurements
(D23, CEA-CRG, ILL).

III. RESULTS, ANALYSES, AND DISCUSSION

A. Neutron diffraction in zero field

The ZF experiments aimed at re-investigating more
closely the magnetic structures, together with the nuclear
one, above and below the ordering temperatures. Special
attention was paid to the temperature dependence of
certain characteristic Bragg positions, where magnetic
signal is expected, particularly at the transition to the
YK phase, as reported in Refs. [15, 18]. PND and SCND
data measured in ZF at 80K were used as reference
data to determine crystallographic and instrumental
parameters. Theses parameters were subsequently fixed
to refine the magnetic structures below TFiM = 65K. The
propagation vector k = (0,0,0) describing the periodicity
of the magnetic phases was derived from PND patterns
recorded across the entire temperature range from 2K
to TFiM. Figure 2 displays a typical PND pattern of
MnCr2S4 collected at ZF for T = 10K. Refinement
of the magnetic structure from this data revealed a
ferrimagnetic structure with an antiparallel arrangement
of Cr and Mn sublattices along <111>, in agreement
with previous PND results [15, 18, 30, 31]. The broad
feature between 35◦ and 45◦ was systematically observed
throughout the measured temperature range, up to 80 K.
As it does not vary with temperature, it was attributed
to the sample environment rather than to any intrinsic

properties of the sample itself. Upon further temperature
reduction below TYK, we note a slight increase in the
intensities of the peaks, although the emergence of
characteristic reflections such as {200}, {420}, and {311}
remains undetected. The presence of these reflections
would typically indicate the opening of a canting angle
between Mn1 and Mn2 moments.

1. Temperature dependence of characteristic reflections

In order to further investigate this matter and
gather additional information regarding the ZF magnetic
structure below TYK, we followed the temperature
dependence of ten non-equivalent reflections between
80 and 1.6K by SCND. Compared to PND, SCND
allows for the collection of more precise data, albeit
requiring consideration of magnetic domains resulting
from lattice symmetry. Figures 3(a)-3(f) illustrate the
temperature dependences of six of these characteristic
Bragg reflections (see Fig. S1 in Supplemental Material
for other reflections), providing a comprehensive insight
into their thermal evolution:

I. Certain reflections such as (222̄), (3̄13), and (004)
begin to increase below TFiM, showing a gradual rise in
intensity with decreasing temperature. However, a closer
examination reveals variations in their temperature
dependence due to differing sensitivities to the Cr
moment (the order parameter) and the Mn longitudinal
moment, which is polarized by the Cr moment. In
particular, an anomaly below TYK is evident in (222̄),
indicating the sensitivity to the transverse component of
the Mn moment.

II. Two reflections, namely (200) and (113̄), though
faint, become discernible and exhibit sensitivity to the
YK magnetic structure, demonstrating a sharp increase
in intensity as temperature decreases below TYK. Hence,
these reflections are also responsive to the transverse
component of the Mn moment. On the other hand, they
do not exhibit significant features around TFiM. The low
intensity of the (200) reflection in ZF conditions likely
accounts for its absence in our PND data and those of
Refs. [30, 31]. Nonetheless, the rising intensity below TYK

[applicable to both (200) and (113̄)] suggests emerging
canting between the Mn1 and Mn2 moments, a topic we
will explore further in our discussion on ZF magnetic
structure determination.

III. In contrast to findings by Plumier et al. [18],
within our estimated error limits, the reflection (42̄0),
shown in Figure 3(f), persists across the entire measured
temperature range, exhibiting practically temperature-
independent behavior insensitive to both transitions.

2. The zero-field magnetic structure at 12 K: the FiM state

The nuclear-structure refinement was carried out at
T = 80 K (space group Fd3̄m, origin choice 1) using
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a SCND dataset consisting of 232 Bragg reflections.
The atomic positions, the isotropic temperature factors,
the diagonal elements of the extinction-correction tensor
within an empirical Shelx-like model [41], along with
an overall scale factor were initially refined and then
held constant for subsequent magnetic-structure analysis.
The resulting parameters are shown in Table S1 in the
Supplemental Material [].

