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Structural transition from a cubic to a tetragonal phase in magnetically frustrated AB2O4 spinel compounds
is generally found indispensable to enable long-range magnetic ordering. Intriguingly, MnCr2O4 and CoCr2O4,
constitute exceptions to the above general rule, as they seem to undergo long-range ferrimagnetic (FIM) ordering
without any structural involvement in their corresponding cubic phases. We find that MnCr2O4 (and CoCr2O4)
undergo a hitherto undetected partial glassy magnetic ordering of the spiral-spin components at a temperature
(TSP) higher than the long-range FIM transition. The spin-glass transition at TSP triggers the onset of structural
modifications that helps to reduce the geometric-magnetic-frustration and thereby enable the long-range FIM
ordering within an overall cubic phase. In the absence of the higher-temperature glassy transition in doped
MnCr2O4, the corresponding magnetic ordering is found to be glassy instead of being a long-ranged FIM
ordering. In magnetic spinel oxides, like CdCr2O4 and FeCr2O4, where cubic to tetragonal structural transition
occurs from either a spin-Jahn-Teller effect or through Jahn-Teller distortions, such a higher-temperature glassy
magnetic transition (i.e., above the long-range magnetic ordering) is absent. Our results, thus, clearly elucidate
that the structural modifications associated with the glassy magnetic ordering at TSP, aided with presence of
magnetic A-site ions, play a pivotal role in releasing the geometric-magnetic-frustration in MnCr2O4 (and also
CoCr2O4) to enable long-range FIM ordering in these systems.
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The phenomenon of geometric magnetic frustration (GMF)
in a crystalline solid refers to the inability of any magnetically
ordered state to simultaneously satisfy various competing
exchange interactions, arising from the geometry of the under-
lying lattice [1,2], as seen in Sec. I of Supplemental Material
[3]. The GMF phenomenon causes large degeneracies for
the ground state and an inability for even dense magnetic
systems to undergo long-range magnetic ordering down to
the lowest temperature [4,5]. Cubic AB2O4 spinel oxides [the
representative structure is shown in Fig. 1(a)], where the mag-
netic B sites lie on a frustrated pyrochlore lattice, as shown
in Fig. 1(a), host strong GMF. In the presence of strong
spin-phonon coupling, AB2O4 spinel oxides often undergo a
structural transition that helps to reduce the GMF [6] and
enable the realization of novel magnetic ground states [7–9].
The decisive role of structural degrees of freedom towards
long-range magnetic/ ferroelectric ordering in other family of
GMF oxides have also been stressed [10–14].

The structural transition in cubic AB2O4 spinel oxides is
often driven by Jahn-Teller (JT) distortions from the presence
of either JT active A-site ions [as in ACr2O4, A = Fe2+(3d6),
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Ni2+(3d8), Cu2+(3d9) [15–17], where B-site Cr3+(3d3) ion is
JT inactive, represented in Fig. 1(d) and 1(f)] or from JT active
B-site ions [as in CdV2O4 [18], MnTi2O4 [19,20] comprising
of JT active V3+ (3d2) and Ti3+ (3d1) ions, respectively]. The
structural transition can also arise from a purely spin-driven
mechanism stemming from strong spin-lattice coupling (as
in ACr2O4, A= Mg, Cd, Zn, which include nonmagnetic,
JT inactive A-site ions [21–24]), which is referred to as the
spin-JT effect.

Surprisingly, MnCr2O4 and CoCr2O4, which in addition
to magnetic B-site ions, contain magnetic (and JT-inactive)
A-site ions, as represented in Figs. 1(c) and 1(e), were found
to undergo long-range magnetic ordering without involve-
ment of any structural changes [25,26]. The presence of
magnetic ions at both A and B sites introduces additional
AA and AB exchange interactions in AB2O4 spinels that can
reduce the GMF. As a representative example for this pair,
we will focus on MnCr2O4 in the manuscript. MnCr2O4 is
reported to undergo a collinear long-range ferrimagnetic tran-
sition at TN1 followed by a re-entrant glass transition into
a modified Lyons-Kaplan-Dwight-Menyuk [27–30] ferrimag-
netic spiral at a further lower temperature TN2. Interestingly,
the longitudinal and the transverse spin components of the
ferrimagnetic spiral of MnCr2O4 exhibit different qualitative
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FIG. 1. (a) Room-temperature cubic crystal structure of AB2O4

