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To insight into the B-site ordering in RFe0.5Cr0.5O3 ceramics, a series of RFe0.5Cr0.5O3 ceramics (R = La, Y, Lu)
were synthesized by the sol–gel method, and the structural and magnetic properties were systemically investigated. By
using the Rietveld refinement of all samples, it is found that the structural distortion is increased as the R ionic radius
decreases, leading to the weakened interactions between Fe/Cr ions. Moreover, the Fe and Cr are arranged in disorder in
LaFe0.5Cr0.5O3, but partially ordered in YFe0.5Cr0.5O3 and LuFe0.5Cr0.5O3, showing an increasing trend of the proportion
of ordered domains with the decrease of R ionic radius. Through fitting the temperature-dependent magnetizations, it is
identified that the magnetization reversal (MR) in disorder LaFe0.5Cr0.5O3 is resulted from the competition between the
moments of Cr and Fe sublattices. In the partially ordered YFe0.5Cr0.5O3 and LuFe0.5Cr0.5O3 ceramics, because of the
presence of Fe–O–Cr networks in the ordered domains whose moment is antiparallel to that of Fe–O–Fe and Cr–O–Cr in
the disordered domains, the compensation temperature Tcomp of MR is increased by nearly 50 K. These results suggest
that the changing of R-site ions could be used very effectively to modify the Fe–O–Cr ordering, apart from the structural
distortion, which has a direct effect on the magnetic exchange interactions in RFe0.5Cr0.5O3 ceramics. Then at values of
composition where ordered domains are expected to be larger in number as compared to disordered domains and with a
weaker structural distortion, one can expect a higher transition temperature Tcomp, providing a different view for adjustment
of the magnetic properties of RFe0.5Cr0.5O3 ceramics for practical applications.

Keywords: RFe0.5Cr0.5O3 ceramics, structural distortion, B-site ordering, magnetization reversal
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1. Introduction

Perovskites-type oxides ABO3, displaying a wide range
of properties (superconductivity, colossal magnetoresistance,
multiferroic behavior, etc.), arguably represent the most im-
portant family of complex oxides.[1] Among them, rare-
earth orthoferrites (RFeO3) and orthochromites (RCrO3) (R =

rare-earth element) have always been paid much attention
due to the unique magnetic properties.[2–5] Magnetization
reversal (MR, also known as negative magnetization) is a
fascinatingly interesting magnetic behavior in RFeO3 and
RCrO3, which is a phenomenon where the net magnetiza-
tion changes its sign and is zero at the compensation tem-
perature (Tcomp).[6] It provides the possibility of preparing the
thermally-assisted magnetic random access memory and spin
resolution devices.[7–9] However, the temperature Tcomp is very
low,[10–12] which does not meet the practical application re-
quirements. Surprisingly, many remarkable properties were
observed in RFe0.5Cr0.5O3 ceramics, such as magnetocaloric
effect,[13,14] negative thermal expansion,[15] and magnetoelec-
tric effect.[16,17] The reversed exchange-bias (EB) effect was
observed in LuFe0.5Cr0.5O3 which had never been seen in
LuFeO3 and LuCrO3.[18] These findings sparked a particular

interest in RFe0.5Cr0.5O3 ceramics as a potential material to
meet the increasing demand for multifunctional devices.

Crystal structure and defects are one of the most at-
tractive characteristics in perovskite materials.[19] Generally,
half substituting of the B-site cations by another cation B′ in
ABO3 materials may take on ordered B–O–B′ arrangements.
It is worth noting that B-site ordering has an important im-
pact on the magnetic and electric properties.[1] The dielec-
tric properties of double perovskite Pb2ScTaO6 are sensitive
to the changes in the degree of B-site ordering: Relaxor be-
havior emerges as the B–O–B′ order decreases, while highly
ordered samples behave as normal ferroelectrics.[20,21] The
spin polarization of half-metallic ferrimagnets Sr2FeMoO6

compounds degrades rapidly as the degree of B-site ordering
decreases.[22,23] The combination of ferromagnetism and in-
sulating behavior cannot be realized in mono perovskites, but
can be attained in double perovskites.[24,25] Therefore, the B-
site ordering may also have the effect on magnetic properties,
such as MR, in RFe0.5Cr0.5O3 ceramics.