To determine the magnetic structure at 12 K, i.e., in
the FiM regime, the data reduction option of Mag2pol
was used to calculate, in P1 symmetry, the difference
between the raw data collected at 12 and 80 K. This
approach prevents the averaging of the different magnetic
domains, thereby generating a dataset comprising purely
magnetic intensities. All reflections with negative
intensity or with suspiciously large error bars, as well
as the {400} reflections were removed from the resulting
dataset. The latter are the strongest nuclear reflections

and could lead to artifacts in the intensities based on the
difference calculation. The {200} and {113} reflections
were kept at 12K (even if their intensity was 0) to
have the same set of reflections as at 1.6 K (this led
to a dataset of 96 reflections for the refinements of
the magnetic structures). We described the coplanar
magnetic structures in a plane made by the basis vectors
[11̄1̄]

√
3 and [110]/

√
2 compatible with the Fd3̄m space

group and k = (0,0,0), already depicted in reference [20].
Extinction parameters were initially constrained to x11 =
x22 = x33 and then fixed to refined values. Since the
magnetic moments are supposed to be aligned along the
⟨111⟩ directions, four magnetic domains corresponding
to the four three-fold rotation axes in the cubic lattice
were considered. The symmetry operators relating the
different magnetic domains are:
(1) x y z
(2) -x -y+1/2 z+1/2
(3) -x+1/2 y+1/2 -z
(4) x+1/2 -y -z+1/2
where (2) to (4) correspond to the three two-fold axes
along the ⟨100⟩ cubic directions within the (0 0 0)+ set
of space group Fd3̄m. The refinement confirms an FiM
arrangement yielding 3.75(3) µB along the ⟨111⟩ direction
on the Mn and 2.59(2) µB on Cr (RF = 10.8%). Figure 4
shows the corresponding Iobs versus Ical plot obtained
from our fit. Whereas domains are expected to be equally
populated, the refinement of domain populations led to
0.23, 0.34(1), 0.22(1), 0.21(2), where the first population
is calculated as one minus the sum of the rest. The four
domains are shown in Fig. 6.

3. The zero-field magnetic structure at 1.6 K: the YK phase

We followed the same procedure as described above
to generate purely magnetic intensities and to remove
suspicious reflections from the reflection list. Notably,
the reflection lists used for the 1.6 and 12K refinements
are identical. This consistency is crucial for validating
any potential disparities in the magnetic structures
between these two temperatures. However, at this
instance, a second coefficient was refined for the Mn
spins to account for canting, which we assumed to
be along [110] for the Mn1 spins and along [1̄1̄0] for
the Mn2 spins. When the magnetic moments deviate
from each of the ⟨111⟩ directions, each of the four
magnetic domains splits into another three, related by
the three-fold rotation operator. In this case, the twelve
symmetry operators relating the magnetic domains are:
(1) x y z
(2) z x y
(3) y z x
(4) -x -y+1/2 z+1/2
(5) z+1/2 -x -y+1/2
(6) -y+1/2 z+1/2 -x
(7) -x+1/2 y+1/2 -z
(8) -z -x+1/2 y+1/2
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FIG. 6. Ferrimagnetic spin configuration at 12 K, showing antiparallel alignment of the Cr and Mn spins along ⟨111⟩, in the
four possible magnetic domain orientations corresponding to the four three-fold rotation axes in the cubic lattice of MnCr2S4.

(9) y+1/2 -z -x+1/2
(10) x+1/2 -y -z+1/2
(11) -z+1/2 x+1/2 -y
(12) -y -z+1/2 x+1/2

To understand the relationship between the domains,
the twelve domains are displayed with exaggerated
canting in Fig. 7. For each domain the view is along the
Cr spin direction. Note that in the three domains of each
row, the canting direction is connected by a three-fold
rotation axis. For instance, domains (1), (6), and (8) are
related, as are domains (2), (4), and (9). Consequently,
the refined population at 12 K was evenly distributed
among these newly balanced domains. For example, the
population of domain (1) at 12 K is 0.23, resulting in
domains (1), (6), and (8) at 1.6K having a consistent
population of 0.23/3 each.

The refined coefficients are 4.15(3) µB along the [11̄1̄]

direction and a canting of 1.23(6) µB along the [110]
direction (see Table I) and equivalently for the other
domains. It has to be noted that the model without
canting yields RF = 12.7%, while a non-zero canting
improves the fit to RF = 9.1% confirming the presence
of the YK phase (see Fig. 5 for the corresponding Iobs
versus Ical plot).

