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Abstract: We present the results of a successful synthesis and investigation of polycrystalline
Fe2+(Cr3+

, Fe3+)2O4 powder, where 1/8 part of the Cr3+ ions in the octahedral sites is substituted
by the Fe3+ ones. It is shown that under such doping, the material retains the cubic spinel structure
characteristic of the parent FeCr2O4 compound. However, the values of the critical temperatures
have changed. Both the orbital and magnetic orderings occur at about 120 K, and magnetic structure
rearrangement associated with an onset of spiral modulation takes place at 26 K. Mössbauer studies
in a wide temperature range make it possible to accurately control the content of iron ions, their
valence and magnetic states, and local environment, therefore, allowing a deeper understanding of
the features of the revealed transformations.
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1. Introduction

The spinel-structure FeCr2O4 compound attracts the attention of researchers due to a
unique combination of properties [1,2]. This compound reveals a sequence of phase transi-
tions with temperature lowering, including the orbital ordering at 138 K, the magnetic or-
dering at 65 K to the collinear ferrimagnetic state, and the establishment of spin-modulated
structure at 38.5 K [3]. Moreover, this iron chromite possesses the magnetoelectric coupling,
i.e., displays multiferroic properties [4]. Since the ferroelectric properties arise with the
magnetic ordering, this compound is the representative of the type-II multiferroics [5]. The
general interest in multiferroic materials lies in their ability to control the magnetization
of a compound using an applied electric field and vice versa, i.e., electric polarization by
an external magnetic field. Hence, these materials are promising for the development of
new multifunctional devices such as, for instance, magnetic field sensors, non-volatile
random-access memory, and multi-state memory elements [6,7].

The substitution of Cr3+ ions in FeCr2O4 by Fe3+ ones significantly modifies the proper-
ties of a material. It was shown that, upon an increase in the x value in Fe2+Cr3+

2−xFe3+
xO4,

three regions in the room-temperature phase diagram exist [8–10]. In the first region
(x < 0.68), the crystal retains the normal spinel structure. The room-temperature lattice cell
parameter value increases with an increase in the ferric ion content. At the same time, the
magnetic moment decreases. In the second region (0.75 < x < 1.38), the reverse behaviors
are observed, i.e., with an increase in x, the unit cell parameter decreases while the magnetic
moment rises. Moreover, in this region, a partial inversion in the site distribution of the
ferric Fe3+ and ferrous Fe2+ ions starts to manifest itself. Both the lattice cell parameter and
the magnetic moment grow in the third region (1.50 < x < 2.0), approaching the magnetite
Fe3O4 at the end. The magnetite has the inverse spinel structure, in which the tetrahedral
sites are occupied by the ferric ions, and the octahedral ones by the ferric and ferrous ions
in equal fractions. It should be noted that the magnetic ordering temperature also rises
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upon the substitution of Cr3+ by Fe3+ ions and becomes higher than room temperature at
x ≈ 0.9 [9].

The low-temperature magnetic phase diagram is more complex. A recent study shows
that the first region, as mentioned above, is split into two with x < 0.3 and 0.3 < x < 0.7 [11].
For x < 0.3, the compound undergoes a sequence of transitions with decreasing temperature,
namely, from the paramagnetic cubic phase to the paramagnetic tetragonal (with a/c > 1)
to the ferrimagnetic orthorhombic phase, as well as the onset of conical spin order. For
0.3 < x < 0.7, the transitions have the same pattern with a difference in the tetragonal phase,
which is ferrimagnetic and a/c < 1. The corresponding critical temperatures are defined by
the x value. Near a boundary between these two regions in the low-temperature magnetic
phase diagram, i.e., at x ≈ 0.3, the critical temperatures of the phase transitions nearly
coincide. According to Ref. [12], for the composition of x ≈ 0.25, an almost direct transition
from the paramagnetic cubic phase to the ferrimagnetic orthorhombic phase is observed.

Another phenomenon, which is manifested in the Fe2+(Cr3+
1−x Fe3+

x)2O4 row, is
charge hopping [9]. It develops under an inversion of the Fe2+-Fe3+ site distribution, i.e.,
in the second region. However, since the ferric and the ferrous ions both have a tendency
to occupy the tetrahedral and the octahedral sites in the spinel structure, traces of charge
hopping may be found in the first region as well.

