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caused by spin canting and a linear magnetoelectric effect. 
Modifying the spin structure is therefore the key to realizing 
BFO-based ferromagnetic ferroelectrics.

It is generally believed that epitaxial strain[8–10] and/or chem-
ical substitution[11–14] can change the spin structure of BFO thin 
films, and most researchers have speculated that these films 
are (weakly) ferromagnetic. However, the origin of the observed 
magnetism is often unclear because even a small amount of 
magnetic impurities, e.g., γ-Fe2O3, can contribute to macro-
scopic magnetic signals.[13,15] It was not until quite recently that 
the sensitivity of the spin structure of epitaxial BFO thin films 
to structural distortion due to epitaxial strain was confirmed 
experimentally; a collinear spin structure was stabilized in films 
grown on perovskite (100) (in pseudocubic notation, which we 
use throughout the article) substrates with a compressive strain 
of more than 1.7%.[16] Recently, it was reported that in the mag-
netization of the BFO film the “canted spins” could be reversed 
by performing a two-step switching of the ferroelectric polariza-
tion.[17] However, a macroscopic magnetization measurement 
was absent. We have recently succeeded in observing a spin 
structure transition from a low-temperature cycloidal one to a 
high-temperature collinear one at ≈120 K in a rhombohedral 
BiFe0.8Co0.2O3 bulk sample by using neutron powder diffrac-
tion.[18] Interestingly, magnetization measurements revealed 
that the collinear phase shows a weakly ferromagnetic behavior 
with the remanent moments of ≈0.02 µB f.u.−1 (=µB per Fe/Co 
ion) at room temperature, indicating that the spins are canted. 
Therefore, BiFe0.8Co0.2O3 is expected to be ferromagnetic and 
ferroelectric at room temperature. If epitaxial BiFe1−xCoxO3 
(BFCO) films with the spin structure change could be produced, 
it would serve as a promising playground for studying the cou-
pling between ferroelectric and magnetic orderings. Although 
there have been several reports that claimed the enhanced mag-
netization in cobalt-substituted BFO thin films,[11–14] the origin 
of the magnetization is unclear because of lack of detailed spin 
structure analysis and/or even temperature dependence of the 
magnetization.

In order to realize a spin structure change in the thin film 
form, the choice of substrate is crucial since the spin structure 
of BFO is sensitive to structural distortion as mentioned above. 
We have chosen the SrTiO3 (STO) (111) as the substrates to sta-
bilize BFCO films with the rhombohedral structure,[19–21] which 
is the crystal structure of bulk BFCO (x < 0.3). Epitaxial BFCO 
films were fabricated by using pulsed laser deposition (PLD). 
We set the thickness to 200 nm to obtain fully relaxed films.[20,21] 
Besides, 200 nm is expected to be sufficiently thick to sustain 
the cycloidal modulation. An epitaxial SrRuO3 (SRO) layer of 
10 nm thickness was grown as a bottom electrode. The θ–2θ 

Multiferroic materials, where ferromagnetic and ferroelec-
tric orders coexist, promise various improvements over singly 
ordered ferroic materials for the next generation of memory, 
sensing, and actuation applications. Here, the coexistence of 
such orders is confirmed at room temperature in epitaxial thin 
films of BiFe1−xCoxO3 (x ≤ 0.15), which manifests a spin struc-
ture change from a low-temperature cycloidal one to a high-
temperature collinear one with canted ferromagnetism. This is 
the first demonstration that BiFeO3-based films show ferromag-
netism due to spin canting.