It is commonly expected that increasing flexibility by
introducing more fit parameters enhances the quality of
the fit. Hence, to assess the significance of the obtained
canting at 1.6K, we analyzed our data utilizing a canted
model featuring twelve domains using the 12 K dataset.
The result revealed a magnetic moment of 3.75(3)µB

along the space diagonal and a canting of 0.2(3)µB

along [110], indicating an insignificant canting. However,
analyzing the 1.6 K data using only the four magnetic
domains obtained at 12K, with a canting along [110],
yielded similar results: a canting of 1.12(6) µB and RF
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= 9.2%. This similarity arises because the four roughly
equally populated magnetic domains provide sufficiently
averaged intensity for each measured (hkl) reflection,
which is not significantly altered with the addition of
more domains. Nevertheless, it is crucial that the twelve-
domain model produces a convincing fit, as this scenario
aligns best with the group-subgroup relationship between
different symmetries.

B. Neutron diffraction up to 6T

1. Temperature and field dependence of characteristic
reflections

Figure 8(a) displays the temperature dependence of
the (200) reflection measured at ZF and 6 T. Notably,
in contrast to the ZF data, where TYK ≈ 5 K, the 6T
data shows a shift of TYK towards higher temperature
(≈ 8.5 K). This aligns with the observations made using
bulk-measurement techniques [20, 23]. Additionally,
below TYK, the reflection intensity is stronger for the 6 T
data, suggesting an enhanced Mn1-Mn2 canting angle
in the presence of a magnetic field [see Fig. S2 in
Supplemental Material for temperature dependence of
(22̄0) and (113̄) at 0 and 6 T]. Figures 8(b) and 8(c)
illustrate the field dependence of the (200) and (113̄)
reflections at 1.6 K, respectively. Both reflections exhibit
a gradual intensity increase with rising field, without any
sharp transitions observed up to 6 T. While the magnetic
structure evolves gradually with increasing field from
zero, no hysteresis is detected between up- and down-
field sweeps.

2. Magnetic structure at 1.6K for µ0H = 3T and 6T

To derive the magnetic structure at low fields, the same
strategy for data selection as for ZF was implemented
for the in-field data. Specifically, the 80K ZF data were
subtracted from the in-field 1.6 K datasets to obtain the
(hkl) lists containing purely magnetic contributions.

The same model for the magnetic structure was applied
to the 3 and 6T datasets as for the ZF dataset. Initially,
a fixed domain population was maintained, resulting
in a noticeable increase in the canting component and
a simultaneous increase in the moment along ⟨111⟩
for the Cr site. However, the fit quality deteriorated
significantly compared to the ZF refinement, evident
in clear deviations from the observed versus calculated
intensities for certain groups of reflections. Subsequently,
in a second refinement step, the population of domain
groups corresponding to different ⟨111⟩ directions was
adjusted. This refinement revealed a distinct selection
of the [111] domains, prompting a third step in which
only the domains 10 to 12 (Fig. 7) were used. It is worth
noting that in the second and third refinement steps,
the Cr moment approached the ZF value, suggesting

TABLE I. Details of magnetic-structure refinements for
different fields at 1.6K.

µ0H µMn||⟨111⟩ µMn||⟨110⟩ µCr||⟨111⟩ RF

(T) (µB) (µB) (µB) (%)

0 4.15(3) 1.23(6) -2.66(2) 9.06
3 3.69(6) 1.87(7) -2.52(2) 10.67
6 3.36(5) 2.28(6) -2.54(3) 9.24

TABLE II. Comparison of magnetic structures at 6 T for
different temperatures.

T µMn||⟨111⟩ µMn||⟨110⟩ µCr||⟨111⟩ RF

(K) (µB) (µB) (µB) (%)

1.6 3.36(5) 2.28(6) -2.54(3) 9.24
12 3.00(6) 0.3(3) -2.50(3) 12.6
50 1.58(5) -0.22(25) -2.18(2) 14.49

that the initial increase observed in the first refinement
step compensated for an incorrect domain distribution.
Interestingly, in the three-domain refinement, only two
of them are populated, with one being favored at
the expense of the other. This might be due to
imperfect sample orientation with respect to the field
direction. Figure 5 illustrates the fit quality of our
refinements through Ical versus Iobs plots. Table I
outlines the magnetic-field dependences of the 1.6 K
magnetic structure. As is evident, with rising field,
Mn canting increases, whereas the Cr moment remains
practically insensitive to the field.

