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Ferroelectricity in spiral short-range-ordered magnetic state of spinel MnCr,0y,: Significance of
topological frustration and magnetoelastic coupling
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‘We report the appearance of ferroelectricity below Ts = 18 K, at which short-ranged spiral spin orders, suggest-
ing that MnCr, Oy is an improper multiferroic material. Linear heat capacity data and zero-field-cooled memory
effect verify reentrant spin-glass-like state below Ts. Synchrotron x-ray diffraction studies confirm significant
magnetoelastic coupling at long-range ferrimagnetic order (Ty = 42 K) and at Ts. We argue that the release of
topological spin frustration, produced due to pyrochlore structure of Cr sublattice, is manifested through the signif-
icant magnetoelastic effect at Ty and Ts and holds the key for spiral spin order driven ferroelectricity in MnCr,Oy.
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I. INTRODUCTION

Geometric frustration resulting from the underlying lattice
geometry usually based on triangles or tetrahedra attracts
considerable attention in magnetism due to occurrence of
exotic phenomena; those are distinctly different from the
usual magnetism involving conventional long-range magnetic
order [1,2]. Most of the studies on geometrical frustration
have been centered around the kagomé and pyrochlore based
magnets in the past two decades. The A B,O4-type compound
with spinel structure is one of the promising examples in
this category where a B site ion is surrounded by octahedral
oxygen cages to form pyrochlore sublattice. Arrangements of
corner sharing octahedra formed by pyrochlore B sublattice
are shown in Fig. 1(a). When B sublattice is antiferromag-
netically coupled, it produces significant magnetic frustration
as depicted in Fig. 1(b) [3]. The Cr** ions in ACr,0, are
observed to be antiferromagnetically coupled as recently found
in the literature where geometrical frustration emerges due
to B site Cr’t ions and a nonmagnetic A site ion does not
directly influence the magnetic frustration [3—6]. Importantly,
the Curie-Weiss temperatures (Ocw) in ACr,O4 were found to
be significantly higher than the long-range magnetic ordering
temperature (7y) for various A ions. This provides large
Ocw/Ty ratio as an indicative of the degree of magnetic
frustration. For example, the values of ®cw were —32.0 K,
—88.0 K, and —390.0 K, which were significantly higher than
the values of Ty as 6.0, 7.8, and 12.5 K for HgCr,04 [4],
CdCr;,0y4 [5], and ZnCr, 04 [6], respectively. When the A site
ion is magnetic, it partially releases the B site frustration as Ty
shifts toward higher temperature [7-9]. The interplay between
A site and B site magnetism usually provides a ground state
comprised of spiral short-range magnetic order [7].

The cubic spinel MnCr,Oy4 crystallizes in Fd3m space
group in a wide temperature range from 773 K down to
room temperature. According to the spinel structure Mn>* and
Cr37 reside at tetrahedral and octahedral sites, respectively,
where corners of tetrahedra and octahedra are occupied by
oxygen atoms [8]. MnCr,04 orders ferrimagnetically at Ty
in the range 41-51 K, followed by a short-range spiral
order at low temperature, Ty = 14-18 K [8,10-13]. Neutron
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diffraction [7,14,15] and NMR studies [16] confirm the
coexistence of ferrimagnetic and spiral short-range-ordered
components below Ty suggesting this to be a consequence
of delicate interplay between A site and frustrated B site
magnetism, as also proposed from first-principle calcula-
tion [17]. Recently, local magnetoelectric effect arising from
the noncentrosymmetric magnetic sites [18] and a weak
magnetodielectric response [19] were reported for MnCr;Qy,
which are the preliminary factors of a multiferroic material.
Direct observation of the spontaneous electric polarization
either from ferroelectric hysteresis loop or pyroelectric current
measurement could settle the issue on multiferroic orders.

Recent discovery of multiferroic order correlated to the
frustration revives renewed attention in this field. Frustration
leads to the intricate ground state and commonly incommen-
surate magnetic order is realized, for example, in NiBr, [20]
and Ni3V,0g [21]. Thus magnetic frustration is a powerful
source of “unconventional” magnetic orders, which can induce
ferroelectricity. Analogous to that observed in MnCr,Qy, the
spiral magnetic order is realized as a consequence of strong
magnetic frustration driven by the pyrochlore structure of
Cr sublattice for CoCr,O4 [7]. Because of spiral magnetic
order ferroelectricity (FE) was proposed in CoCr,O4 nearly
one decade ago [22], although FE has not been identified for
MnCr,04 having similar magnetic ground state.