spinels, where A and B ions are within tetrahedral and octahedral
oxygen environments, respectively. (b) llustrates the pyrochlore net-
work (corner shared tetrahedra) of the magnetic B-site ions and
a schematic representation of the associated magnetic frustration.
Schematic electronic configurations for the tetrahedrally coordinated
(c) Mn2+ (3d5), (d) Fe2+ (3d6), (e) Co2+ (3d7) and octahedrally
coordinated (f) Cr3+ (3d3) ions.

features. Long-range order was detected for the longitudi-
nal spin components, whereas the transverse (or spiral) spin
component exhibits short-range glassy order below TN2 [31].
Short-range magnetic correlation among the transverse (spi-
ral) spin components, interestingly, is found to exist till much
above TN2 and TN1 [31,32]. The presence of glassy order for
the spiral-spin component clearly brings out the insufficiency
of the magnetic A-site ion to fully release the GMF effect and
suggests an alternative or supporting mechanism that leads to
the long-range ferrimagnetic ordering in MnCr2O4. In this let-
ter, we report the presence of a partial (weak) glassy ordering
of the spiral-spin components at TSP, which is ∼6 K above
TN1, and a more complete order for the spiral components
to occur at TN2. Importantly, the spin-glass order at TSP is
associated with the onset of structural changes, manifested
through a change in slope of the temperature dependence of
Cr-Cr distance and sharp changes in the oxygen-ion positions,
Mn-O and Cr-O bond distances, and Cr-O-Cr and Mn-O-Cr
angles at TSP. Such structural changes within the overall cubic
structure help to circumvent the GMF, already weakened by
the presence of magnetic A-site ions (as explained above), and
lead to long-range ferrimagnetic ordering at TN1 in MnCr2O4.
An absence of the higher-temperature glassy transition, in ad-
equately doped MnCr2O4, causes the ferrimagnetic transition
at TN1 to be glassy instead of being long-ranged, thereby, re-
vealing its critical role towards the stabilization of long-range
ferrimagnetic ordering in this class of systems.

Phase-pure polycrystalline ACr2O4 (A=Mn, Fe, Co and
Cd) samples were prepared via solid state synthesis; well
ground stoichiometric mixtures of Cr2O3 and MnO (for
A=Mn), Fe2O3 and Fe powder (for A=Fe), CoO (for A=Co),
CdO for (A=Cd) were sintered inside evacuated quartz tubes
at 1150◦C for 24 h. Mn0.60Cd0.13Zn0.27Cr2O4 (possessing
similar Cr lattice as MnCr2O4) and MnCr2O4_Q (which was
additionally quenched into liquid N2 directly from 1150◦C)
were also prepared using similar synthesis conditions to act

FIG. 2. (a) M (T) curves of MnCr2O4 measured at H=100 Oe.
Inset depicts the dM/dT vs T plot. Schematic of FIM spiral config-
urations involving Cr and Mn spins are shown in the top left corner,
where the dashed line represents the direction of the longitudinal
spin component. (b) The real part χ ′ (T) of ac susceptibility data
of MnCr2O4. The inset shows the enlarged view around the spin-
glass transition at TSP. (c) Results of dc memory experiments for
MnCr2O4, where the insets exhibit clear aging and memory effects
below TN2 and also between TN1 and TN2. (d) χ ′(T) data of CoCr2O4

with different frequencies. The inset highlights the imaginary part χ ′′

(T) of the ac susceptibility data of CoCr2O4 around TSP.