3. Magnetic structure at 12K and 50K for µ0H = 6T

The data collected within the temperature range
TYK ≤ T ≤ TFiM shed light on the influence of
magnetic fields on the FiM configuration. Based on
the model established at 1.6 K and 6 T and using the
same refinement approach as previously, we observed
a selection of the [111] domains. However, at 12 and
50 K, the refinements yielded values for the component
describing the canting of Mn spins along the ⟨110⟩
direction that were small and comparable to the
error margins, indicating an absence of significant
canting. Consequently, the domains 10 to 12 became
indistinguishable, resulting in a diverging fit. Indeed,
under these conditions, the data can be adequately
explained by a single domain. A comparison of the
refinement results at 6 T for various temperatures is
presented in Table II. As shown, at low field, with
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FIG. 7. Overview of the twelve magnetic domains at 1.6K. For each domain the view is along the Cr spin direction. In each
row, the canting direction within the three domains is related by a three-fold rotation axis.
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FIG. 8. (a) Temperature dependence of the (200) reflection
measured in zero field and 6T. (b)-(c) Magnetic-field
dependence at 1.6 K of the (200) and (113̄) reflections up to
6T (D23, CEA-CRG, ILL).

increasing temperature above TYK, the YK phase is
replaced by a FiM structure which persists up to at least
50 K.

C. Neutron diffraction in static magnetic fields up
to 25.9 T

Figure 9 (top panel) shows the field dependence up
to 25.9T of the integrated intensities of (02̄0), (13̄1),

FIG. 9. Top panel: Magnetic-field-dependent integrated
intensities of the (02̄0), (13̄1), and (22̄0) reflections (open
circles) measured at 1.6 K and for field applied along
[111] (HFM/EXED instrument, HZB). The solid lines
represent the calculated integrated intensities of the same
reflections. Bottom panel: Comparison between the measured
magnetization data reported in reference [28] (blue line) with
our calculated values (blue/red circles) derived from the spin-
model refinements. In addition, the green and pink circles
indicate, respectively, the field dependence of the Mn1 and
Cr canting angles with respect to the ⟨111⟩ direction. The
dotted line delineates the phase transition at µ0H1.

and (22̄0) for field applied along the [111] direction at
T = 1.6K. At around 11T, both (02̄0) and (13̄1) exhibit
a sharp increase, indicating the µ0H1 phase boundary.
As the field continues to increase up to 25.9 T, these
intensities keep rising without any further anomaly. In
contrast, the intensity of the (22̄0) reflection decreases
with increasing field and eventually approaches zero.
Here, too, a distinct feature is observed around µ0H1.

An important result from the magnetic-structure
refinement against the D23 data, which included a
sufficiently large number of reflections, was the selection
of magnetic domains with the [111] axis along the
field. Therefore, for the analysis of the HFM/EXED
data, and considering further symmetry breaking in
the intermediate phase between 11 and 25.9 T, we
used the six magnetic domains keeping the [111]
direction invariant. They were assumed to have equal
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FIG. 10. Overview of a representative domain refined at 1.6K for fields applied along the ⟨111⟩ direction, showing the increasing
canting angle between Mn1 and Mn2 along the ⟨011̄⟩ direction with rising field. The figure also illustrates the small deviation
of the Cr spins from the ⟨111⟩ direction above µ0H1 ≈ 11T.

populations due to the lack of specific information. The
corresponding symmetry operators relating the magnetic
domains are:
(1) x y z
(2) z x y
(3) y z x
(4) -x+1/4 -y+1/4 -z+1/4
(5) -y+1/4 -z+1/4 -x+1/4
(6) -z+1/4 -x+1/4 -y+1/4

Since the HFM/EXED instrument was specifically
optimized for high-field experiments, we used information
from our D23 analysis as starting point to account for the
low-field data (≤ 6T). This analysis revealed a small but
finite YK-type canting between the Mn1 and Mn2 spins
in ZF below TYK, with the canting angle increasing with
field up to 6 T. To identify a suitable spin-structure model
that explains our HFM/EXED results up to 25.9 T, the
primary degree of freedom considered was the rotation of
one Mn spin from the canted position towards a parallel
alignment with the field direction [23, 24, 28]. During our
experiment, the integrated intensities of the (02̄0), (13̄1),
and (22̄0) reflections were not all recorded at exactly
the same field values. Therefore, at field values with
three observations, up to two parameters were refined
at a time, whereas at field values with one or two
observations, the spin coefficients were set to interpolated
values. While aligning our calculations with the observed
intensities, we ensured that the magnetization deduced
from neutron data closely matched the reported bulk
data [28]. In a subsequent refinement step, we adjusted a
second coefficient to incorporate a small deviation of the
Cr moments from the applied field direction, based on the
Cr spin configuration proposed in Refs [24, 25, 28]. At
this stage, the total moment of Mn1 was constrained to
be equal to the total moment of Mn2 for all field values.
Additionally, the Cr tilt angles obtained from our mean-
field analysis, discussed below, were used as initial values
to complete the refinement successfully. As an example,

Fig. 10 illustrates a domain refined at 1.6K for three field
values (3, 15, and 25.9 T), showing the Mn canting along
the ⟨011̄⟩ direction and its increase with field, as well as
the deviation of the Cr spins from the ⟨111⟩ direction at
15 and 25.9 T in the intermediate phase.