In this article we demonstrate the emergence of ferroelectric
order below ~Ty associated with additional features. Intrigu-
ingly, ferroelectricity is observed in a re-entrant spin-glass
(SG) state below T as verified from zero-field-cooled memory
effect and analysis of the heat capacity data. X-ray synchrotron
diffraction studies over a wide temperature range, 10-300 K,
further reveal significant magnetoelastic coupling at 7y and T,
although it does not show any signature of symmetry lowering
at Ty and Ts. We propose that release of topological frustration
is manifested through the magnetoelastic consequences at Ty
and 7. The magnetoelastic response and spiral magnetic order
at Tg are the coupled phenomena which are correlated with
the occurrence of FE order, proposing that MnCr, Oy is a new
improper multiferroic material.

II. EXPERIMENTAL DETAILS

Polycrystalline specimen MnCr,O4 are prepared by solid
state reaction [16]. Single phase chemical composition is
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FIG. 1. (Color online) (a) Corner sharing tetrahedra formed by
Cr** sublattice in the spinel structure. (b) Example of antiferro-
magnetically coupled Cr’* sublattice forming a tetrahedron and
demonstrating strong magnetic frustration.

confirmed by x-ray diffraction studies at room tempera-
ture recorded in a SEIFERT x-ray diffractometer (Model:
XRAY3000P) using Cu Ko radiation. This is further con-
firmed by the synchrotron x-ray diffraction studies measured
partly at PO7 beam line of Petra III, Hamburg, Germany at a
wavelength of 0.1252 A (99 keV) and partly at Indian beam
line of Photon Factory, Japan in the temperature range 10—
300 K. The synchrotron powder diffraction data are analyzed
using Rietveld refinement with a commercially available
software MAUD (materials analysis using diffraction) and
further checked by FULLPROF software. Heat capacity (Cp) is
measured using a homebuilt setup in the range 10-100 K [23].
Dielectric permittivity is measured on a compressed powder
specimen in the range 6-300 K using an E4980A LCR meter
(Agilent Technologies, USA) equipped with a cryogen-free
cryocooler (JANIS, USA). The pyroelectric current (/,) is
recorded at a constant temperature sweep rate (4.0 K/min)
using an electrometer (Keithley, model 6517B) and integrated
with time for obtaining electric polarization (P). A poling
electric field (150 kV/m) is applied during the cooling process
and short circuited before the measurement of [, in the
warming mode for the polarization measurement. Electrical
contacts are fabricated using an air drying silver paint. The dc
magnetization is measured by a commercial magnetometer of
Quantum Design (MPMS, evercool).

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

Thermal variation of zero-field-cooled (ZFC) and field-
cooled (FC) magnetization recorded at 100 Oe are displayed
in Fig. 2(a). Inverse of susceptibility (x~!) measured in
ZFC protocol is shown in the inset of the figure. The linear
fit using Curie-Weiss law is displayed by a straight line
which provides paramagnetic moment, e ~ 1.99uer and
Curie-Weiss temperature, ® ~ —216 K. The value of . is
much smaller than that of the spin-only values for Mn>* (5.5)
and Cr*t (3 wp)- This low w.¢ may appear due to consideration
of T range of magnetization below 300 K. Consideration of a
paramagnetic region at much higher temperature may provide
higher u.¢ value close to the theoretical value. However, this
low piegr is consistent with the neutron diffraction study which
also provided a much smaller ordered moment of Mn>* and
Crt than the theoretical values [14,15]. The value of © is
much larger than the ferrimagnetic (FIM) ordering temperature
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FIG. 2. (Color online) Thermal (7') variation of (a) ZFC-FC mag-
netization measured with 100 Oe. Thermal hysteresis between FCC
and FCH is also shown. Inset of (a) displays inverse susceptibility
(x ") plot with T. (b) Thermal hysteresis of magnetization disappears
for measurement at 500 Oe. Inset of (b) highlights the low-7" FC
magnetization. (¢) T variation of ZFC-FC magnetization measured
at 1 and 10 kOe. Inset of (c) highlights deviation between ZFC and
FC magnetization at low T. (d) Magnetic hysteresis loops at 3, 35,
and 50 K.

at 42 K (Ty) below which a sharp increase in both the ZFC
and FC magnetization is observed, and ZFC-FC magnetization
deviate from each other. A reasonably large value of ® /Ty
ratio (*5.1) indicates magnetic frustration.