as reference compounds. Room-temperature x-ray diffrac-
tion (XRD) measurements using Cu Kα source elucidate
that all the synthesized spinel-oxides crystallize in the cu-
bic Fd − 3 m structure at room-temperature (full spectra and
Rietveld refinement of a representative sample MnCr2O4 are
shown in Figs. S2(a) and S2(b), respectively, of Ref. [3]), with
trace amounts (∼1%) of Cr2O3 impurity phase. Temperature-
dependent neutron diffraction (for λ ≈ 1.2443 Å) experiments
were performed at Dhruva reactor, Bhabha Atomic Research
Centre, Mumbai, India to probe magnetic order and structural
changes. Temperature-dependent ac- (over a dc-magnetic field
of 1 Oe) and dc-magnetic measurements were carried out
using magnetic property measurement system (MPMS) from
quantum design. Magnetic dc memory experiments were
performed by measuring dc zero-field-cooled (ZFC) magne-
tization (M) data with and without an intermediate wait at
a specific temperature of interest (TW ) and then investigat-
ing the difference (�M) of these recorded ZFC data. The
temperature-dependent dc-magnetization data [Fig. 2(a)] indi-
cate that MnCr2O4 undergoes a paramagnetic to ferrimagnetic
transition at TN1, which is followed by a glass transition at
TN2, as reported earlier [31]. Interestingly, ac-magnetic sus-
ceptibility measurement, which is a very sensitive technique
to probe weak magnetic transitions [33,34], detect the pres-
ence of an additional (hitherto undetected) weak magnetic
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transition at TSP just above the ferrimagnetic (FIM) ordering
(TN1=43 K), as shown in Fig. 2(b). Importantly, the magnetic
transition at TSP is not discernible even in the temperature-
derivative of the dc-magnetic data [as seen in the inset of
Fig. 2(a)], presumably due to associated large background
magnetic signal. A similar magnetic transition at TSP ∼
98 K is also detected above the ferrimagnetic transition of
TN1=95 K in CoCr2O4 (corresponding dc-magnetization data
and imaginary part (χ ′′) of the ac suceptibility data are shown
in Figs. S3(a) and S3(b), respectively of Ref. [3]) using ac-
susceptibility measurements, as shown in Fig. 2(d), bringing
out the intrinsic nature of this transition in these two systems.
Notably, the Cr2O3 impurity phase (∼1%) does not exhibit
any magnetic transition in this entire temperature window
[35]. The magnetic transition at TSP (and also TN2) is found to
be glassy since the corresponding peak position (Tf ) strongly
disperses with frequency (f) of the ac-magnetic field as seen
in the insets of Figs. 2(b) and 2(d) (the frequency dispersive
nature of the transition at TN2 for CoCr2O4 is clearly dis-
cernible in the corresponding χ ′′ data, as shown in Fig. S3(b)
of Ref. [3]). A critical slowing-down analysis (using a power
law model [36]) is employed to investigate the nature of the
glassy magnetic transition associated with TSP (the detailed
analysis is discussed in Sec. IV of Ref. [3]). The extracted τ0

(∼1 × 10−13 sec) and zν values (∼6.4) from the best fit to
the power law model, as shown in Fig. S4(a) of Ref. [3] for
MnCr2O4, are typical to spin-glass systems [37–39], thereby,
elucidating that MnCr2O4 (and also CoCr2O4) undergoes a
spin-glass transition at TSP prior to undergoing long-range
FIM ordering at TN1. The long-range nature of the magnetic
transition at TN1 is established since χ ′ and χ ′′ peak positions
associated with TN1 do not disperse with varying f, as seen
in Figs. 2(b) and 2(d). In order to investigate the presence
of aging and memory effects, dc memory experiments were
performed on MnCr2O4 with two intermediate waits at TW 1

(between TN1 and TN2) and at TW 2 (below TN2). Presence of
a dip in �M (the difference ZFC data, as discussed earlier)
at the waiting temperature is a characteristic signature of a
magnetic glass system [40]. Distinct dips in �M were clearly
observed at both the wait temperatures, TW 1 [as seen in the
inset of Fig. 2(c)] and TW 2. While the presence of aging and
memory effects at temperatures below TN2 (which is a glass
transition temperature) is expected, its presence between TN2

and TN1 (which cannot be explained by the mere presence of a
long-range magnetic ordering at TN1) suggests that part of the
magnetic component that develops spin-glass-like dynamics
below TSP do not undergo long-range magnetic ordering at
TN1. The τ0 and zν values, determined from the best fits to
the relaxations observed at TN2, as shown in Fig. S4(b) (for
MnCr2O4) and (d) (for CoCr2O4) of Ref. [3], indicate TN2

to be cluster-glass transition [38,39]. The slower cluster-glass
dynamics likely arises due to spins at the interface between
ferrimagnetic domains with different short-range orders, as
determined in Ref. [31].