BiFeO3 (BFO) is the most widely studied multiferroic mate-
rial, with robust ferroelectricity well above room temperature.[1] 
A cycloidal space-modulation with a periodicity of 62 nm 
is superimposed on the G-type antiferromagnetic structure 
as schematically illustrated in Figure 3c.[2] The origin of the 
cycloidal modulation has been ascribed to an inhomogeneous 
magnetoelectric coupling which arises from the fact BFO is 
noncentrosymmetric.[3,4] Although the origin is different, this 
spin structure is essentially the same as that of TbMnO3,[5] the 
material in which electric polarization induced by magnetic 
ordering was first found. Indeed, a sharp change in electric 
polarization in accordance with the appearance of a collinear 
spin structure with an estimated remanent magnetization of 
0.03 µB f.u.−1 has been observed in a single-domain crystal of 
BFO in a magnetic field of 18 T.[6] Recently, novel transverse 
electric polarization that is coupled with the domains of the 
cycloidal spin order have been discovered.[7] On the other hand, 
the presence of cycloidal modulation in a zero-magnetic field 
prohibits the appearance of a net ferromagnetic magnetization 
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X-ray diffraction (XRD) patterns (not shown) confirmed that 
the BFCO films grew along the [111] direction without detect-
able impurity phases. Reciprocal space mappings of the BFCO 
films around the 312 reflection of STO are shown in Figure 1a. 
The reflection of SRO is slightly visible between those of STO 
and BFCO. QZ monotonically increases as the Co content x 
increases. Together with the ϕ-scans (not shown), these results 
confirm that the symmetry of all the films was rhombohedral, 
as has generally been reported for BFO films on STO (111).[20,21] 
Figure 1b shows cross-sectional high-angle annular dark-field 
(HAADF) scanning transmission electron microscopy (STEM) 
images of the BFO film. The BFO film is flat and generally 
homogenous except for several line-like contrasts indicated by 
red arrows. Such contrasts are often observed in nitride and 
oxide epitaxial films, and can be ascribed to threading dislo-
cations.[22,23] No parasitic phase (e.g., γ-Fe2O3, Fe-rich region, 
etc.) was detected by comprehensive STEM observations and 
energy dispersive spectroscopy (EDS) analysis. We have also 
performed STEM observations and EDS analysis for thex = 0.10 
BFCO film (Figure S1, Supporting Information). Cobalt was 
homogenously distributed and we found no evidence of para-
sitic phases. Absence of an impurity phase was also confirmed 
by atomic force microscopy (AFM) images shown in Figure 1c 
for the x = 0.15 BFCO film. Since the film grows in the so-
called 3D Volmer–Weber mode, the films surface is not atomi-
cally flat. However, the size of the islands is uniform and we 
cannot find any contrast from possible impurity phases. We can 
speculate that the edge dislocations found in the STEM images 
are introduced at island edges during the growth.[24] Figure 1d 
shows the composition dependence of the lattice parameter a 
and rhombohedral distortion angle α of the films in the pseu-
docubic notation calculated from the QX and QZ values of 312, 

222, and 121 reflections (the latter two are not shown). The 
values of bulk BFCO prepared by high-pressure synthesis[25] 
are shown for comparison, a monotonically decreases, while α 
increases with increasing Co content x. Note that values of a for 
the films and bulk samples are close to each other for all com-
positions. On the other hand, the values of α are slightly larger 
than those of the bulk samples for x = 0.10 and 0.15. We will 
discuss the effect of this deviation on the magnetic properties 
later in the magnetic measurement part.

Next, the ferroelectricity of the BFCO films at room tempera-
ture was examined. Figure 2 plots polarization (P) and current 
(I) versus electric field (E) at room temperature for BFO and 
x = 0.10 BFCO films. The BFO plot shows a well-saturated 
ferroelectric P–E loop. The P–E loop of the x = 0.10 BFCO 
film becomes rounded as the leakage current increases,[26] 
which is noticeable in the I–E curve as concave upward and 
downward base curves in the positive and negative electric 
field regions, respectively. The Pr of ≈130 µC cm−2 for BFO is 
larger than those reported for the (111)-orientated BFO films 
(95–115 µC cm−2),[20,21,27] possibly due to the influence of 
leakage current, which is barely noticeable in the I–E curve. 
Since ferroelectric switching behavior was not observed in the 
P–E measurements made on the x = 0.15 BFCO film, out-of-
plane piezoresponse force microscopy (PFM) measurements, 
which are less sensitive to leakage current, were made. We poled 
the film at room temperature first at −10 V (−500 kV cm−1) 
using a conducting cantilever over a 3 × 3 µm2 area, and then 
at +10 (+500 kV cm−1) over a 1.5 × 1.5 µm2 area. As shown in 
Figure 2b, the written domain patterns are clearly visible in the 
PFM image. The written domains were stable at least during the 
measurements. Importantly, from these results, we confirmed 
that the BFCO films were all ferroelectric at room temperature.