The calculated integrated intensities of the (02̄0) and
(22̄0) reflections, as a function of magnetic field, are
in excellent agreement with the measured ones (top
panel of Fig. 9). The integrated intensities of the (13̄1)
reflection are slightly overestimated between 15 and 20 T.
This discrepancy is likely due to the larger error bars
associated with this reflection, which led us to assign
more weight to the (02̄0) and (22̄0) reflections in the
refinement algorithm. The calculated magnetization
(blue and red circles in the bottom panel of Fig. 9)
also aligns well with the experimental data reported by
Yamamoto et al. (blue line) [28]. The rotation angle
of the Mn1 spin with respect to the ⟨111⟩ direction
(green circles in the bottom panel of Fig. 9) shows a
sharp jump at the phase boundary µ0H1, whereas the Cr
spins deviate slightly from the field direction, displaying
a tilt angle of about 20◦ at 15T, which then gradually
decreases. The non-zero angles for both spin orientations
up to 25.9T suggest that the compound has not yet
entered the antiferromagnetic phase above µ0H2.

The refined magnetic moments derived from the D23
data yield magnetization values that are slightly lower
than the macroscopic ones (red circles in Fig. 9, bottom
panel). However, the calculated magnetization from
our HFM/EXED data refinement fits perfectly to the
measured ones. By that, we demonstrate that our
magnetic structure model for the intermediate state
between 11 and 25.9T is consistent with the measured
reflection intensities and magnetization. Additionally,
it confirms the asymmetric spin configuration proposed
previously by Miyata et al. and Yamamoto et al. [24, 28].
As the magnetic field increases above µ0H1, one Mn
spin rotates from its canted position towards a parallel
alignment with the field, while the other remains nearly
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FIG. 11. Magnetic-field dependence of the peak intensity of
the (002) reflection measured at four different temperatures
in pulsed fields up to 35T (only data for decreasing field are
shown for clarity. See Fig. S4 in Supplemental Material for
data collected during rising field) (IN22, CEA-CRG, ILL).

antiparallel. Meanwhile, the Cr spins tilt lightly before
gradually realigning parallel to the field beyond µ0H2.
The observation that only one Mn moment starts to
align with the field between µ0H1 and µ0H2 results from
spin energy minimization in the presence of the applied
magnetic field. The inequivalence of the Mn moments,
combined with the nature of the exchange interactions
and the Zeeman effect, leads to a configuration where
one Mn moment progressively aligns with the field while
the other does not, thus minimizing the system’s total
energy.

D. Neutron diffraction in pulsed magnetic fields up
to 35 T

As an extension of our neutron experiments in static
fields, we performed pulsed-field SCND measurements to
gain additional insight into the spin-structure evolution
between µ0H2 (≈ 25T) and µ0H3 (≈ 50T). In this
field regime, a robust magnetization plateau appears,
which is attributed to strong spin-lattice coupling [23,
24]. More than 200 magnetic field pulses were
accumulated in fields up to 35T at 2 K to investigate
the field dependence of the diffracted intensity of the
(002) reflection. The resulting data is shown in
Fig. 11. Notably, a distinct flat region emerges for
fields exceeding approximately 26 T, resembling the high-
field magnetization data [23, 24], thereby delineating
the µ0H2 phase boundary. Subsequent measurements
were performed at temperatures of 9, 12.5, and 18K,
each accumulating data of over 130 magnetic pulses. As
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FIG. 12. Top panel: Magnetic-field-dependent intensity of
the (002) reflection (open circles) measured at T = 2K
(IN22, ILL). The solid line represents the calculated intensity
of the same reflection using the spin arrangement proposed
in the text based on the neutron-data modeling. Bottom
panel: Comparison between the measured magnetization data
reported in reference [24] (blue line) with our calculated
values (blue circles) derived from the neutron-data modeling.
Additionally, the green circles indicate the field dependence
of the Mn1 canting angle with respect to the ⟨110⟩ direction.
The dotted lines mark the phase transitions at µ0H1 and
µ0H2.

illustrated in Fig. 11, up to 18 K the onset of the plateau
region, indicating the phase boundary at µ0H2, is rather
insensitive to temperature. The phase boundary at µ0H1

remains relatively constant at approximately 11T up to
12.5 K, but shifts to around 15 T at 18 K.