In this work, we study the effect of the ferric ion substitution in FeCr2O4 spinel. We
have chosen the composition of Fe2+Cr3+

1.75Fe3+
0.25O4 for the following reasons. First, the

ferric ions (S = 5/2) have a larger magnetic moment compared with the Cr3+ ones (S = 3/2).
Consequently, such doping of the octahedral sites should increase the magnetization of
the sublattice. However, to directly compare the compound’s properties with those of the
stoichiometric FeCr2O4, it is necessary to preserve the normal spinel structure, i.e., x should
be less than 0.68. Moreover, we tried to avoid charge hopping, and, therefore, used an
even lower content of ferric ions. Finally, as noted above, for this composition, a direct
transition from the cubic paramagnetic to the orthorhombic ferrimagnetic phase is expected,
preventing the transition to the paramagnetic or ferrimagnetic states with tetragonal lattice
symmetry. Another advantage of the substitution of octahedral sites with iron ions is the
possibility of studying the hyperfine interactions within this sublattice with Mössbauer
spectroscopy. The given substitution of Cr3+ sites by Fe3+ ions requires precise control
of the amount of Fe2+ and Fe3+ ions in the synthesized compound. For this purpose, an
original synthesis route based on the use of iron (II) oxalate dihydrate as a starting reagent
is proposed.

2. Experimental Part

The polycrystalline Fe2+Cr3+
1.75Fe3+

0.25O4 sample was synthesized via the solid-state
route. To achieve the desired composition of the product, the molar fractions of the initial
components were adjusted to fit the reaction:

8·Fe2+O + Fe3+
2O3 + 7·Cr2O3 → 8·Fe2+Cr1.75Fe3+

0.25O4.

Fe2O3 (Alfa Aesar, 99%) and Cr2O3 (Alfa Aesar, 99%) powders as well as the FeC2O4·2H2O
(LLC “Component-Reaktiv”, 99%) (iron (II) oxalate dihydrate) powder as the source of
FeO were used as starting reagents. The required weight of iron (II) oxalate dihydrate
was adjusted accounting for the thermal gravimetric analysis (TGA) data. According to
TGA measurements [13,14], upon heating, iron (II) oxalate dihydrate first releases water
molecules (at ~175 ◦C) and then, in the range of 200–300 ◦C, decomposes following the
simplified reaction of

FeC2O4 → FeO + CO2 + CO.

Carbon monoxide released during decomposition inhibits the oxidation of FeO and,
thus, preserves the iron ions in the ferrous state. However, it should be noted that the
decomposition reactions for iron (II) oxalate dihydrate in the presence of its conversion
gases are more complicated [15].
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The starting powders were mixed in the stoichiometric ratio and then thoroughly
ground and mixed in the air for 3 h in an agate mortar. The mixture in the alumina
crucible was placed in the vertical tube furnace chamber. The chamber was pre-evacuated
to 10−2 mbar of pressure several times with the spiral vacuum pump and filled with pure
Ar (99.9998%). The synthesis took place at the temperature of 1400 ◦C for 12 h under a
weak argon flow (less than 0.01 L/min) with slight excess pressure (less than 0.01 bar) in
the chamber.

The phase composition of a synthesized compound and the crystal structure of the
product were studied with powder X-ray diffraction (XRD). The XRD measurements were
carried out at room temperature (RT) with the Bruker D8 Advance diffractometer equipped
with the Cu-Kα radiation tube. For the measurements, samples were carefully ground in
an agate mortar to a fine powder state.

Mössbauer effect studies were carried out in the transmission geometry with the
conventional WissEl spectrometer operating in the constant acceleration mode. The spectra
were measured within the temperature range of 5–295 K in CFICEV helium flow cryostat
(ICEOxford) with a temperature accuracy of±0.1 K monitored by a CryoCon 32B controller.
57Co(Rh) source (purchased from RITVERC JSC, St. Petersburg, Russia) with an activity
of about 40 mCi. The spectrometer velocity scale was calibrated using the spectrum of
thin iron foil. The spectra were fitted using the SpectrRelax 2.1 software [16]. Values of the
center shift are reported versus the center shift of α-Fe spectrum at RT.