Figure 1. a) Reciprocal space mappings around STO 312 for BFCO films. One can clearly see a monotonic increase in QZ as the Co content x increases. 
b) Cross-sectional HAADF STEM images of the BFO film. Red arrows indicate the region threading dislocations that are present. c) AFM image of the 
x = 0.15 BFCO film. d) Composition dependence of the lattice parameter a and rhombohedral distortion angle α of BiFe1−xCoxO3 films in pseudocubic 
notation. B and F denote bulk and film, respectively. The a values of the films and bulk samples are close to each other for all compositions, while the 
α values of the films are slightly larger for x = 0.10 and 0.15.
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Magnetization (M) versus temperature (T) and magnetic field 
(H) for the BFCO films are shown in Figure 3. Figure 3a plots 
the in-plane remanent magnetization Mr versus T for BFCO 
with x = 0, 0.05, 0.10, and 0.15. When H was applied during 
the measurements, the diamagnetic and ferromagnetic con-
tributions from the STO substrate and SRO bottom electrode  
(Tc ≈150 K) masked the intrinsic magnetic signal (see the 
inset of Figure 3a for the x = 0.10 BFCO film). Therefore, we 
switched off H after magnetizing the sample at 300 K with 
H = 1 T and measured Mr during cooling. The Mr values of the 

BFO film is almost zero in this temperature range. In contrast, 
a decrease in Mr similar to that in bulk BiFe0.8Co0.2O3, indi-
cating a spin structure change from collinear with spin canting 
to cycloidal one, can be clearly seen in the plots for the x = 0.10 
and 0.15 BFCO films at around 220 and 130 K, respectively.[18] 
Although change in Mr is noticeable for the x = 0.05 BFCO film 
above 250 K, the transition temperature is estimated to be over 
400 K. Note that, unlike bulk samples, a non-negligible Mr was 
observed for x = 0.10 and 0.15 BFCO films below the tempera-
tures at which the spin structure changes, where the spin struc-
ture is supposed to be cycloidal with no spontaneous M. Con-
sidering that x = 0.10 and 0.15 BFCO films suffer from larger 
lattice distortion compared with x = 0 and 0.05 films (Figure 1b),  
the non-negligible Mr should be attributed to partial stabiliza-
tion of the collinear phase due to epitaxial strain. Figure 3b 
shows the in-plane M–H loop at 300 K. The diamagnetic contri-
bution from the STO substrate has been subtracted, assuming 
that the magnetization of BFCO films saturates at high (>2 T) 
magnetic field. Ferromagnetic hysteresis loops can be clearly 
seen in the plots for the x = 0.10 and 0.15 BFCO films. The 
value of Mr, 0.038 µB f.u.−1 at room temperature, is compa-
rable to that of bulk BFCO.[18] Because we found no evidence 
of impurity phases in 2θ–θ XRD patterns, AFM images, and 
STEM–EDS analysis, we can assume that the contribution of 
a possible impurity phase to Mr of the BFCO films would be 
negligible. From these results, it is most probable that the x =  
0.10 and 0.15 BFCO films were weakly ferromagnetic at room 

Figure 3. a) T dependence of in-plane Mr for BiFe1−xCoxO3 films. The spin structure change can be clearly seen around 220 and 130 K for BiFe0.9Co0.1O3 
and BiFe0.85Co0.15O3 films, respectively. The inset is the T dependence of the in-plane M for BiFe0.9Co0.1O3 film. b) In-plane magnetization curves at 
room temperature for BFCO films. Ferromagnetic hysteresis loops can be clearly seen for BiFe0.9Co0.1O3 and BiFe0.85Co0.15O3 films. c) Temperature-
composition phase diagram for BiFe1−xCoxO3 films. Portions of the BiFeO3 lattice of cycloidal and collinear phases with only Fe ions are shown at left 
and right side of (c), respectively. The arrows indicate the Fe3+ moment direction. The spiral period in the cycloidal phase is reduced and the angle of 
spins in the collinear phase is exaggerated for illustration purpose. The fraction of the collinear phase at 10 K was estimated assuming that the Mr of 
purely collinear phase at 10 K is the same as those of x = 0.10 and 0.15 BFCO films at 300 K. The borderline between the collinear phase and collinear +  
cycloidal phases was the center of the transition temperature. The ground state of BiFeO3 had a cycloidal spin structure, which is destabilized by sub-
stitution of Co for Fe and at higher temperatures.