Thermomagnetic irreversibility strongly depends on mag-
netic field (H) and decreases significantly with increasing H . It
nearly disappears for H &~ 10 kOe as shown in Fig. 2(c). With
decreasing temperature below Ty a sharp fall is observed in
the ZFC magnetization for H = 0.1 kOe around 18 K (T%),
below which an anomaly is observed for H =~ 0.5 kOe in
the FC magnetization as shown in the inset of Fig. 2(b). The
anomaly below T slowly disappears for H & 1 kOe as evident
in the inset of Fig. 2(c). A weak thermal hysteresis is observed
in the FC magnetization for H ~ 0.1 kOe, which nearly
disappears for H =~ 0.5 kOe as depicted in Fig. 2(b). Below T
development of a short-range spiral magnetic order has been
proposed in addition to the long-range FIM order from neutron
diffraction [7,14,15] and NMR studies [16]. Magnetic field
dependent results suggest that the short-range spiral magnetic
order is strongly influenced by the applied magnetic field.
Magnetic hysteresis loops are measured at 3 (<Ty), 35 (<Ty),
and 50 K (>Ty), as shown in Fig. 2(d). Magnetization curve
provides low coercivity ~90 Oe and displays a linear response
for H >~ 1kOe at 3 and 35 K.

Heat capacity (Cp) as a function of temperature is depicted
in Fig. 3(a) displaying apparent signatures of 7y and Ty at
42 and 18 K, respectively. Inset of Fig. 2(a) shows magnetic
entropy (Cag) displaying a linear dependence below ~13.5 K
above which it deviates from the linearity. Cp,, is determined
by subtracting heat capacity data of spinel MgAl,O4 [24].
The linear temperature dependence of Cyy,, is a characteristic
signature of insulating [25] and metallic SGs [26].
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FIG. 3. (Color online) (a) T variation heat capacity (Cp). Inset
shows linear dependence of Cy,, at low temperature where straight
line guides the linear dependence. (b) Thermal variation of field-
cooled (FC) magnetization in different modes. The field is cut off
during temporary stops at 30 and 12 K. Memory effect is demonstrated
by a step above 12 K and is absent at 30 K. (¢) Thermal variation of
ZFC magnetization defined as ML, (reference) and ZFC memory
defined as M(;. Inset shows thermal variation of difference plot
(AM) between M5t and M3, displaying convincing signature
of memory effect at 12 K. (d) Time (¢) dependence of M at 12 and
30 K in zero field after cooling the sample in 100 Oe.

The frequency (f) dependence of ac susceptibility results
is important for characterizing SG behavior which has already
been investigated in polycrystalline MnCr, Oy [13]. The results
were inconclusive because f dependence could not be detected
precisely for the analysis due to coexistence of SG and FIM
states. We perform experiment on magnetic memory effect as
described in the literature [27-29]. During cooling the sample
is annealed at a wait temperature (7,,) and then cooled further
down to the lowest T', after which the data are recorded in
the warming cycle. Memory experiment is performed both
in ZFC and FC protocols. For FC mode magnetic field is
switched off during the aging or waiting (¢,) process. The
t,’s for FC and ZFC are 1 and 3 h, respectively. The T,,’s
are fixed at 30 (>Ts) and 12 K (<Ty) for the measurement
in FC protocol. The memory curve defined as MESY is
depicted in Fig. 3(b) in addition to Mpoe and M. Here,
M;tcng is the FC curve recorded in cooling mode with two
stops at 30 and 12 K, while M]l;ecfc describes the same with
continuous measurement considered as a reference curve for
the comparison. A significant change in Mg is evident above
12 K which is missing around 30 K. This indicates that memory
effect is sustained below 75 and absent above Ts. Memory
effect observed in FC protocol may appear due to extrinsic
effect [29]. To test whether it occurs intrinsically, the memory
experiment is performed in the ZFC protocol [30]. Similar to
the experiment done in FC protocol, the sample is annealed at
12 K during the cooling process in zero field. The memory and
reference curves described as M7i5¢y; and M%eFfCH, respectively,
are depicted in Fig. 3(c). The difference between these curves
described as AM is shown in the inset of the figure. The
AM vs T plot clearly shows a dip at 12 K and demonstrates
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the memory effect as commonly revealed for the SGs. In SG
the spin-spin correlation length grows during the annealing
process, even in zero field, and this is manifested through the
memory dip. The development of spin-spin correlation length
in zero field indicates the cooperative phenomenon as revealed
for SG [31].