However, the B-site ordering in RFe0.5Cr0.5O3 ceramics
has not been systematically studied. In the vast majority of
research on RFe0.5Cr0.5O3 ceramics, the arrangement of Fe
and Cr cations is considered to be disordered and the cor-
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responding properties are also explained based on the Fe/Cr
disorder.[26–29] Only a few studies suggest that Fe and Cr are
arranged in an orderly manner.[16,30] Mo et al. have studied
the distribution of B-site cations in the perovskite of a d5–d3

superexchange system with molecular field theory and Monte
Carlo simulation, and revealed that the distribution of Fe/Cr
in the majority of systems deviates from the uniform distri-
bution (disordering).[31] Therefore, how the B-site cations are
distributed in RFe0.5Cr0.5O3 ceramics, ordered or disordered,
and its effect on magnetic properties is still an open issue.

If R is a magnetic ion, there will be three types of
magnetic interactions in RFe0.5Cr0.5O3 ceramics: R3+–
O2−–Fe3+/Cr3+, Fe3+/Cr3+–O2−–Fe3+/Cr3+, R3+–O2−–
R3+. Therefore, to study the B-site ordering and the effect
on magnetic properties of RFe0.5Cr0.5O3 ceramics neglecting
the influence of R ions, in this paper, a series of RFe0.5Cr0.5O3

ceramics with R= non-magnetic ions (La, Y, Lu) were synthe-
sized by the sol–gel method, and their structural and magnetic
properties were systemically investigated. By refining the
crystal structure of all samples, it is found that Fe and Cr
were disorderly arranged in RFe0.5Cr0.5O3 of R = La as same
as those in R = Ce, Pr, Nd, Sm,[32] but partially ordered in
YFe0.5Cr0.5O3 and LuFe0.5Cr0.5O3, showing an increasing
trend of proportion of ordered domains as the R ionic radius
decreases. Because of the presence of Fe–O–Cr networks in
the ordered domains with the moment antiparallel to that of
Fe–O–Fe and Cr–O–Cr in the disordered domains, the com-
pensation temperature Tcomp is increased, which is beneficial
for the practical application of materials. These results indi-
cate that the alteration of the R ionic radius can effectively
regulate the Fe–O–Cr ordering, which has a significant impact
on the magnetic properties of RFe0.5Cr0.5O3 ceramics.

2. Experimental details
The polycrystalline RFe0.5Cr0.5O3 (R = La, Y, Lu) ce-

ramics were prepared by the sol–gel method. Typi-
cally, stoichiometric amounts of La(NO3)3·nH2O/Y(NO3)3

·3H2O/Lu(NO3)3·xH2O, Fe(NO3)3·9H2O and Cr(NO3)3·9H2O
were dissolved in ethylene glycol. The citric acid with a mo-
lar ratio of 1.5 : 1 to metal nitrates was added into the above
mixed solution as a crosslinking agent. The mixed solution
was stirred at 100 ∘C for 24 h to form the sol. The sol was
then dried at 150 ∘C for 24 h in an oven and decomposed at
400 ∘C for 10 h in air to eliminate the organic matter. Fi-
nally, the products were annealed at 1200 ∘C for 2 h to obtain
RFe0.5Cr0.5O3 (R = La, Y, Lu) ceramics.

The x-ray diffraction (XRD, Rigaku SmartLab) with Cu
Kα (λ = 1.54187 Å) radiation was used to characterize the
phase compositions and structures of the samples. The Ra-
man spectra in the backscattering geometry were measured
through a JY LABRAMHR Raman spectroscopy with an Ar+

(∼ 532 nm line) laser as an excitation light source. The va-
lence states of the elements were investigated by x-ray photo-
electron spectroscopy (XPS, ESCALAB25Xi, Thermo, USA).
The magnetic properties were measured on a vibrating sample
magnetometer (VSM, Quantum Design, USA) (10 K ≤ T ≤
30 K, −5 T ≤ H ≤ 5 T).

