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Abstract
Bulk Bi0.5Sr0.5Fe0.5Cr0.5O3 is a new compound comprising the R3c structure. The structural, magnetic,
and exchange bias details are investigated. The material was in the paramagnetic state at room
temperature. The �eld cooling HFC acts on the sample resulting in the exchange bias HEB. And the
material is in a spontaneous polarization state, the exchange bias usually occurs at the boundary
between ferromagnetic and antiferromagnetic states. The result shows that changing HFC from 1T to 6T
reduces the HEB value by 16% at 2 K. Meanwhile, HEB diminishes as the ferromagnetic layer thickens. The
variation of tFM with the change of HFC leads to the tuning of HEB by HFC in bulk Bi0.5Sr0.5Fe0.5Cr0.5O3.
These effects are obviously different from the phenomenon seen in other oxide types.

Introduction
Researches show that exchange coupling occurs at the ferromagnetic (FM) and antiferromagnetic (AF)
interface layers. When a magnetic �eld H is applied, once the sample temperature is below the AF layer
Néel temperature, the FM layer exhibits unidirectional anisotropy because of the exchange coupling[1, 2].
As a result, the hysteresis loop shifts along the �eld axis. The strength of the shift is determined by the
exchange bias (EB). Field HEB can be affected by the magnitude of cooling �eld HFC[3]. There are some
EB effects in arti�cial material systems, for example, FM-AFM bilayers, FM-AFM superlattices, and
topological-insulator /antiferromagnet containing ferromagnetic antiferromagnetic (FM-AFM)
components [4–11].

Some progress has been made in the investigation of man-made EB structures. However, there are still
some issues with the use of arti�cial structures that have been modi�ed with various material phases.
Mismatch between two material components with different sintering temperatures may result in ionic
chaotically diffuse at the material interface; additionally, arti�cial EB materials require the assistance of
static H cooling.The arti�cial EB usually bene�ts from �eld-cooling process. And when no static H is
present, some special magnetic systems can exhibit spontaneous exchange bias (SEB). When the electric
�eld can control the SEB effect, these materials can exhibit unidirectional anisotropy without external H,
and the SEB effect will unavoidably be exploited in exchange bias (EB) devices. In recent years,
investigations have demonstrated unusual zero-�eld-cooled (ZFC) EB and large SEB in a variety of
systems, including BiFeO3-Bi2Fe4O9 nanocomposite, NiMnIn, Mn2PtGa, La1.5Sr0.5MnCoO6, Pb6Ni9(TeO6)5,
Y0.2Ca0.8MnO3, and Bi10Fe6Ti3O30 polycrystalline samples[12–18].

Materials with SEB effect should be investigated further to better understand the mechanism. Baettig and
Spaldin performed �rst-principles calculations on the BiFeO3–BiCrO3 system[19]. A double-perovskite

Bi2FeCrO6 with a long-range Fe3+–Cr3+ order was hypothetically constructed, and a magnetic moment of

2 µB per formula unit and a polarization of 80 µC/cm2 were predicted [19]. Experiments focused on the
substituting effect of Cr ion for Fe ion on the physical properties of BFO. Kim et al. investigated the
dielectric properties of 3mol % Cr doped BFO thin �lms synthesized by chemical solution deposition
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technique. But in bulk, it is di�cult to prepare, so SrCrO3 and Bi(Fe,Cr)O3 must be both prepared under
high pressure[21]. Therefore, we investigate the Bi0.5Sr0.5Fe0.5Cr0.5O3 system in search of stable
perovskite phases that may exhibit some of the above-mentioned properties. The structure and magnetic
properties of the new phase Bi0.5Sr0.5Fe0.5Cr0.5O3 under ambient pressure are investigated. The results
show that Bi0.5Sr0.5Fe0.5Cr0.5O3 has the potential to be a new class material, which could help to expand
the temperature range that can be measured.