As the magnetic field was applied this time along the
[110] direction, we selected the eight magnetic domains
that preserve a tilt along the [011̄] direction to determine
the magnetic structures. It is important to note that this
selection among all potential ⟨110⟩ directions was made
to maintain consistency with our previous analysis of
HFM/EXED data and to minimize potential confusion.
Consequently, this selection includes domains with
distinct ⟨111⟩ spin orientations, as follows:
(1) x y z
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(2) x+1/2 -y -z+1/2
(3) -x+3/4 z+3/4 y+1/4
(4) -x+1/4 -z+1/4 -y+1/4
(5) -x+1/4 -y+1/4 -z+1/4
(6) -x+3/4 y+1/4 z+3/4
(7) x+1/2 -z+1/2 -y
(8) x z y

The collinear spin-structure model, enabling us
to reproduce the experimentally observed bulk
magnetization of 6 µB, was employed to adjust the
scale factor to match the IN22 intensities at the
maximum field. The counts at the lowest field were
considered as the background (∼185 counts/s) and added
to the calculated intensities derived from the models in
Mag2Pol. Consistently, the same structure was used at
27 T to build the plateau. The top panel of Fig. 12 shows
the remarkable agreement between the experimental
and calculated intensities of the (002) reflection at 2K.
In the low-field phase (µ0H < 11T), the YK canting
was adjusted, while in the intermediate phase (11T
< µ0H < 27T), the asymmetric models derived from the
HFM/EXED data analysis were employed. Calculating
six points along the curve was sufficient to describe
it accurately. Importantly, our models ensure a close
match between the bulk magnetization (with H || ⟨110⟩),
adopted from the work by Miyata et al. [24] (blue line),
and the calculated one (blue circles), as depicted in
the bottom panel of Fig. 12. Furthermore, in the same
figure, the green circles illustrate that within the plateau
region above µ0H2, the Mn1 spins align along the ⟨110⟩
direction, effectively becoming parallel to the Cr spin.

E. Mean-field calculation

Based on the knowledge of magnetic structures
obtained from our experimental results and analyses,
we constructed a mean-field spin Hamiltonian (HMF)
for MnCr2S4 to estimate the leading magnetic exchange
couplings and their field dependences. As mentioned
above, Mn ions form a diamond lattice, and its sublattice
symmetry is broken in the field-induced phases, leading
to symmetrically inequivalent Mn1 and Mn2 spins. Our
determination of the magnetic structure from neutron
diffraction data shows that the magnetic interaction
between the Cr spins is strongly ferromagnetic, while
the interactions between the Mn and Cr spins are
antiferromagnetic. The mean-field Hamiltonian of the
magnetic spinel compound is given by:

HMF = 4JMMSMn1 · SMn2

+12 (JCM1SMn1 · SCr + JCM2SMn2 · SCr)+12JCCSCr·SCr

− h · (SMn1 + SMn2 + 4SCr) , (1)

where JMM, JCM1, JCM2 and JCC denote the exchange
couplings between Mn1 and Mn2, Cr and Mn1, Cr and

Mn2, and Cr atoms, respectively, and h is the magnetic
field.

Here, we assume that the spins form a coplanar
state and parameterize the spin structure by defining
angles θMn1, θMn2, and θCr measured from the magnetic
field direction (−π ≤ θMn1, θMn2, θCr < π). In this
parameterization, the Hamiltonian can be written in the
following simple form:

HMF = 4JMMSMn1SMn2 cos (θMn2 − θMn1)

+ 12JCM1SMn1SCr cos (θMn1 − θCr)

+ 12JCM2SMn2SCr cos (θMn2 − θCr) + 12JCCS
2
Cr

− h (SMn1 cos θMn1 + SMn2 cos θMn2 + 4SCr cos θCr) .
(2)

The energy is minimized by the optimal angles, which
leads to the following equations:

∂HMF

∂θMn1
= 4JMMSMn1SMn2 sin (θMn2 − θMn1)