Figure 2. a) Polarization and current as a function of electric field for 
BiFeO3 and BiFe0.9Co0.1O3 films. Ferroelectric switching behaviors are 
clearly observed. b) Out-of-plane PFM image for BiFe0.85Co0.15O3 film. 
Written domain patterns are clearly visible.
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be noted that the magnetization of the BFO 
film saturates at relatively low field. Since we 
found no evidence of magnetic impurities 
but found contrasts from threading disloca-
tions, we believe the small magnetization of 
the BFO film comes from the strained region 
around the dislocation cores;[28] that is, col-
linear spin structure is locally stabilized by 
the strain by the dislocations. Interestingly, 
the Mr values of the out-of-plane M–H loops 
(not shown) were found to be respectively 
≈1/4 and ≈1/2 of those of the in-plane M–H 
loops for the x = 0.10 and 0.15 BFCO films; 
this indicates that the spontaneous mag-
netization is in the (111) plane. This is in 
accordance with our neutron diffraction[18] 
and conversion electron Mössbauer spec-
troscopy (CEMS) study as shown later that 
indicate the spin alignment is in the (111) 
plane. Since the electric polarization is along 
the [111] direction, the spontaneous mag-
netic moment generated by the Dzyaloshin-
skii–Moriya interaction should also be in the 
(111) plane. Shape anisotropy can contribute 
to the anisotropy field, but its contribution is 
at best equal to M of the film, µ0 Hd = M ≈ 
2.5 mT, which should be negligible. Next, T 
dependence of Mr plots were used to construct the T-compo-
sition phase diagram for BFCO films shown in Figure 3c. The 
fraction of the collinear phase at 10 K was estimated assuming 
that the Mr of purely collinear phase at 10 K is same as those 
of x = 0.10 and 0.15 BFCO films at 300 K. With increasing 
Co content, the temperature at which spin structure change 
occurs decreases, and the fraction of the collinear phase at 10 
K increases. It can be clearly seen that the ground state of BFO 
has a cycloidal spin structure, which is destabilized by substitu-
tion of Co for Fe and at higher temperatures.

To further confirm the temperature-dependent change in 
spin structure, CEMS measurements were performed on a 
≈100% 57Fe-enriched x = 0.10 BFCO film at various tempera-
tures. Figure 4a shows the spectra at 300, 235, 215, 200, and 
150 K. The spectrum at 300 K is well fitted by one magnetic 
component, which has a Zeeman sextet with a symmetric 
height and an isomer shift (IS) of 0.385 mm s−1, quadrupole 
shift (QS) of −0.216 mm s−1, and hyperfine field (Bhf) of 47.6 T;  
this indicates that the spin structure is purely collinear.[16] The 
value of IS is characteristic of Fe3+ ions in octahedral coordi-
nation. The area intensity ratio of the six lines is 3:4:1:1:4:3, 
indicating that the angle between the spins and the incident 
direction of γ-ray is 90°; that is, spins are aligned in the (111) 
plane. The negative value of QS also indicates that the spins 
are aligned perpendicularly to the electric field gradient (Vzz) 
which is along the [111] direction of BFCO (here, Vzz > 0).[29,30] 
As the temperature decreases, the relative intensities of lines 
2 and 5 gradually decrease. This indicates that some of the 
spins were tilted toward the incident direction of the γ-ray. For 
bulk samples, the spins in the cycloidal phase rotate in a plane 
defined by the [1-10] and [111] directions.[2] The present result 