3. Results and discussion
The XRD patterns of the RFe0.5Cr0.5O3 (R = La, Y, Lu)

ceramics are shown in Fig. 1(a). It can be observed that only
the perovskite-type phase can be detected with the space group
of Pbnm. The diffraction peaks are moved toward higher an-
gles ascribed to the monotonic decrease of the unit cell volume
with the R3+ ionic radius decreasing (La3+: 1.032 Å, Y3+:
0.9 Å, Lu3+: 0.861 Å). In addition, more and more diffraction
peaks are clearly observed with the decrease of R3+ ionic ra-
dius, indicating that the lattice distortion in the materials is in-
tensified. Moreover, the Raman spectra of RFe0.5Cr0.5O3 (R =

La, Y, Lu) ceramics are shown in Fig. 1(b) combined with the
Raman spectra of R = Ce, Pr, Nd, Sm detected previously.[32]

It can be obviously found that the vibration modes at 200–
600 cm−1 move to higher wavenumbers with the lanthanide
substitution from La to Lu, which is ascribed to the decrease
of the unit cell volume and most of the bond lengths closely
related to the smaller radius of R3+ ions. The vibration mode
near 700 cm−1 has been attributed to the in-plane symmetric
oxygen breathing mode (S) of Fe/CrO6 octahedra,[33,34] which
shifts to lower wavenumbers, also indicating that the lattice
distortion in RFe0.5Cr0.5O3 is increased due to the radius of
R3+ ions decreasing as those shown in other RFe0.5Cr0.5O3

ceramics.[32,35]
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Fig. 1. (a) XRD patterns and (b) Raman spectra of RFe0.5Cr0.5O3
(R = La, Y, Lu) ceramics.

The temperature-dependent zero-field-cooling (ZFC) and
field-cooling (FC) magnetizations M(T ) of RFe0.5Cr0.5O3

(R = La, Y, Lu) ceramics under a field of 100 Oe are shown
in Figs. 2(a)–2(c). It can be found that the magnetic character-
istics of RFe0.5Cr0.5O3 (R = La, Y, Lu) compounds are sim-
ilar, showing a weak ferromagnetic (FM) property due to the
canted antiferromagnetic (AFM) arrangement of Fe/Cr spins.
Obtained from the corresponding dM(T )/dT curves [insets in
Figs. 2(a)–2(c)], the AFM Néel temperatures TN for R = La,
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Y, and Lu are higher than 300 K, ∼ 272 K, and 264 K, re-
spectively. This result suggests that the canted AFM ordered
temperature decreases with the radius of R3+ ions decreas-
ing, which can be attributed to the decreased angle of Fe/Cr–
O–Fe/Cr related to the strengthened structural distortion, as
shown by XRD and Raman analysis. Below the Néel temper-
ature, MR, the reversal of magnetization under FC mode, is
observed in all samples. It is found that the compensation
temperatures Tcomp at which zero magnetization occurs are
183 K, 231 K, and 211 K for R = La, Y, and Lu, respectively,
non-monotonically changing with the strengthened structural
distortion, which indicates that there are different factors that
affect MR in RFe0.5Cr0.5O3 (R = La, Y, Lu) ceramics. The
values of magnetizations under FC mode also take on a non-
monotonic change with the decrease of R ion radius, showing
an ascending order of La < Lu < Y, which is consistent with
the change of compensation temperatures.
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Fig. 2. ZFC, FC magnetizations M(T ) and the corresponding
dM(T )/dT curves (inset) of RFe0.5Cr0.5O3 ceramics under the magnetic
field of 100 Oe: (a) R = La; (b) R = Y; (c) R = Lu; FC M(T ) curves
along with the fitted data for (d) R = La; (e) R = Y; (f) R = Lu.

The MRs in RFe0.5Cr0.5O3 ceramics with R =

paramagnetic (PM) ions have been systemically investigated
before and were ascribed to the antiparallel moments of canted
AFM Fe/Cr and PM R sublattices.[32] For the RFe0.5Cr0.5O3

with R = non-magnetic ions, the magnetic properties are
only affected by the canted AFM Fe/Cr–O–Fe/Cr sublat-
tices. Normally, there are two mechanisms arising the cant-
ing of AFM moments: the single-ion magnetic anisotropy
(SIMA) and the antisymmetric Dzyaloshinskii–Moriya (DM)
interaction.[36–38] The canted AFM arrangement with weak
FM in RFeO3 is due to DM interaction between Fe3+ ions,[39]

while that in RCrO3 is because of the SIMA owing to the ef-
fect of t–e hybridization.[40] Therefore, the equal proportion