−12JCM1SMn1SCr sin (θMn1 − θCr)+hSMn1 sin θMn1 = 0
(3)

∂HMF

∂θMn2
= −4JMMSMn1SMn2 sin (θMn2 − θMn1)

−12JCM2SMn2SCr sin (θMn2 − θCr)+hSMn2 sin θMn2 = 0
(4)

∂HMF

∂θCr
= 12(JCM1SMn1SCr sin (θMn1 − θCr)

+ 12JCM2SMn2SCr sin (θMn2 − θCr)

+ 4hSCr sin θCr = 0. (5)

By adding Eqs. (3),(4), and (5), we obtain

SMn1 sin θMn1 + SMn2 sin θMn2 + 4SCr sin θCr = 0 (6)

for the mean-field solution. Notably, the experimentally
obtained value of SMn1 sin θMn1 + SMn2 sin θMn2 +
4SCr sin θCr ≡ ∆MF quantifies how much the spin
structure deviates from the mean-field solution.

If we assume a perfect YK-type structure, that is,

θCr = 0, (7)
θMn1 + θMn2 = 0, (8)

SMn1 = SMn2 ≡ SMn, (9)

the Hamiltonian (2) reduces to

HMF = 4JMMS2
Mn cos 2θMn1 + 24JCMSMnSCr cos θMn1

+ 12JCCS
2
Cr − h (2SMn cos θMn1 + 4SCr) . (10)
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The energy minimization leads to the following equation:

∂HMF

∂θMn1
= 2SMn sin θMn1

(−8JMMSMn cos θMn1 − 12JCMSCr + h) = 0. (11)

Thus, for sin θMn1 ̸= 0,

− 8JMMSMn cos θMn1 − 12JCMSCr + h = 0. (12)

Figure 13(a) shows the spin value S of each ion, as
determined by our neutron-data analyses, which are
discussed in detail in the earlier sections. The Cr spin
value is close to 3/2, in particular above µ0H1, indicating
that fluctuations from the fully ferromagnetically ordered
state are small. The Mn-spin value is significantly less
than 5/2 in the low-field phases, especially in the YK
phase, but reaching S = 5/2 at the upper end of the
plateau phase (at about 26 T). The reduction in effective
magnetic moment is expected to be due to enhanced
charge fluctuations, which may contribute to the electric
polarization [20]. Note that the Mn spin values in the two
sublattices are identical within error bars. Figure 13(b)
shows the angle of each spin from the magnetic-field
direction in the coplanar structure.

An important consequence of our mean-field analysis
is that the Cr-spin angle must be nonzero to satisfy
Eq. (6), when the sublattice symmetry of the Mn spins
is broken. This is the case between 10 and 26T, as
shown in Fig. 13(b), consistent with the asymmetric
(intermediate) phase. Since the Cr-spin angle is more
difficult to determine from the experimental data than
other quantities, as discussed above, we also calculate the
Cr-spin angle of the perfect mean-field solution satisfying
Eq. (6), while fixing the other quantities to the values
obtained from our neutron-data analyses. The difference
between the experimentally obtained angle θCr and the
mean-field angle of the Cr spins θMF

Cr is less than 4◦ over
the measured magnetic fields. Additionally, we obtained
|∆MF|/SMn ∼ 0.1, validating our mean-field analysis.

Using Eqs. (3)–(5), (12), and the experimentally
determined spin structure, we estimate the exchange
coupling ratio, as plotted in Fig. 13(c). The coupling
ratio JCM/JMM is close to 1 in the YK phase, as expected.
An estimation of the ratio is not allowed at 35 T, for
which all spins are almost parallel to the magnetic field
and sin θMn = 0. The two exchange couplings JCM1 and
JCM2 are significantly different between 10 and 26 T in
the intermediate phase.

Let us focus here on the Mn spins of the system,
which form a diamond lattice. The magnetic interaction
with the Cr spins introduces an effective magnetic field
acting on the Mn spins. The inequality between JCM1

and JCM2 produces an effective staggered field hstag

at the Mn2 sites and −hstag at the Mn1 sites, where
hstag = 1

2 (JCM2 − JCM1)SCr. Because of the Cr-spin
canting in the intermediate phase, the staggered field has
components parallel and perpendicular to the external

FIG. 13. (a) Magnetic-field dependence of the spin value for
each magnetic ion, as determined from our neutron-diffraction
data. (b) Angle of each spin from the magnetic field direction
in the coplanar spin structure. The angles θMn1, θMn2,
and θCr are parameters obtained from our experimental-
data refinements, while θMF