supports the appearance of the cycloidal phase also in the film 
sample at lower temperature, as is indicated by the temperature 
dependence of magnetization. Since the Mössbauer spectrum 
of bulk BFO and BFCO with a cycloidal spin phase can be fitted 
with an approximate model with two representative compo-
nents (positive and negative QSs with a 2:1 ratio in absolute 
value),[29,31] a two-component model was used to analyze the 
spin structure of the low temperature phase. We assumed that 
the cycloidal phase in our BFCO film, where the directions of 
spins are continuously rotating, can be described by two rep-
resentative spin configurations with in-plane and out-of-plane 
components. We imposed a constraint that the intensity ratio 
of the first component was 3:4:1:1:4:3 in order to represent the 
in-plane spin component of the cycloidal phase and collinear 
phase. The intensity ratio of the second component was set at 
3:0:1:1:0:3 to represent the out-of-plane spin component. The 
QS ratio of the two components was fixed at 2:1, reflecting the 
angle between the principal axis of the electric field gradient 
and the spins. The parameters obtained from the fitting are 
summarized in Table 1. Importantly, the area of the second 
component increases with decreasing temperature, indicating 
that the ratio of the cycloidal phase increases. The fraction of 
the collinear phase estimated from the area ratio of each com-
ponent is plotted in Figure 4b, together with the Mr–T curve. 
The change in the ratio of the collinear phase almost agrees 
with the change in Mr. This result is well evidencing the coex-
istence of the collinear phase and cycloidal phase below 300 K. 
Note that anharmonicity in cycloidal modulation, which was 
taken into account to describe Mössbauer spectra of BFO films 
and nanoparticles[16,32] is not considered explicitly in this study. 
This is due to difficulty in distinguishing the anharmonicity 

Figure 4. a) CEMS spectra collected at 300, 235, 215, 200, and 150 K for the BiFe0.9Co0.1O3 
film. At 300 K, the spin structure is collinear with spins in the (111) planes. As the temperature 
decreases, the relative intensity of lines 2 and 5 decreases. This is due to partial stabilization 
of the cycloidal phase. CEMS spectra for BiFe0.85Co0.15O3 film and BiFe0.95Co0.05O3 film at 300 K 
are also shown. b) Temperature dependence of the estimated ratio of the collinear phase from 
CEMS spectra and the Mr of BiFe0.9Co0.1O3 film. The change in the ratio of the collinear phase 
almost corresponds to the change in Mr.
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in the cycloidal phase and the coexistence of the collinear and 
cycloidal phases, both of which would result in a change in 
the relative ratio of the in-plane and out-of-plane spin compo-
nents. CEMS measurements were also performed for x = 0.05 
and 0.15 BFCO films at 300 K to confirm the composition-
dependent change in spin structure and the results are shown 
in Figure 4a and Table 1. Although the signal to noise ratio is 
low because the samples were not 57Fe-enriched, these results 
are consistent with our assertion that the x = 0.05 film mainly 
has a cycloidal spin structure and thex = 0.15 film has a col-
linear spin structure.

In order to ascertain the emergence of ferromagnetism in 
cobalt-substituted BFO, we carried out density functional theory 
(DFT) based calculations. For this purpose, we considered the 
rhombohedral R3c phase of BFO and replaced 25% of Fe atoms 
by Co, in a 2 × 2 × 2 supercell. Though the theoretically consid-
ered doping level is larger than that in the experiment, we can 
expect that the qualitative trend of the results should remain 
applicable. In the pure phase of BFO, we considered the G-type 
antiferromagnetic spin structure, allowing for canting. We 
did not consider the cycloidal spin structure in our calcula-
tion due to prohibitively large computational expenses arising 
from the long periodicity. We find suppression of cycloidal spin 
structure in the case of pure BFO itself leads to small canting 
of the moments of the antiferromagnetic sublattice, resulting 
in a small uncompensated moment. We find magnitudes 
of both the canting angle and the resulting uncompensated 
moment to be dependent on the choice of U value, with sup-
plemented +U calculation suppressing the uncompensated 
moment. This general trend is in agreement with previous the-
oretical results.[33] For a choice of U = 4 eV and JH = 1 eV, the 
canting angle in pure BFO in the absence of cycloidal ordering 
was found to be about 1° with a uncompensated moment of 
0.07 µB f.u.−1, in good agreement with published literature.[33] 
The rhombohedral structure of BFO upon substitution of Co 
was relaxed completely including atomic positions as well as 