In the following, we discuss the magnetic order as probed
by neutrons. The temperature dependences of the intensity of
various neutron diffraction peaks is shown as a contour plot in
Fig. S5(a) of Ref. [3]. In the Fd − 3 space group of MnCr2O4,
Mn occupies ( 1

8 , 1
8 , 1

8 ), Cr ( 1
2 , 1

2 , 1
2 ), and O (x, x, x) positions.

FIG. 3. (a) Neutron diffraction patterns of MnCr2O4 at selected
temperatures. The brick-red thick dashed line immediately below the
18 K spectrum below the (220)-q peak highlights the corresponding
diffuse scattering intensity. (b) Variation of diffuse scattering peak
intensity with temperature. (c) Variation of Cr-Cr distance (d) oxygen
position and (e) Cr-O-Cr angle with temperature. The insets to (c),
(d), and (e) highlight the anomalous changes in Mn-O bond distance,
Cr-O bond distance and Mn-O-Cr angle below TSP, respectively. The
blue solid line running through the data in (b), (c), (d), and (e) are
corresponding guides to the eye. (f) Schematic representation of the
structural modifications within the cubic phase below TSP. The open
red circles refer to the new oxygen positions below TSP

On lowering of temperature below 42 K (TN1), enhancement
in the intensity of the fundamental reflections (111), (220) and
(331) is observed, as seen in Figs. 3(a) and S5(a) of Ref. [3],
indicating the onset of magnetic ordering in the sample. The
refined magnetic structure [the representative refined plots for
50, 30, and 2 K spectra are depicted in Figs. S5(c), S5(d),
and S5(e) of Ref. [3], respectively] is observed to be collinear
ferrimagnetic involving the moments on Mn2+ and Cr3+, as
shown in the Fig. S5(f) of Ref. [3]. On further lowering of
temperature, below 20 K (TN2), a relatively strong (220)-q and
few weak (002)-q, (111)-q, (200)-q, and (113)-q superlattice
reflections are observed (as shown in Figs. 3(a) and S5(a)
of Ref.[3]). The temperature evolution of the intensity of
the (220) fundamental and the (220)-q superlattice reflections
are shown in Fig. S5(b) of Ref. [3]. The magnetic structure
below TN2 was found to be a collinear ferrimagnetic structure
coexisting with a noncollinear spiral structure described by
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FIG. 4. (a) Comparative temperature (T) variations of the ac
susceptibility data of MnCr2O4 and MnCr2O4_Q. The inset ex-
hibits the enlarged view of the temperature-deriavative of the χ ′

data around TN1. χ ′ vs T plots of (b) FeCr2O4, (c) CdCr2O4, and
(d) Mn0.6Cd0.13Zn0.27Cr2O4. The insets in (b) and (c) highlight the
corresponding dc-magnetization data. The inset in (d) highlights the
enlarged view of the χ ′ (T) data around the magnetic ordering at 14K.

the propagation vector, q = (0.622, 0.622, 0). Although the
(220)-q satellite peak can be detected above TN2 in CoCr2O4

[31], the same does not apply in MnCr2O4, presumably driven
by the larger A-site spin moment (5 μB for Mn2+ as compared
to 3 μB for Co2+) in the latter, that helps to decrease the
GMF further and lead to weaker spin-glass dynamics of the
spiral-spin components. The scenario of weaker GMF is also
consistent with a relatively faster spin dynamics around TSP in
MnCr2O4 as compared to CoCr2O4 (as shown in Figs. S4(a)
and (c) of Ref. [3]). Indeed, the χ ′ peak at TSP becomes
stronger [as seen in Fig. 4(a)] in specially synthesized dis-
ordered MnCr2O4 (MnCr2O4_Q), which is associated with
some Mn-site vacancies which results in a weaker A-site over-
all magnetic moment. The Mn-site vacancies of MnCr2O4_Q
appear due to the presence of few Mn ions at the B- (Cr)
site, which drives out an equal number of Cr atoms from
the system and causes them to oxidize into the ∼5% Cr2O3