of Fe and Cr with a disordered distribution of Fe3+ and Cr3+

ions in RFe0.5Cr0.5O3 brings out the competition between the
SIMA and the antisymmetric DM interactions. As reported
by Kadomtseva et al.,[41] the net moments produced by these
two factors are in opposite directions and have different tem-
perature dependence of magnetization. Then, the reversal of
magnetization will take place as temperature decreases. In
this work, the fitting of M(T ) data under FC mode to the
competition between the SIMA (Cr moments) and the DM
(Fe moments) interactions[36] is shown in Figs. 2(d)–2(f). By
taking θ as a spin canting angle due to DM and γ as that due
to SIMA, the net magnetic moment of the canted AFM system
can be written as

Mnet = 2NgµB|⟨S⟩|sinθ (sinθ ≈ θ).

Here, |⟨S⟩| = [gµBS(S + 1)H]/(3kBT ) for the mean field
model. By choosing the reduced constants ξ = A/J ≪ |1 and
γD = D/(2J) (A, J and D are the SIMA constant, AFM cou-
pling constant and DM exchange vector, respectively), the ex-
pression for θ becomes

θ ≈ S2ξ γ − γD|⟨S⟩|2

|⟨S⟩|2
.

It is obvious that the M(T ) data of LaFe0.5Cr0.5O3 can be fitted
well, but poor fittings are observed for R = Y and Lu samples.
Here, it is worth noting that the above fitting theory is based
on the disordered arrangement of Fe and Cr ions. However,
the Fe and Cr ions with equal proportion in RFe0.5Cr0.5O3 ce-
ramics may be arranged under the ordered Fe–O–Cr pattern,
which will lead to the inapplicability of above fitting theory.

To reflect the arrangement of Fe and Cr ions at B site
explicitly, the XRD pattern for all the samples were simu-
lated by the Rietveld method. For many ABO3 materials
with half doped by B′ at B site, when B and B′ are arranged
in disorder, the crystal structure belongs to orthogonal space
group of Pbnm; when B and B′ are orderly arranged, the crys-
tal structure belongs to monoclinic space group of P21/n.[35]

Therefore, the three samples were refined under three cir-
cumstances: the orthogonal disordered perovskite with space
group of Pbnm (O), the monoclinic double/ordered perovskite
with space group of P21/n (M), the coexistence of ordered
and disordered perovskite space groups (O&M), as shown
in Fig. 3. The reliability factors of fitting with these three
circumstances are summerized in the insets of Fig. 3, from
which it can be found that RFe0.5Cr0.5O3 (R = La, Y, Lu) ce-
ramics can be fitted well with disordered orthogonal phase.
The reliability factors of fitting for three samples under com-
pletely ordered phase are higher than those under disordered
phase. The corresponding crystal structures of completely or-
dered RFe0.5Cr0.5O3 (R = La, Y, Lu) ceramics with the P21/n
phase are illustrated in the insets of Fig. 3 made by VESTA
software, showing the tilting of Fe/CrO6 structure with the
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ordered arrangement of Fe and Cr ions in rock salt. How-
ever, the Fe/CrO6 structure in LaFe0.5Cr0.5O3 is found to de-
viate from the normal octahedron. It is noted that the re-
liability factor of fitting with O&M is the lowest, indicat-
ing that the partially ordered arrangement of Fe and Cr ions
is presented in the RFe0.5Cr0.5O3 (R = La, Y, Lu) ceramics.
Meanwhile, the structural parameters obtained with the coex-
istence of ordered and disordered perovskite space group for
RFe0.5Cr0.5O3 (R = La, Y, Lu) ceramics are summarized in
Table 1. It can be seen that the unit cell volume is decreased
monotonically with the radius of R3+ ions decreasing. More-
over, the average angle of Fe/Cr–O–Fe/Cr is not 180∘ due to
the tilt of Fe/CrO6 octahedron and also decreases gradually

with the decrease of R3+ ionic radius, indicating the enhance-
ment of Fe/CrO6 octahedron distortion consistent with above
analysis. In addition, the proportion of monoclinic phase re-
lated to the ordered phase in R = La sample is so small that
it can be ignored, while those in R = Y and Lu samples are
about 70% and 77%, respectively. These results indicate that
Fe and Cr are arranged in disorder in LaFe0.5Cr0.5O3 as the
same as those in R = Ce, Pr, Nd, Sm,[32] but partially ordered
in YFe0.5Cr0.5O3 and LuFe0.5Cr0.5O3, showing an increasing
degree of Fe–O–Cr order with the decrease of R ionic radius.
This change in B-site ordering will have an important effect
on the magnetic properties of RFe0.5Cr0.5O3 ceramics as dis-
cussed in the following.