Results
1. XRD patterns

Figure 1 depicts the XRD patterns of Bi0.5Sr0.5Fe0.5Cr0.5O3 at 23°C. The diffraction data reveals the same
structure with a hexagonal R3c unit cell, which is similar with BiFeO3 previously reported[21]. Since Sr
ionic has a smaller size than Ba and the ionic size of Cr is smaller than Fe, this leads to the lattice
parameters change. To discuss the structural parameter changes, the structure was re�ned using
Rietveld, and the data was �tted to the experimental pattern. The lattice parameters were re�ned using the
high-resolution synchrotron XRD data shown in Table 1. It is found that the lattice parameters, both a and
c decrease because Sr and Cr substitute Bi and Fe, respectively. The in-plane lattice parameter a is
reduced to 0.557262 nm, and the out-of-plane lattice parameter c is reduced to 1.35006 nm. No additional
re�ections and impurities are detected in the room-temperature XRD data of bulk Bi0.5Sr0.5Fe0.5Cr0.5O3.

Figure 2 illustrates the Fe 2p and Cr 2p XPS spectra of bulk Bi0.5Sr0.5Fe0.5Cr0.5O3. Fe3+ ions have binding
energies. Figure 2(a) shows the Cr 2p XPS spectrum. The energies 576.2 eV and 586.2 eV correspond to
Cr 2p1/2 and Cr 2p3/2, respectively. It demonstrates that the Cr ions in BSFCO are mainly Cr3+[23].The Fe
2p3/2 and Fe 2p1/2 peaks at about 711.7 eV, Fe 2p3/2 and 725.3 eV, and Fe 2p1/2 with a satellite at 719.6

eV[22–23]. Therefore, it can be deduced that the Fe ions in the bulk BSFCO are primarily Fe3 + in Fig. 2(b),
with a few Fe2+ ions present to compensate for oxygen vacancies that cannot be determined.

2.The Mössbauer spectrum and magnetization of bulk BSFCO

Mössbauer data for bulk BSFCO samples at 300K(a)and 80K(b) are shown in Fig. 3(a) Mössbauer
spectroscopy is used to demonstrate the bulk paramagnetic behavior at room temperature: the data show
no magnetism. Mössbauer data at 300 K can be �tted to a doublet pro�le. It is a
paramagnetic/antiferromagnetic material with an isomer shift of 0.16(0) mm/s, which is a property of
the Fe3+ cation. The property of quadrupole splitting indicates the presence of a distorted octahedral
environment, which agrees with bond distances re�ned from X-ray diffraction.

The low-temperature Mössbauer data in Fig. 3(b) show that the transition at 80 K is to a magnetically
ordered or frozen state. The 80-K spectrum was �tted to a six-line magnetic pro�le (in green) and a double
magnetic pro�le (in black). The double magnetic pro�le indicates that there is some paramagnetism at
80 K. The quadrupole interaction at 80 K is 0.40(7) mm/s. Meanwhile, the width of the spectrum at 80 K
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is wider than that at 300 K. This is due to the fact that the hyper�ne �eld of Fe is dispersed with 50% Cr3+

instead of Fe3+ [24].

ZFC-FC curves are measured to investigate the magnetization of bulk BSFCO at low temperatures as
shown in Fig. 4. Figure 4 shows the magnetization curves of bulk BSFCO at zero �eld and cooling �eld at
H = 1 T and T = 300 K. The bulk magnetic behavior of Bi0.5Sr0.5Fe0.5Cr0.5O3 is revealed by magnetization
measurements and plotted as a M-T curve. The ZFC and FC curves split around 130 K, while the FC curve
(H = 1 T) has a plate-like peak and magnetization decreases rapidly below 25 K. Fitted by the Curie-Weiss
law

[χ(T ) = C=(T -ΘCW )], which yields a Curie constant of 2.66 emu K/mol and a Weiss temperature Θ of -130
K. The negative ΘCW suggests an antiferromagnetic coupling and TN is about 25 K as evinced by the FC
curve. The plate-like curve suggests the existence of competing interactions among its ferromagnetic
property, antiferromagnetic property, and spin glass exit, consequently it may not be linked to spin glass-
like freezing with long range order, but a transition to short range order.