The magnetization of the synthesized compound as a function of the magnetic field
and temperature was measured using the Physical Property Measurement System (PPMS-9)
(Quantum Design) utilizing the vibrating sample magnetometry (VSM) option. Magnetic
studies were carried out in the temperature range of 5–400 K applying the magnetic fields
up to 9 T.

The measurements of specific heat at a constant pressure (Cp) in a zero applied mag-
netic field in the temperature range of 10–200 K were carried out with a heat capacity option
on the PPMS-9 using a 2τ relaxation method.

3. Results and Discussion
3.1. Powder X-ray Diffraction

The powder XRD pattern of the polycrystalline Fe2+Cr3+
1.75Fe3+

0.25O4 sample at room
temperature (RT) and its Rietveld refined model curve are shown in Figure 1.
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Figure 1. The powder XRD pattern of the polycrystalline Fe2+Cr3+
1.75Fe3+

0.25O4 sample at room
temperature (red circles) and its Rietveld refined model curve (black curve).
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The data were analyzed via standard Rietveld refinement using the FULLPROF soft-
ware [17]. Reflexes attributed to the spinel structure were observed. We could not detect
any impurity phase in the studied sample. The structural analysis confirmed a formation
of the cubic structure belonging to the Fd3m space group with the lattice parameter of
a = 8.379(1) Å. This value matches well with the one reported earlier [9].

3.2. Magnetic Properties

The temperature dependencies of the sample magnetization recorded in the zero-
field-cooled (ZFC) and field-cooled (FC) modes are shown in Figure 2a. Both curves were
recorded upon warming in the magnetic field of 100 Oe. The sample reveals a paramagnetic
behavior down to 126 K. The magnetization follows the Curie–Weiss law down to 200 K,
and the estimated Curie–Weiss parameter (temperature) is θCW = −320 K (see the inset in
Figure 2a). The negative value of θCW indicates an essentially antiferromagnetic character
of the exchange interactions between the magnetic ions.

Magnetochemistry 2023, 9, x FOR PEER REVIEW 4 of 12 
 

 

  
Figure 1. The powder XRD pattern of the polycrystalline Fe2+Cr3+1.75Fe3+0.25O4 sample at room tem-
perature (red circles) and its Rietveld refined model curve (black curve). 

The data were analyzed via standard Rietveld refinement using the FULLPROF soft-
ware [17]. Reflexes attributed to the spinel structure were observed. We could not detect 
any impurity phase in the studied sample. The structural analysis confirmed a formation 
of the cubic structure belonging to the 𝐹𝑑3ത𝑚 space group with the lattice parameter of a 
= 8.379(1) Å. This value matches well with the one reported earlier [9]. 

3.2. Magnetic Properties 
The temperature dependencies of the sample magnetization recorded in the zero-

field-cooled (ZFC) and field-cooled (FC) modes are shown in Figure 2a. Both curves were 
recorded upon warming in the magnetic field of 100 Oe. The sample reveals a paramag-
netic behavior down to 126 K. The magnetization follows the Curie–Weiss law down to 
200 K, and the estimated Curie–Weiss parameter (temperature) is θCW = −320 K (see the 
inset in Figure 2a). The negative value of θCW indicates an essentially antiferromagnetic 
character of the exchange interactions between the magnetic ions. 

    
(a) (b) 

15 20 25 30 35 40 45 50 55 60 65 70 75 80

0

40,000

80,000

(4
44

)

(6
22

)
(5

33
)

(6
20

)

(4
42

)
(5

31
)

(4
40

)

(3
33

)
(5

11
)

(4
22

)

(3
31

)

(4
00

)

(2
22

)

(2
20

)

(3
11

)

 Experimental data
 Calculated model
 Exp-Calc
 Bragg position

In
te

ns
ity

, c
ou

nt
s

2θ, deg.

(1
11

)

0 50 100 150 200 250 300
0

2

4

6

8

M
ag

ne
tiz

at
io

n,
 e

m
u/

g

Temperature, K

 ZFC 100 Oe
 FC 100 Oe

Tc

Ts

−3
00

−20
0

−1
00 0

10
0

20
0

30
0

40
0

0

1

2

3

4

In
v.