Time (t) dependence of M(r) is recorded at 12 (<Ty)
and 30 K (>Ty), at which experiment on memory effect is
performed in FC mode. The sample is cooled in 100 Oe
from well above Ty down to desired temperatures and decay
of M(t) is recorded with f. Although signature of memory
effect is absent at 30 K, a significant relaxation of M (¢) up
to ~2.5% is observed compared to ~5.5% decay at 12 K
for + =3000 s as shown in Fig. 3(d). The M(¢) is fitted
with the modified stretched exponential function, M(t) =
My — M, exp[—(t/t)ﬂ]. The My and M, are the ferromagnetic
(FM) and exponential components of M(¢). B is an exponent
which lies in the range 0 < 8 < 1. In the above expression,
B < 1indicates the relaxation mechanism involving activation
against multiple anisotropy barriers as proposed for SGs. It
may be noted that M is required to fit the low-¢ region of the
M(t) — t curve. Satisfactory fit using the above expression is
displayed in Fig. 3(d) by the continuous curves. The values
of My/My, t, and B are 7.2%, 597 s, and 0.5, respectively,
at 12 K and 3.2%, 804 s, and 0.42, respectively, at 30 K.
The significantly large value of M, indicates the signature
of dominant FM component in the relaxation dynamics, as
observed in manganites [32] and alloy [28] displaying SG-like
behavior. Here, M, appears due to coexistence of ferrimagnetic
order associated with the glassy magnetic component. It is
noteworthy that memory effect could not be detected at 30 K
even in FC protocol, although a significant magnetization
decay following glassy magnetic behavior is observed. This
indicates that existence of SG like relaxation dynamics may
not always lead to the memory effect even in FC protocol.

Dielectric permittivity (€) is measured at different f. The
real (¢/) and imaginary (¢”) components of € with T are
depicted in Fig. 4(a). The €’(T') displays a significant decrease
with decreasing temperature and it becomes nearly temper-
ature independent below ~150 K. Temperature dependent
dielectricity above ~150 K appears due to grain boundary
effect. The €'(T) and €”’(T) do not reveal any convincing
signature of anomaly at Ty. Rather, a maximum in €'(T)
(TrE) is observed close to Ts suggesting a magnetoelectric
coupling. The signature of T is not convincingly observed
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FIG. 4. (Color online) (a) Thermal variations of real part (¢’)
in left panel and imaginary part (¢”) in right panel of dielectric
permittivity at different f. (b) Electric polarization (P) with T'. Inset
of (b) shows pyroelectric current (/,) with T.
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in €”(T). However, appearance of maximum or peak in
€'(T) indicates a fluctuation in electric polarization (P).
The absence of f dispersion as shown in Fig. 4(a) further
points to the involvement of long-range ordering of electric
polarization [33,34]. To confirm the origin of fluctuation of P,
I, is recorded with T in the warming mode. A sharp peak in
1,(T)is observed as displayed in the inset of Fig. 4(b), at which
the peak in €’(T') is noticed. Time integrated I, provides P as
a function of 7 which is depicted with 7 in Fig. 4(b). Thus
concomitant appearance of Trg and T suggests that MnCr,O4
is a new member of improper multiferroics. The magnitude
of P (~1.08 uC/m?) at 5 K for 150 kV/m poling field is
significant among reported improper multiferroics [35-37].
The structural properties are thoroughly investigated by
x-ray powder diffraction studies using a high flux synchrotron
source over a wide temperature range, 10-300 K. Microstruc-
tural parameters are obtained from careful analysis of the
diffraction patterns using Rietveld refinement. The refinement
is done using Fd3m space group with atomic positions, Mn (0
0 0), Cr (0.625,0.625,0.625), and O (x = y = z) in the whole
temperature range. This is consistent with the previous results
proposing that magnetic A site ion in ACr,O4 without orbital
degeneracy usually maintains cubic symmetry even in the
low temperature magnetic ground state [15,22,38]. Examples
of the fits (continuous curves) with the experimental data
(symbols) at 10 (<Ts) and 300 K (>>Ty) are displayed in
Figs. 5(a) and 5(b), respectively. The difference plot shown at
the bottom of each plot confirms the single phase without trace
amount of impurity. The reliability parameters R, (~ 2.93),
Rexpi(~ 2.42), and x*(~ 1.21) at 300 K and R, (~ 3.08),
Rexpi(~ 2.32), and x%(~ 1.33) at 10 K are reasonably small

and close. This indicates that cubic structure with Fd3m space
group holds even below the second magnetic transition at 7.