Fig. 3. Rietveld refined results of XRD pattern for RFe0.5Cr0.5O3 ceramics: (a) R = La; (b) R = Y; (c) R = Lu.

Ren et al.[42] have reported that the Hamiltonian of the
magnetic system in an external field can be written in the form

ℋ=ℋa +ℋs +ℋe,

where the three terms are for the single spin, the interactions
between two spins and the effect by external field, respec-
tively. The main contributor to the interactions between two
spins is the nearest-neighbor (NN) interactions that can be
divided into the isotropic symmetric, the antisymmetric and
anisotropic symmetric exchange interaction, among which the
anisotropic symmetric exchange can be omitted since it does
not play any important role. Based on this, the energy of the
system can be written as

E
N

=−2AS2
z + J𝑆A ·𝑆B +𝐷 · (𝑆A ×𝑆B)+

Ef

N
,

where the first term is for the SIMA, J and 𝐷 are the isotropic
symmetric exchange integral and the antisymmetric DM ex-
change vector between NN spins, respectively, as described
above, and Ef is a contribution from the weak FM couplings
resulted from the external field.

Because of the high concentration of the ordered arrange-
ment of Fe–O–Cr in R = Y and Lu samples, the energy of
the system will also be affected by the terms of isotropic sym-
metric (J) and the antisymmetric (𝐷) exchange interactions
in Fe–O–Cr networks: JFeCr and 𝐷FeCr, in addition to the
interactions in the Fe–O–Fe and Cr–O–Cr networks: JFeFe,
JCrCr and 𝐷FeFe, 𝐷CrCr. The experimental values of the ex-
change integrals JFeFe, JCrCr and JFeCr have been estimated
by Dasari et al.[43] All the integrals are positive in sign, re-
ferring to AFM interactions (also see Ref. [44]). According
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to theoretical predictions and experimental values,[43,45] an-
tisymmetric DM exchange vectors 𝐷FeFe and 𝐷CrCr possess
the same sign, but are opposite to the sign of the 𝐷FeCr vec-
tor: 𝐷FeFe ||𝐷CrCr|| −𝐷FeCr. Thus, the MR in R = Y and
Lu samples with partial ordered B-site cations may be mainly
argued to the competition between the moments of the Fe–Fe
and Cr–Cr pairs vs. that of the Fe–Cr pairs, whose magnetic
moments exhibit in opposite directions induced by the DM in-
teractions. However, this competition is very weak for R = La
with disordered B-site ions without Fe–Cr pairs, resulting in
the raised temperature Tcomp from 183 K in disorder R = La
to more than 200 K in partial ordered R = Y and Lu samples.
Though the Fe–O–Cr ordered domains present in both R = Y
and Lu samples, but there is a decreased Tcomp from 231 K
in R = Y to 211 K in R = Lu, which can be ascribed to the
weakened interaction of Fe–O–Cr due to the increased distor-
tion with the decreased radius of R ions. In a word, the vari-
ation of compensation temperature Tcomp with the decrease of

R ionic radius is the result of the combination and competition
of structural distortion and B-site ordering, as shown in Fig. 4.
For the values of magnetizations under FC mode of the three
samples, it should be decreasing with the increased distortion
related to the decrease of R ion radius. Nevertheless, it shows a
same trend of values of magnetizations with the compensation
temperature of the three samples, indicating that the partially
ordered arrangement of Fe and Cr ions besides the increased
distortion has important effects on change of magnetization.
Therefore, it is suggested that changing R-site ions could be
used effectively to modify the Fe–O–Cr ordering, apart from
the structural distortion, which have a direct effect on the pa-
rameters of magnetic exchange interactions and corresponding
magnetic properties of RFe0.5Cr0.5O3 ceramics. Then, at val-
ues of composition where ordered domains are expected to be
large in number as compared to disordered domains and with a
weaker structural distortion, one can expect a higher transition
temperature Tcomp.