impurity phase, as seen in the corresponding XRD spectrum
in Fig. S6 and in related discussions in Sec. VI of Ref. [3].
The stronger and sharper χ ′ peak at TSP in MnCr2O4_Q is
also associated with a concomitant increase in the temperature
TN1, as seen in the inset to Fig. 4(a), suggesting a positive
correlation between the two phenomena. Interestingly, the
suppression of spiral order above TN2 ∼ 20 K is followed
with a short-range magnetic ordering characterized by the
presence of diffuse scattering centered at the (220)-q reflection
extending to temperatures about 10TN2, as seen in Figs. 3(a)
and S5(a) of Ref. [3]. Such a diffuse scattering is, however, not
detected below the (220) neutron peak [as seen in Fig. 3(a)],
ruling out the role of any atomic clustering in giving rise

to such diffuse scattering intensity. It is also observed that
the presence of the diffuse scattering, evident from the hump
around the (220)-q reflection, is not completely suppressed
even at 0.1TN2, which indicates the presence of short-range
magnetic correlations well into the magnetically ordered state.
As seen in the temperature-dependent variation of the diffuse
scattering intensity in Fig. 3(b), a small and broad decrease of
the diffuse scattering intensity is observed first at TSP followed
by another sharp and larger decrease at TN2. Similar decreases
in the diffuse scattering intensity at the onset of spin-glass
order have been found in related oxide systems [41,42]. It is
significant that the weak decrease of diffuse peak intensity at
TSP, which is associated with a concomitant glassy ordering of
the spiral spin components, occurs well above the long-range
ferrimagnetic order at TN1.

Since neutrons are sensitive to small structural changes,
even those associated with movement of light oxygen
atoms, temperature-dependent structural parameters, deter-
mined from refinement of neutron diffraction spectra with
cubic Fd − 3m space group, were investigated to probe the
origin of long-range magnetic order at TN1. Clear mag-
netostructural anomalies are observed in the temperature
dependences of the refined oxygen positions, Mn-O and Cr-O
bond distances, Cr-O-Cr and Mn-O-Cr angles below TSP, as
seen in Figs. 3(d) and 3(e) and the corresponding insets of
Figs. 3(c) to 3(e). The initial deviation of the oxygen position
from the ideal position ( 1

8 , 1
8 , 1

8 ) of the fcc array, as seen at
higher temperatures, is commonly known to arise in cubic
spinel structure from ionic site mismatch [25,43,44]). The
Cr-Cr bond distance (and also, the cubic lattice parameter,
as shown in Fig. S7 of Ref. [3]) exhibits a normal linear
thermal contraction with lowering of temperature above TSP,
however, it becomes nearly temperature-independent below
TSP. Importantly, the observed structural changes that emerge
just below TSP [schematically summarized in Fig. 3(f)] relate
to a movement of the edge-shared oxygen ions in between
the neighboring Cr ions, thereby, inhibiting the temperature-
induced contraction in Cr-Cr bond distance with lowering
of temperature below TSP. Thus the anomalous flattening of
the Cr-Cr distance below TSP can be understood to arise
from two opposite contributions, one associated with the nor-
mal contraction of the Cr-Cr distance (or lattice parameter)
with lowering in temperature and another from an anoma-
lous thermal expansion contribution (as observed in many
spin-frustrated systems [45,46]), with the later contribution
emerging only below TSP. Since reduction in Cr-Cr bond
distance causes an increase in the antiferromagnetic direct-
exchange interaction, such an anomalous thermal expansion
contribution, which relates to increase in Cr-Cr bond distance
with lowering of temperature, leads to an effective reduction
of GMF just below TSP. In regards to the ferromagnetic Cr-
O-Cr superexchange interaction, a decrease induced by an
increase in Cr-O-Cr bond angle is likely balanced by a cor-
responding increase arising from a concomitant reduction in
Cr-O bond distance below TSP. First-principles calculations
indeed suggest that Cr-Cr direct antiferromagnetic exchange
dominates over Cr-O-Cr ferromagnetic super-exchange inter-
action in MnCr2O4 [47]. Thus, the above magnetostructural
changes below TSP, along with presence of magnetic A-
site ions, become critical to enable the long-range magnetic
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ordering at TN1. A consequent reversal in the trend of the mag-
netostructural changes below TN2 [as seen in Figs. 3(c)–3(e)]
likely leads to the related low-temperature glass transition.