 M
ag

ne
tiz

at
io

n

Temperature, K

–320 K

20 40 60 80 100 120 140 16010
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Ts

Tс
M

ag
ne

tiz
at

io
n,

 e
m

u/
g

Temperature, K

T*

−0.2

−0.1

0.0

0.1

0.2

dM
/d
T,

 a
rb

. u
n.

Figure 2. (a) Temperature dependencies of the magnetization recorded in the zero-field-cooled
(ZFC—black curve) and in the field-cooled (FC—blue curve) regimes. (b) ZFC magnetization (black
curve) and its first derivative (red curve). The inset in (a) panel shows the temperature dependence
of inverse magnetization.

With a further decrease in temperature, the magnetization deviates from this law,
most probably due to the development of magnetic correlations. At Tc = 126 K, the
sample undergoes the magnetic phase transition. This transition is associated with an
establishment of the long-range magnetic order in the studied sample [11]. The so-called
frustration factor, defined as f = |θCW|/Tc, equals ~2.5. This value is smaller than that of
a parent FeCr2O4 compound, for which the reported value is f = 5 [18]. The frustration
arises from the octahedral sublattice, which has a pyrochlore-type geometrical arrangement.
Partial substitution of the Cr3+ ions by the Fe3+ breaks this geometrical balance, and the
magnetic ordering temperature rises, decreasing the frustration factor.

The significant difference between ZFC and FC curves reflects an occurrence of mag-
netic irreversibility in the studied sample below the Tc. It should be noted, however, that
the observed transition is complex. In Figure 2b, the first derivative of the ZFC curve is
depicted. It is seen that the magnetic phase transition is accompanied by another transfor-
mation at ~112 K, marked as T*. This temperature is specified in the maximum dM/dT
curve. However, this feature is subtle in the FC curve. The origin of this transformation
is unclear. On the one hand, it may be related to the domain wall pinning effect. For
instance, the broad maximum in the ZFC curve observed in MnCo2O4 was associated with
the domain pinning effect in one study [19]. On the other hand, as shown below based on
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the analysis of Mössbauer hyperfine fields, the long-range magnetic ordering is established
within two sublattices at slightly different temperatures, namely, in the tetrahedral (A)
sublattice at 121 K and in the octahedral (B) sublattice at 111 K. These temperatures match
well with the anomalies in the ZFC curve. Therefore, one may suppose that they are related
to the magnetization of the two sublattices in the sample.

With further cooling, another magnetic transition emerges at Ts = 26 K. Below this
temperature, a decrease in the sample magnetization was observed. This decrease is
commonly associated with an onset of a spiral-like modulation of the magnetic moments [1].

In Figure 3, the field dependencies of the magnetization recorded at 5, 50, and 300 K
are presented. Below the magnetic phase transition temperature, these dependencies have
a clear hysteretic behavior, while above the Tc the dependence is linear typical for the
paramagnetic state. In the external magnetic field of 9 T, the magnetization reaches the
values of 0.76 µB/f.u. and 0.72 µB/f.u. at 50 K and 5 K, respectively. These values are
somewhat smaller than the value of 0.8 µB/f.u. that was reported for FeCr2O4 and ascribed
to the Yafet–Kittel-type canted spin arrangement [20,21]. In this case, the A sublattice
has the dominant magnetic moment, while the magnetic moments in the B sublattice are
located at some angle to each other and the resulting magnetization of this sublattice is
smaller. The replacement of part of the Cr3+ ions (S = 3/2) by the Fe3+ ones (S = 5/2) in the
B sublattice enhances the magnetization of the latter. Since the B-sublattice magnetization is
aligned antiparallel to that of the A sublattice, the total magnetization of the studied spinel
should decrease upon such doping.
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The coercivity of the sample has the same value at 5 and 50 K and is about 7000 Oe.
This value is notably higher than for a parent FeCr2O4, for which a coercivity of 3000 Oe at
4.2 and 20.4 K was reported [21]. We suppose that the higher value of the coercivity field is
due to an increase in the magnetic anisotropy of Fe3+-substituted FeCr2O4, compared with
the unsubstituted one.