Table 1. Structural parameters obtained from the Rietveld refinement of the XRD patterns with the coexistence of
ordered and disordered perovskite space group (O&M) for RFe0.5Cr0.5O3 (R = La, Y, Lu) ceramics.

RFe0.5Cr0.5O3 R = La R = Y R = Lu

Orthogonal Pbnm

a (Å) 5.53908(7) 5.27187(26) 5.20093(23)
b (Å) 5.52327(6) 5.55660(23) 5.52095(29)
c (Å) 7.81344(9) 7.57697(32) 7.52724(51)

V (Å3) 239.066(0) 221.958(17) 216.138(23)
⟨Fe/Cr–O⟩ (Å) 1.9874(2) 2.0048(1) 1.9877(1)

⟨Fe/Cr–O–Fe/Cr⟩ (∘) 159.264(0) 144.247(2) 144.352(2)

Monoclinic P21/n

a (Å) 5.53744(26) 5.26341(4) 5.19578(5)
b (Å) 5.53285(35) 5.55793(4) 5.52055(5)
c (Å) 7.85169(56) 7.56950(5) 7.51686(6)
β (∘) 90.0884(54) 90.0122(44) 90.0029(53)

V (Å3) 239.065(49) 221.435(3) 215.611(3)
⟨Fe–O⟩ (Å) 1.9960(1) 2.0004(3) 2.0935(4)
⟨Cr–O⟩ (Å) 2.3243(1) 1.9976(3) 1.8759(3)

⟨Fe–O–Cr⟩ (∘) 130.005(13) 145.109(2) 144.552(2)
Fract-orthogonal Pbnm (%) 98.1(8) 29.7(8) 23.0(11)
Fract-monoclinic P21/n (%) 1.9(2) 70.3(9) 77.0(16)
Average ⟨Fe/Cr–O–Fe/Cr⟩ (∘) 158.708(7) 144.853(2) 144.506(2)
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Fig. 4. Average angle of Fe/Cr–O–Fe/Cr, compensation tempera-
ture and proportion of ordered domains with the R3+ ionic radius for
RFe0.5Cr0.5O3 (R = La, Y, Lu) ceramics.

The magnetic properties affected by the partially or-
dered structure in RFe0.5Cr0.5O3 ceramics can be further sup-
ported by the isothermal-magnetic hysteresis measurements

(see Fig. 5), which were performed at 10 K. As the radius of
R ion decreases, the lattice distortion is aggravated, leading
to the weakened magnetic interaction and decreased weak FM
properties, as observed in Fig. 5, with a decreased remanent
magnetization and coercivity field. However, a shift along the
field axis in the magnetic hysteresis loops is found in R = Lu
samples, as shown in Fig. 5(c), corresponding to the EB ef-
fect, which was also found by Fita et al.[18] and explained by
the opposite sign of DM exchange vector the Fe–Cr, as com-
pared to that of the Fe–Fe and Cr–Cr, further confirming that
there are more Fe and Cr ions in the ordered arrangement in
LuFe0.5Cr0.5O3 ceramics.

Generally, the arrangement of two different cations occu-
pying the B site mainly depends on the difference between
their valence states or radii.[1,46] Therefore, to confirm the
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valence state of Fe and Cr ions, the XPS measurements of
RFe0.5Cr0.5O3 (R = La, Y, Lu) ceramics were carried out. The
spectra of the Fe 2p core level for all the samples shown in
Fig. 6(a) reveal two Fe 2p core levels. Each of the peaks of
Fe 2p core levels can be divided into two distinctive peaks
which arise as a result of the presence of Fe2+ and Fe3+ ions
with binding energies of 710.1 eV and 711.5 eV, 723.6 eV
and 725.0 eV, respectively.[47] It is obtained that a decrease
of Fe2+ ions is observed along with the radius of R3+ ion
decreasing, as listed in Table 2. The core-level XPS Cr 2p
spectra [Fig. 6(b)] can also be fitted well with two Cr 2p core
levels. The Cr6+ species with a single peak at 579.6 eV is
overlapped with the multiplet splitting of Cr3+ species with
binding energies of 575.5 eV, 576.4 eV, 577.06 eV, 578.08 eV,
and 579.02 eV.[48,49] It is obtained that with the decrease of
the radius of R3+ ions, the content of Cr6+ ions increase first
and then decrease, as shown in Table 2. In addition, the O
1s spectra of all the samples were detected and fitted using
three symmetrical peaks at 529.5 eV, 531.2 eV, and 532.4 eV,
corresponding to the lattice oxygen (OL), formed oxygen va-
cancies (VO) and absorbed oxygen species on the surface,
respectively,[50] as shown in Fig. 6(c). It is found that the con-
tent change of Fe2+ and Cr6+ ions are consistent with that of
oxygen vacancies and absorbed oxygen as the radius of R3+