Cr indicates the Cr-spin angle
calculated from the mean-field solution obtained using Eq. (6)
with all other quantities fixed at their values obtained from
our experimental-data analyses. Illustrations of the spin
configurations formed by Cr, Mn1, and Mn2 (green, blue, and
red arrows, respectively) are shown for the Yafet-Kittel (YK),
asymmetric, and plateau phases. (c) Estimated coupling
ratio: JCM1/JMM and JCM2/JMM. The dotted lines define
the theoretical transitions at µ0H1 and µ0H2.

field. A renormalization group study of the O(N)
model [29] shows that the Heisenberg spin system with
three spin degrees of freedom (N = 3) in a bipartite
lattice does not have an asymmetric phase with both
longitudinal and transverse ordering simultaneously if
the staggered field only has a parallel or perpendicular
component. Therefore, the existence of both components
generated by Cr-canted spins is essential to stabilize the
asymmetric phase and the tetracritical point [28].

Our mean-field analysis reveals an extraordinary
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dependence of the exchange couplings on the magnetic
field. The change in the coupling ratio, JCM2/JCM1, is
non-monotonic and as large as nearly 50%, as shown in
Fig. 13(c), being a unique feature of MnCr2S4. This
significant variation appears to be due to spin-lattice
coupling, as evidenced by ultrasound measurements [23,
24, 28]. Qualitative agreement with the experimentally
observed magnetization process was reported in previous
calculations using a simple spin-lattice model with bond
phonons [24]. However, the simple spin-lattice model
with optimized parameters only produces a 20% change
in the exchange-coupling ratio in magnetic field. The
quantitative deviation from our experimental results is
expected to be due to the fact that many phonon
modes can couple to the magnetic moments of spinel
compounds and that bond phonons do not account
for adequate contributions from the lattice degrees
of freedom. Obtaining quantitative agreement with
experiments is also a major challenge for other magnetic
spinel materials [42]. The estimated non-monotonic
change of nearly 50% in the exchange-coupling ratio
implies that a more complex spin-lattice model [43] will
likely be required for a quantitative comparison with
experiments.

IV. SUMMARY AND CONCLUSION

Our comprehensive neutron-diffraction study has
enabled us to precisely determine the spin configurations
in the frustrated spinel compound MnCr2S4 on a
microscopic level.

The refinement of our ZF data below TFiM ≈ 65 K not
only confirms the FiM order with antiparallel alignment
of Cr and Mn spins along the ⟨111⟩ direction but also
provides direct evidence of the YK phase, discussed
nearly 60 years ago by Lotgering, in MnCr2S4. As
the temperature decreases below TYK ≈ 5K, the FiM
structure is indeed disrupted. Specifically, the Mn1
and Mn2 spins exhibit a small angular deviation from
the ⟨111⟩ direction, while the Cr sublattice retains its
alignment along ⟨111⟩. This symmetric canting observed
under ZF conditions, is a definitive signature of the YK-
type magnetic ground state in MnCr2S4.

Furthermore, as the magnetic field approaches
µ0H1, the YK-type magnetic structure becomes more
pronounced, evidenced by a gradual increase of the

canting angle of the Mn1 and Mn2 spins. However,
beyond µ0H1, this symmetric YK-type canted structure
disappears, as one of the Mn spins begins to rotate from
the canted position towards an alignment parallel to the
field, while the Cr spins deviate slightly from the field
direction, leading to an asymmetric phase between µ0H1

and µ0H2.
The rotation of the Mn spins finally completes upon

crossing µ0H2 and entering the plateau phase between
µ0H2 and µ0H3. In this phase, one Mn spin, along with
the Cr spins, aligns parallel to the applied field, while the
other Mn spin stays nearly antiparallel.

Our mean-field calculations estimate the ratio of AFM
Cr-Mn (JCM) and Mn-Mn (JMM) couplings and their
field dependences, offering further insights into the field-
driven transitions in MnCr2S4. Below µ0H1, JCM/JMM

remains close to 1, favoring the stabilization of the YK
phase in the presence of strong FM Cr-Cr (JCC) coupling.
However, above µ0H1, the coupling ratio exhibits a non-
monotonic change, with deviations reaching nearly 50%.
This behavior suggests the involvement of intricate spin-
lattice coupling mechanisms.

Future efforts could focus on developing a more
detailed model to quantitatively understand the complex
spin-lattice coupling inherent to this exotic material.
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