3.3. Specific Heat Studies

The temperature dependence of the specific heat at a constant pressure (Cp) is depicted
in Figure 4. There are two anomalies in this curve that match the observed magnetic
transformations in the sample. No other anomalies could be observed. The peak centered
at 118 K is relatively broad. We suppose this is due to a coincidence of transformations
occurring in the system, including the Jahn–Teller (orbital ordering) transition and the
magnetic transition. The complex origin of the latter was noted above, and this may also
lead to the additional broadening of this peak in the Cp(T) curve.
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3.4. Mössbauer Effect Studies

In Figure 5, the representative Mössbauer spectra of the sample recorded at 295, 40,
and 5 K are shown. The room-temperature (RT) spectrum was processed within a model
of two doublets. The first doublet, which is shown in Figure 5a by the dark-green curve,
has a center shift (CS) of 0.930(5) mm/s and a quadrupole splitting (QS) of 0.26(1) mm/s.
The second one, presented by the light-green curve in the RT spectrum, is characterized
by CS = 0.355(1) mm/s and QS = 0.47(1) mm/s. Based on these hyperfine parameters, we
assign these two doublets to the high-spin ferrous and the high-spin ferric ions in the
tetrahedral and the octahedral oxygen surroundings, respectively. The relative areas of the
components are 78(1)% for the ferrous doublet and 22(1)% for the ferric one. The ratio of the
spectra areas is ~4/1, indicating a target composition of the Fe3+-substituted FeCr2O4 since
the Lamb–Mössbauer factors are almost equal for A and B sites in the spinel structure [9].
No other iron-bearing phases were observed in the spectrum.

With a decrease in temperature, the center shift for both components increases due
to the second-order Doppler effect. However, there is a difference in the temperature
behavior of the QS values. For the ferrous component, the QS reveals a strong temperature
dependence, while, for the ferric one, it is almost temperature-independent. Generally, the
electric field gradient (EFG), which causes and determines the quadrupole splitting, is the
sum of two parts, namely, the valence and the lattice contributions [22,23]. The former is
defined by the lack of spherical symmetry in the occupation of iron electron orbitals, while
the latter is determined by the charge distribution in the vicinity of an iron ion. The valence
contribution is strongly temperature-dependent, while, for the lattice part of the EFG, a
noticeable dependence of QS(T) is not characteristic. The high-spin Fe3+ ions have a 3d5

electron configuration. These five electrons are distributed over the five 3d orbitals, and their
total contribution to the EFG is zero. Thus, the QS is defined in this case by the lattice part
only. The sixth electron in the 3d shell in the high-spin Fe2+ ion (3d6 electron configuration)
breaks the spherical symmetry of the iron valence orbitals’ occupation. In the cubic crystal
field, 3d orbitals of ferrous iron in the surrounding tetrahedral oxygen split into the lower
orbital doublet and upper triplet. In the presence of a dynamic Jahn–Teller effect, the ground
state has a vibronic character, and the system fluctuates between the tetragonally distorted
configurations. These fluctuations are thermally activated, and, therefore, the relaxation
frequency is temperature-dependent. Consequently, the temperature dependence of the QS
originates from the vibronic dynamics of the system.
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Figure 5. Mössbauer spectra of Fe2+Cr3+
1.75Fe3+

0.25O4 sample recorded at (a)—295 K, (b)—40 K, and
(c)—5 K, and their fitting model curves. The residuals between experimental data and the fitting
curves are shown at the bottom in the units of the statistical error.

Below 130 K, magnetic splitting of the components develops. The spectrum assigned
to the ferric ions was processed by the Zeeman sextet. At the same time, in the case of the
component assigned to the ferrous ones, it is necessary to consider the full Hamiltonian
of combined hyperfine interactions, since the quadrupole and magnetic interactions are
of the same order. In this case, angles between the hyperfine magnetic field direction and
the principal axis of the EFG tensor as well as the asymmetry of the EFG have a crucial
impact on the shape of the corresponding spectral component. We have found that, in the
frame of the principal axes of the EFG tensor, the polar angle θ equals π/2 for all spectra
(Figure 6a). At the same time, pronounced temperature dependencies were observed for
the azimuthal angle ϕ and the EFG asymmetry parameter η = (Vxx − Vyy)/Vzz, where Vxx,
Vyy, and Vzz are the diagonal elements of the EFG tensor in its principal axes frame. With
the temperature decrease from 120 K down to 40 K, the former increases from ~π/4 to
~π/3, while the latter is almost constant and equals ~ 0.55. However, at 5 K, ηwas found to
be zero, and, consequently, the ϕ angle was not determined.
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ions; (b) the Vzz component of the electric field gradient for ferrous ions; (c) hyperfine magnetic fields
on the 57Fe nuclei for the ferrous (blue points—experimental data, red curve—the model fit using
Equation (1)) and ferric (green points and orange curve, respectively) ion components. The inset
in (a) shows a schematic direction of the hyperfine magnetic field (HF) in the EFG tensor principal
axes frame.