ion decreases, respectively, as listed in Table 2. These results
indicate that the decrease for Fe2+ ions is caused by the re-
duced oxygen vacancy to maintain the valence states balance,
which results from the decreasing radius of R3+ ion, similar
to the external pressure,[51] while the adsorbed oxygen on the
surface is the cause of the presence of Cr6+ ions. Then, it
can be concluded that the content of Fe3+ ions increase with
the radius of R3+ ions decreasing, and the valence state of

Cr ions is mainly trivalent, which is in accordance with other
reports,[30] reducing the difference of valence states between
Fe and Cr ions. Therefore, the increase of B-site ordering in
RFe0.5Cr0.5O3 ceramics does not result from the difference in
valence states or ionic radii between Fe and Cr cations.
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Table 2. Content ratio for Fe, Cr and O ions with different valence
states to their total ions in RFe0.5Cr0.5O3 (R = La, Y, Lu) ceramics.

RFe0.5Cr0.5O3 Fe2+/Fetotal Cr6+/Crtotal VO/Ototal OAbs/Ototal

R = La 28.9% 12.6% 27.8% 31.9%
R = Y 24.3% 21.0% 25.2% 35.2%
R = Lu 23.7% 4.1% 21.8% 27.5%

The B-site ordering controlled by A-site cation can also
be seen in other systems, while it is attributed to different
origins.[52,53] Nevertheless, it seems that these enhanced or-

dering of B-site cations are all caused by the smaller A-site
cations, which is similar to the results in this paper. On the
other side, the external pressure during syntheses can also af-
fect the ordering degree of B-site cations.[54] This is due to
the fact that the disordered phase increases the volume of the
unit cell under the effect of electrostatic repulsion, while the
ordered phase helps reduce the volume of the unit cell. Then,
under a higher pressure, the ordered phase will become more
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favorable. Therefore, in this work, when the radius of A-site
ions is smaller, the decrease of the unit cell volume will work
similarly to external pressure,[51] which leads to the B-site
ions closer and the electrostatic repulsion stronger. Then, the
Madelung energy of B-site ordering will increase as the R-site
ionic radius decreases.[55–57]

4. Conclusion

In summary, to insight into the B-site ordering in
RFe0.5Cr0.5O3 ceramics, a series of RFe0.5Cr0.5O3 compounds
(R = La, Y, Lu) have been synthesized by the sol–gel method,
and their structural and magnetic properties are systemically
investigated. By refining the crystal structure of all samples, it
is found that the structural distortion is increased as R ionic ra-
dius decreases, leading to the weakened interactions between
Fe/Cr ions. In addition, Fe and Cr are arranged in disorder
in LaFe0.5Cr0.5O3, but partially ordered in YFe0.5Cr0.5O3 and
LuFe0.5Cr0.5O3, showing an increasing trend of proportion of
ordered domains with the decrease of R ionic radius. Because
of the presence of Fe–O–Cr networks in the ordered domains
with the moment antiparallel to that of Fe–O–Fe and Cr–O–Cr
networks in the disordered domains, the MR in RFe0.5Cr0.5O3

ceramics are affected directly. The compensation tempera-
tures at which zero magnetization occurs are increased first
and then decreased, which is the result of the combination
and competition of structural distortion and B-site ordering in
RFe0.5Cr0.5O3 ceramics. These results indicate that the B-site
ordering, in addition to the structural distortion, can be effec-
tively regulated by changing the radius of R-site ions, which
have a direct effect on the magnetic interactions and the cor-
responding transition temperature of RFe0.5Cr0.5O3 ceramics.
Then, at values of composition where ordered domains are
expected to be larger in number as compared to disordered
domains and with a weaker structural distortion, one can ex-
pect a higher transition temperature Tcomp, which provides a
different view for adjustment of the magnetic properties of
RFe0.5Cr0.5O3 ceramics for practical applications.
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[39] ibschütz M, Shtrikman S and Treves D 1967 Phys. Rev. 156 562
[40] Zhou J S, Alonso J A, Pomjakushin V, Goodenough J B, Ren Y, Yan J