3.M-H properties

To con�rm these magnetic properties, the hysteresis loops of magnetization were collected from − 1 T to
1 T at 2 K after ZFC and FC under H = 1 T from 300 K, as shown in Fig. 5. The M-H loop under ZFC state is
symmetric around zero, whereas the existence of exchange bias was proved by the shift of FC loops
towards negative �eld. HEB and HC parameters are de�ned as HEB = (H1 + H2)/2 and HC =-(H1-H2)/2,
respectively, where H1 and H2 are the left and right coercivity �elds. HEB was about 1150 Oe under the FC
condition. HC obtained from the FC loop is about 460 Oe and it is slightly higher than HC obtained from
ZFC (410 Oe). The different value results from the function of the exchange anisotropy.

It is shown in Fig. 6, with the reduction of HEB and HC by subsequent magnetization reversals, namely, the
so-called training effect. This effect indicates that the exchange anisotropy slowly decreases. From the
M-H loops (Fig. 6), it is observed that the ZFC magnetizations at 1 T, 3 T, and 5 T are much smaller than
their FC counterparts. So FC can enlarge the content of the FM region and tFM. The increase of tFM under
FC conditions reduces strain anisotropy, which arises from different magnetic states among the FM layer,
the AF layer, and disordered spin glass; meanwhile, the strain anisotropy could cause the decrease of HC.

Because HFC can improve tFM, we can deduce that changing HFC can affect tFM and the ratio of HC
FC and

HEB
FC, as shown in Fig. 7. By connecting each data point, which represents the sample being cooled from

300 K to 2 K from 1 T to 1 T, the sample was cooled from 300 K to 2 K from 1 T to 1 T. Figure 7 shows a
hysteresis loop. With an increase in HFC, both HC

FC and HC
FC decrease. When HFC increases from 1 T to 6

T, HEB decreases by 16% at 2 K. It is not di�cult to conclude from the above analysis that strain

anisotropy could decrease because an increase in tFM may result in a decrease in HC
FC. To demonstrate

the relationship between tFM and HEB in bulk BSCFO, the dependence of tFM on HFC must be con�rmed.
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From the M-H loop, the magnetization of the FM layers is almost saturated under an applied �eld of 1 T.
Msat, de�ned as (M1T-M-1T)/2, is proportional to the volume fraction of the FM region. Msat increases with
HFC when tFM emerges, so the Msat-HFC curve plotted in Fig. 7 scales the variation of tFM with HFC. HEB and
1/Msat have a quasi-linear relationship, as illustrated in Fig. 8. As shown in Fig. 8, HEB decreases as tFM

increases, which is consistent with the trend in exchange bias �lms. The result demonstrates the
presence of FM coupling at the FM/AF interface in BSCFO. The AF coupling at the interface would result
in a competition between the exchange energy and the Zeeman energy. It would weaken the relationship
between HEB and 1/tFM. This trend deviates from the linear prediction. It is worth noting that HFC changes
the thickness tAF of the AF layer, which has an impact on HEB.

This implies that the majority of the regions in the system are AF, but tFM remains constant after sample
fabrication without being affected by HFC. The interfacial spins of FM and/or AF layers with HFC will have
an effect on HEB change. The spontaneous FM and AF layers in BSCFO remain constant, allowing tFM to
be tuned after fabrication utilizing external forces. The mutual interactions of charge, spin, and lattice
degrees of freedom in this bulk material can result in a delicate balance of different ground states.
Magnetic �eld, electric �eld, laser light, pressure, and other forces can disrupt the equilibrium and cause it
to transition to a new state.

Figure 9 illustrates schematic diagrams of the AFM/FM structure for bulk BSCFO at various magnetic
�elds. Since the FM increases as magnetic �elds increase, some AFM structures can be tuned into FM
structures. FM structure can be in�uenced with AFM by interfacial coupling, so the magnetization can be
changed to a greater extent under a PM background, as shown in Fig. 9 ( ). It is identi�ed from above
that external �elds have an effect on the interaction between the AF and FM layers. Furthermore, it
bene�ts FM phase enhancement, as increasing HFC can increase the ration of FM content and tFM while
decreasing HEB. This indicates that, in the presence of certain external factors, the sensitivities of order
parameters can be used to tune the exchange bias. Some recent studies suggest that short disorder is
bene�cial to FM clusters/microstructure in La1.5Sr0.5CoMnO6 and Mn2PtGa materials. The exchange
anisotropic coupling of the embedded phase between FM and AFM layers has resulted in SEB. Thus, it's
reasonable to assume that the SEB in bulk BSFCO is due to the coupling between the AFM layer, spin
glass, and FM layer. To summarize, the analysis of exchange bias in these types of materials may lead to
unusual events, which could aid in the creation of multifunctional spintronic devices.