To understand whether presence of a glassy magnetic tran-
sition above the ferrimagnetic transition TN1 is a generic
phenomenon in other chromate spinel oxides as well, we
investigated representative members from two other broad
classes of chromate-spinel oxides; one which undergoes
a JT-distortion-driven structural transition at temperatures
much above TN1 (similar to FeCr2O4) and another which
undergoes a concomitant long-range magnetostructural tran-
sition due to the spin-JT effect (as in CdCr2O4). FeCr2O4,
driven by JT- active Fe2+(3d6) ions, goes through successive
symmetry-lowering structural transitions, one from cubic to
tetragonal structure at TS1 ∼ 140 K followed by tetragonal
to orthorhombic structure at TS2 ∼ 75 K, and the latter
is associated with long-range ferrimagnetic ordering [48].
CdCr2O4, which contains nonmagnetic A-site (Cd2+[4d0)]
ions, also undergoes a spin-JT induced cubic to tetrago-
nal structural transition accompanied with a concomitant
long-range magnetic ordering [22]. Importantly, the higher-
temperature glassy magnetic transition at TSP (as observed
in MnCr2O4 and CoCr2O4) is found to be absent in both
FeCr2O4 and CdCr2O4 in their corresponding ac suscepti-
bility data, as depicted in Figs. 4(b) and 4(c), respectively.
Both these compounds do exhibit the presence of long-
range magnetic ordering [corresponding dc magnetic data
is shown in the insets of Figs. 4(b) and 4(c), respectively],
characterized by a dispersionless χ ′ peak (see Fig. S8 of
Ref. [3]). Clearly, thus, in the presence of a global structural
transition, chromate spinel oxides directly undergo a long-
range magnetic ordering and only in the absence of a global
structural transition, does a higher-temperature glassy mag-
netic transition with accompanying weak structural changes
become a necessary primer to reduce the GMF to enable long-
range magnetic ordering. In the following, we have investi-
gated a Mn0.60Cd0.13Zn0.27Cr2O4 compound, which is care-
fully engineered to have nearly identical lattice parameters

(as indicated by Fig. S6 of Ref. [3]) and a Cr-Cr bond distance
as in parent MnCr2O4. Due to very different ionic radii of
tetrahedrally coordinated Cd2+(0.78 Å), Mn2+(0.66 Å), and
Zn2+(0.60 Å) ions, Mn0.60Cd0.13Zn0.27Cr2O4 is associated
with significant A-site related size-disorder within an overall
cubic structure, as shown in Fig. S2(a) of Ref. [3]. Inter-
estingly, this helps us to realize a closely related compound
to MnCr2O4 which do not undergo a higher-temperature
glassy magnetic transition at TSP, presumably due to the
presence of random strain fields, and consequently, the asso-
ciated ferrimagnetic transition at TN1 (reduced in temperature
due to significant Mn-site spin dilution) become short-ranged
(glassy), as seen in Fig. 4(d) and its inset. This further helps to
shed light on the likely spin-JT related origin for the structural
changes associated with TSP.

In summary, through careful and detailed investigations
on ACr2O4(A= Mn, Fe, Co and Cd) spinel compounds, we
identify the presence of a higher-temperature spin-glass order-
ing just above the long-range FIM ordering in MnCr2O4 and
CoCr2O4. Importantly, this high-temperature spin-glass or-
dering is associated with the nucleation of structural changes
which enable significant reduction of the GMF. The presence
of a magnetic A-site ion also helps to reduce the GMF effect
associated with the pyrochlore B-lattice. These two effects,
thus work together to enable long-range ferrimagnetic or-
dering in MnCr2O4 (and also CoCr2O4). Further theoretical
investigations to probe the role of the observed structural
changes towards enabling magnetic ordering in chromate
spinel oxides will be helpful to understand and tune the as-
sociated functional properties.
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