Q and Cheng J G 2010 Phys. Rev. B 81 214115

108101-7

http://doi.org/10.1039/b926757c
http://doi.org/10.1103/PhysRevB.87.184405
http://doi.org/10.1016/j.jallcom.2013.08.129
http://doi.org/10.1021/acs.inorgchem.8b02596
http://doi.org/10.1039/C6TC03989H
http://doi.org/10.1016/j.physrep.2014.10.003
http://doi.org/10.1063/1.3259652
http://doi.org/10.1063/1.3590714
http://doi.org/10.1038/43634
http://doi.org/10.1103/PhysRevB.98.094421
http://doi.org/10.1038/srep05960
http://doi.org/10.1103/PhysRevB.93.184432
http://doi.org/10.1103/PhysRevB.93.184432
http://doi.org/10.1016/j.physleta.2020.126638
http://doi.org/10.1016/j.physleta.2020.126638
http://doi.org/10.1063/1.4862665
http://doi.org/10.1063/1.4862665
http://doi.org/10.1103/PhysRevB.94.134402
http://doi.org/10.1021/acs.inorgchem.7b01086
http://doi.org/10.1021/cm301944s
http://doi.org/10.1103/PhysRevB.97.104416
http://doi.org/10.1088/0256-307X/39/4/046101
http://doi.org/10.1088/0256-307X/39/4/046101
http://doi.org/10.1080/00150190108216259
http://doi.org/10.1080/00150190108216259
http://doi.org/10.1103/PhysRevB.60.R12542
http://doi.org/10.1016/S1359-0286(01)00014-6
http://doi.org/10.1021/acs.jpcc.6b00100
http://doi.org/10.1021/acs.jpcc.6b00100
http://doi.org/10.1063/5.0055614
https://doi.org/10.1002/adma.200500737
https://doi.org/10.1002/adma.200500737
http://doi.org/10.1016/j.vacuum.2022.111103
http://doi.org/10.1063/1.4983363
http://doi.org/10.1103/PhysRevB.102.014418
http://doi.org/10.1103/PhysRevB.102.014418
https://doi.org/10.1002/pssb.202300145
http://doi.org/10.1016/j.physb.2020.412717
http://doi.org/10.1016/j.ceramint.2022.06.211
http://doi.org/10.1016/j.ceramint.2022.06.211
http://doi.org/10.1021/acs.jpcc.1c00562
http://doi.org/10.1021/acs.jpcc.1c00562
http://doi.org/10.1103/PhysRevB.78.235103
http://doi.org/10.1103/PhysRevB.78.235103
http://doi.org/10.1103/PhysRevB.75.104302
http://doi.org/10.1103/PhysRevB.75.104302
http://doi.org/10.1016/j.surfcoat.2015.07.056
http://doi.org/10.1016/j.surfcoat.2015.07.056
http://doi.org/10.1063/1.4813516
http://doi.org/10.1016/0022-3697(58)90076-3
http://doi.org/10.1103/PhysRev.120.91
http://doi.org/10.1103/PhysRev.156.562
http://doi.org/10.1103/PhysRevB.81.214115


Chin. Phys. B 33, 108101 (2024)

[41] Kadomtseva A M, Moskvin A S, Bostrem I G, Vanklin B M and Hafi-
zova N A 1977 Sov. Phys. JETP 72 2286

[42] Ren Y, Palstra T T M, Khomskii D I, Nugroho A A, Menovsky A A
and Sawatzky G A 2000 Phys. Rev. B 62 6577

[43] Dasari N, Mandal P, Sundaresan A and Vidhyadhiraja N S 2012 Euro-
phys. Lett. 99 17008

[44] Billoni O V, Pomiro F, Cannas S A, Martin C, Maignan A and Carbonio
R E 2016 J. Phys.: Condens. Matter 28 476003

[45] Moskvin A S 2016 J. Magn. Magn. Mater. 400 117
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