In the thermal variation, the coordinate of O2 varies which
is depicted in Fig. 5(c) as obtained from the refinement. The
figure shows a steplike change close to Ty and Ts. Thermal
variation of lattice constant a as obtained from the refinement
is depicted in Fig. 5(d). An apparent signature of anomaly is
evident at T in the thermal variation. This clearly reveals a
strong magnetoelastic coupling at Ty, although magnetoelastic
coupling could not be detected in the dynamical properties of
the lattice structure as probed by optical spectroscopy [39]. The
synchrotron diffraction results further indicate that emergence
of strong magnetoelastic coupling is not correlated with the
orbital degeneracy of the A-site magnetic ion in ACr,Oy4 [39].
A change of slope in a(T) is observed at Ty, also indicating
the magnetoelastic coupling. This signature is more evident in
Figs. 5(e)-5(j). Integrated intensity of (220) diffraction peak as
indexed in Fig. 5(a) with T is depicted in Fig. 5(e) which also
displays clear signatures of Ty and Ts. Signature of anomaly
in the integrated intensity of (220) diffraction peak at 75 may
be correlated to the observed Trr and maximum in €. This
has also been observed in various systems [33,40].

As depicted in the inset of Figs. 5(f) and 5(g) Mn?** and
Cr* reside at the tetrahedral and octahedral sites, respectively,
where corners of Mn tetrahedron and Cr octahedron are occu-
pied by oxygen atoms. The Cr—O (d¢r0) and Mn—-O (dyin-0)
bond lengths, and Cr-O-Cr («;) and Mn—-O-Cr (a,) bond
angles are depicted in the inset of the figures. Thermal variation
of dcro, dyvn-o, @1, a2, and Mn—-O-Mn («3) are shown in
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FIG. 5. (Color online) Rietveld refinement of x-ray powder
diffraction patterns (black symbols) at 10 (a) and 300 K (b). Solid
curves demonstrate the fits. 7' variations of (c) positional coordinate
of 02 [O(x = y = z)],(d) a, and (e) normalized integrated intensities
of (220) peak. T variations of (f) Cr—0O, (g) Mn—-O bond lengths, and
(h) Cr—-O-Cr (1), (i) Mn—O-Cr (), and (j) Mn—O-Mn («3) bond
angles. Inset of (f) and (g) shows Cr octahedra and Mn tetrahedra
displaying bond lengths and bond angles.

Figs. 5(f)-5(j). More convincing signatures of Ty and Ts are
evident in the thermal variation of these microscopic structural
parameters. In Fig. 5(f) the dcr_o decreases with decreasing
temperature and it shows steplike structures at both 7y and T’.
The dwvin-o also decreases with decreasing temperature from
300 K and it shows anomalously significant rises with apparent
steplike structures close to Ty and T as shown in Fig. 5(g).
The anomalous increase of dy_o ~ 0.002 A from ~50 K
to ~10 K is significant for an isostructural transition [33].
Thermal variations of bond lengths clearly demonstrate the
contraction of CrOg octahedra and anomalous expansion of
MnOy tetrahedra with decreasing temperature. This indicates
that Cr—Cr superexchange interaction becomes stronger below
Tx than the Mn—Mn superexchange interaction. The oxygen
displacement also leads to the significant changes in «;,
ay, and a3 at Ty and Ty as displayed in Figs. 5(h), 5(i),
and 5(j), respectively. Both «; and «; are nearly temperature
independent with decreasing temperature up to ~50 K, below
which « increases quite sharply displaying steplike features
at Ty and Ty in the temperature variation, whereas o, and o3
decrease below ~50 K with similar steplike features at 7y and
Ts with decreasing temperature.