Experiment
Bi0.5Sr0.5Fe0.5Cr0.5O3 (BSFCO) bulk was prepared by solid reaction. High-purity SrCO3, Bi2O3 (10%
excess), Fe2O3, and Cr2O3 were intimately synthesized for 24 h, in stoichiometric quantities with solid
reaction method under �owing nitrogen at 950°C and 1100°C. X-ray powder diffraction supplied the
formation of a single perovskite type phase. Powder x-ray diffraction(XRD) data were collected on
SmartLabSE. The data were analyzed by using the GSAS suite of Rietveld analysis programs. A
superconducting quantum interference device magnetometer was employed to carry out magnetization
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measurements. After undergoing zero �eld (ZFC) cooling and �eld (FC) cooling, measurements were
conducted when the sample was heated from 5 K to 300 K under H = 1T. A magnetization loop was
measured at 5 K. Mössbauer data were obtained using a conventional constant acceleration Mössbauer
spectrometer incorporating a 25 mCi source of 57Co in an Rh matrix. The valence states of Fe ions and Cr
ions in bulk BSFCO were detected by the X-ray photoelectron spectroscopy (Al kα source, hν = 1.486 eV).
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TABLE I. Re�ned structural parameters of  Bi0.5Sr0.5Fe0.5Cr0.5O3 from powder diffraction data collected at
room temperature.

Atom (site) x y z Occ.

Bi1(6a) 0.00000 0.00000 -0.16667 0.5

Fe1(6a) 0.00000 0.00000 0.08383 0.5

Sr1(6a) 0.00000 0.00000 -0.16667 0.5

Cr1(6a) 0.00000 0.00000 0.08383 0.5

O1(18b) 0.50382 0.50011 0.83835 1

SP: R3c, a = 5.57262 , b = 5.57262, c = 13.65006

Chi2 = 1.877, Rwp = 5.97%, Rp = 4.58%

Figures
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Figure 1

The room temperature X-ray diffraction patterns for BSFCO are shown. The re�ned structure diffraction
data are observed together with the experimental data points using Rietveld re�nement.
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Figure 2

The core level XPS spectra for constituent elements in bulk BSCFO a) Cr3+and b) for Fe3+.
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Figure 3

The Mössbauer data of bulk BSCFO at 300 K(a) and 80 K(b).
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Figure 4

The ZFC and FC curve of BSCFO bulk; inset shows the Weiss law �t.
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Figure 5

Hysteresis loops of magnetization at 2 K after ZFC and FC under H = 1 T from 300 K.
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Figure 6

Hysteresis loops of magnetization at 2 K after FC under H = 1 T, 3 T, and 6 T.
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Figure 7

HFC dependence of HC
FC (right-hand axis) and HEB (left-hand axis) at 2 K. HC

FC and HEB decrease linearly
with HFC. The lines are provided as a guide to the eye.
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Figure 8

Linear relationship between HEB and 1/Msat at 2 K. Note that Msat scales tFM, indicating that the exchange
bias in bulk BSFCO follows HEB ∝ 1/tFM.
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Figure 9

Schematic diagram of the AFM/FM core-shell structure for bulk BSCFO under different magnetic �elds.

The datasets generated and/or analyzed during the current study are available in the [CSD
Crystallographic data] repository, [Summary of Data - Deposition Number 2151932,

Compound Name:Data Block Name: data_BFSC_publ

Unit Cell Parameters: a 5.57262(5) b 5.57262 c 13.65006(10) R3c

 