The Vzz component of the EFG has a negative sign. Its absolute value markedly
increases below 130 K (Figure 6b). This fact should be associated with the macroscopic
structural distortion caused by the transition long-range orbitally ordered state. Such
an ordering stabilizes the |3z2〉 or |x2 − y2〉 type orbitals. The former has a negative
contribution to the EFG, while the latter, has a positive one. Consequently, the negative sign
of Vzz indicates that the ground state is of the |3z2〉 type. Notable temperature dependence
of the Vzz is related to the thermal population of the |x2 − y2〉-type states. Besides the
orbital ordering, lattice distortions driven by the exchange interactions may also affect the
splitting between these orbital levels and, consequently, the temperature dependence of
the Vzz.

The temperature dependencies of the hyperfine magnetic fields at the 57Fe nuclei (HF)
for both components are shown in Figure 6c. These dependencies HF(T), except for the
lowest temperature point for the ferrous component, were fitted using the following power
law expression:

HF(T) = HF(0) ·
(

1− T
Tc

)β

, (1)
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where HF(0) is the hyperfine magnetic field at 0 K, Tc—is the critical temperature, and β is the
critical exponent. We have found that, for the ferrous ion component, HFA(0) = 158(6) kOe,
βA = 0.30(3), and Tc

A = 121(1) K, while for the ferric one, HFB(0) = 503(13) kOe, βB = 0.16(3),
and Tc

B = 111(1) K.
The long-range magnetic order sets in the A sublattice at 121 K. This temperature

coincides with the observed critical temperature observed in the magnetization measure-
ments. The value of the critical exponent βA is characteristic of three-dimensional magnetic
systems. For instance, β = 0.31–0.33 for the 3D-Ising systems [24]. The hyperfine magnetic
field at 0 K found by the extrapolation of the power law dependence is even less than that
observed experimentally at 5 K.. An increase in the HF below the temperature of the spiral
spin modulation onset was also reported for the parent FeCr2O4 spinel [25].

In the case of the B-sublattice magnetization, we have found that the long-range
magnetic order sets in at 111 K. This temperature is 10 K less than that of the A sublattice.
Moreover, at this temperature, we observed an anomaly in the ZFC magnetization curve.
Therefore, we conclude that two sublattices in our sample magnetically order at slightly
different temperatures. However, the magnetic splitting of the ferric component was
observed at 120 K. We suppose that this hyperfine field transferred from the A sublattice is
not related to the establishment of the magnetic order in the B sublattice. The estimated
value of HFB(0) is typical for the ferric ions in oxides. However, the critical exponent βB

is markedly lower than the value for the A sublattice. We relate this fact to the structural
peculiarities of the B sublattice. It is well known that the B sublattice has a pyrochlore-
type arrangement. This structure causes the geometric frustration. We suppose that the
frustration may lead to such values of β. Indeed, β = 0.18(2) was observed in highly
frustrated pyrochlore antiferromagnets [26].

4. Conclusions

We synthesized and investigated the FeCr2O4 compound, in which 1/8 part of the Cr3+

ions in the octahedral B sites are substituted by the Fe3+ ions. Such substitution preserves
the normal spinel structure of the parent FeCr2O4 compound. We find that the Fe3+ ions
occupy only the octahedral B sites, and no trace of charge hopping between the iron ions was
detected. The Fe3+-ion substitution markedly modifies the critical transition temperatures
and reduces the frustration factor of the compound. Moreover, we demonstrate that the
critical temperatures of the long-range magnetic ordering, as well as the critical behaviors
of the magnetization within two sublattices, differ.
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