The x-ray diffraction studies reveal that occurrence of
ferroelectricity does not involve any structural transition from
centrosymmetric Fd3m space group to a noncentrosymmetric
structure. Rather, diffraction studies demonstrate isotrructural
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FIG. 6. (Color online) (a) Structure viewed along the conical
spin modulation direction (110). The circles with inclined arrows
indicate the spiral plane of the respective Mn, Cr(B1), and Cr(B2)
spins with conical structure. (b) Possible direction of O>~ ion
displacement driven by DM interaction between ith (S;) and jth
(S;) spins according to inverse DM model. (c) Directions of the net
magnetization M, the spiral spin modulation vector (110), and the
induced polarization P for B2 site Cr chain.

transition with a discontinuous oxygen displacement at 7 and
Ts analogous to that observed in LiCrO, [33]. Thus results
clearly demonstrate that MnCr, Oy is an improper ferroelectric
material where short-range spiral magnetic order gives rise
to the ferroelectric order. The microscopic mechanism of
occurrence of FE in magnetic spirals has been discussed in the
literature which are correlated to the various spiral magnetic
structures [22,36]. In Fig. 6(a) the structure as obtained from
the neutron diffraction studies is shown along the conical
spin modulation direction (110) for MnCr,O4 [7,14,15]. The
circles with inclined arrows in Fig. 6(a) indicate the spiral
plane of the respective spins with conical spin structures
for Mn, B1, and B2 sites of Cr. The spiral magnetic order
driven polarization may be understood in terms of the spin
currentmodel, P = &r;; x S; x S;, where £ is the proportional
constant as dependent on the spin exchange and spin-orbit
interactions, and r;; is a vector connecting ith and jth magnetic
atoms. S; and S; are the spin vectors [41]. In case of
the spin current model it has been suggested that the DM
interaction induces ferroelectric polarization of the electronic
orbitals without the involvement of the lattice degrees of
freedom. Here, low temperature diffraction studies reveal
isostructural discontinuous oxygen displacement at the onset
of ferroelectric order and indicate that the spin-current model
may not fit for interpreting the ferroelectricity in MnCr,Oy.
Another alternative scenario of occurrence of P is driven
by the inverse Dzyaloshinskii-Moriya (DM) interaction,
where spiral magnetic order can polarize an oxygen (ligand)
atom through the magnetostriction. The antisymmetric DM
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interaction is described as D;; - §; x S; [42]. D;; = x x 15
is the Dzyaloshinskii vector where x is perpendicular to
r;; as depicted in Fig. 6(b). Thus stronger DM interaction
pushes oxygen atoms along the x direction. As depicted in
Figs. 5(h)-5(j) o; increases, whereas o, and o3 decrease
significantly below Ts. These results are correlated to the
inverse DM interaction. We note from the changes of «o
values at T that oxygen ions (O*~) in Fig. 6(b) move toward
r;j for Cr—O-Cr superexchange path. On the other hand,
oxygen moves away from r;; for Mn—-O—-Cr and Mn—-O-Mn
superexchange paths. The conical spin modulation direction
(110) for the B2 site of Cr, magnetization (M), and P vectors
are described in Fig. 6(c). The figure indicates possible
polarization direction along (001) for B2 sites of Cr. In the case
of inverse DM interaction the effect of the DM interaction is
twofold; it induces the FE lattice displacements and stabilizes
short-range spiral magnetic order at low temperature. The
diffraction studies confirm the oxygen displacement involving
ferroelectric order. The results further suggest that release of
topological frustration and short-range spiral magnetic order
are settled through the oxygen displacement.

Neutron diffraction studies confirmed appearance of long-
range FIM order at Ty followed by an emergence of
another short-range spiral magnetic order below Ts in
MnCr,0y4 [7,14,15]. The Cr atoms forming pyrochlore struc-
ture, as highlighted in Fig. 1, causes significant topological
frustration. The interplay between ordering of A site Mn
moment and B site Cr moment forming pyrochlore sublattice
settles coexistence of SG-like and long-ranged FIM orders.
Coexistence of SG-like component and long-range FIM order
leads us to propose the reentrant SG (RSG) ground state.
Thus topological frustration is the key for RSG state, spiral
short-range order, and ferroelectricity in MnCr;QOy.

In conclusion, the observed ferroelectricity is driven by
spiral magnetic order, suggesting that MnCr, Oy is an improper
ferroelectric material. Below spiral spin order zero-field-
cooled memory effect and linear temperature dependence of
magnetic entropy further suggest a reentrant spin-glass-like
state. The significant magnetoelastic coupling is observed,
which has been correlated to the release of topological
frustration at Ty and T.
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