lattice parameters. While the lattice parameter showed hardly 
any change, the rhombohedral angle was found to increase by 
about 1.25°, in agreement with the qualitative trend in experi-
ment. The Co3+ ions were found to be in low-spin state with 
a moment of 0.27 µB with high spin Fe3+ moment of 3.93 µB. 
Interestingly Fe and Co moments were found to be antipar-
allel, as found in ultra-high-resolution neutron diffraction 
studies of BiFe0.8Co0.2O3.[18] Both the canting angle and the 
uncompensated moment were found to be largely enhanced by 
cobalt substitution, with a net moment of about 0.4 µB f.u.−1 
and large canting between the Co and Fe moment of about 6°. 
This undoubtedly proves the importance of cobalt substitution 
in enhancing canting and thereby inducing magnetism with 
uncompensated net moment in BFO, in addition to suppres-
sion of cycloidal structure, which was not considered in the cal-
culation. The inclusion of cycloidal spin structure, as seen in 
the experiment, in consideration is expected to affect the quan-
titative values, but the general trend should be the same.

In conclusion, epitaxial thin films of BFCO were fabricated 
on STO (111) substrates, and their electrical and magnetic 
properties were studied. The P–E and PFM measurements 
revealed the presence of ferroelectric orders at room tempera-
ture. Magnetic measurements and CEMS studies revealed 
that the x = 0.10 and 0.15 BFCO films made a spin structure 
transition from a high-temperature collinear phase at around 
220 and 130 K, respectively, to low-temperature mixed collinear 
and cycloidal phases. This is the first direct demonstration that 
BFO-based films intrinsically show ferromagnetism due to 
spin canting. X-ray magnetic circular dichroism photoemission 
electron microscopy[17] would be useful to study the magnetic 
domains since the magnetization is in-plane in our films. Note 
that we have stabilized an “unstrained” rhombohedral struc-
ture to study the effect of cobalt substitution on the magnetic 
properties/structures of BFO thin films. The origin of magneti-
zation often reported for “strained” BFO thin films is still an 
open question. Although epitaxial strain does destabilize the 

Table 1. 57Fe Mössbauer parameters obtained by fitting the spectra for BiFe0.9Co0.1O3 film at 300, 235, 215, 200, and 150 K and for BiFe0.85Co0.15O3 
film and BiFe0.95Co0.05O3 film at 300 K. IS: the isomer shift, QS: the quadrupole shift, B: the magnetic hyperfine field, R23: the intensity ratio of lines 2 
and 3 (or lines 5 and 4).

Composition Temp.  
[K]

Component IS  
[mm s−1]

QS  
[mm s−1]

B  
[T]

R23 Area  
[%]

BiFe0.85Co0.15O3 300 Collinear 0.404 −0.170 48.0 4b) 100.0

BiFe0.90Co0.10O3 300 Collinear 0.385 −0.216 47.6 4b) 100.0

235 #1 0.417a) −0.222a) 50.0 4b) 91.1

#2 0.417a) 0.445a) 49.4 0b) 8.9

215 #1 0.426a) −0.210a) 50.7 4b) 88.0

#2 0.426a) 0.420a) 50.3 0b) 12.0

200 #1 0.432a) −0.200a) 51.1 4b) 85.3

#2 0.432a) 0.399a) 50.9 0b) 14.7

150 #1 0.463a) −0.163a) 52.4 4b) 76.7

#2 0.463a) 0.324a) 52.5 0b) 23.3

BiFe0.95Co0.05O3 300 #1 0.391a) −0.121a) 49.1 4b) 67.7

#2 0.391a) 0.242a) 49.4 0b) 32.3

a)Free but connected common parameters; b)Fixed parameters.
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of the canting angle on the kind and/or orientation of the sub-
strates is yet to be revealed. Chemical substitution other than 
cobalt can stabilize the collinear structure with enhanced spin 
canting angle. Our present study not only promotes further 
fundamental study on BiFeO3 but also is a significant step 
forward for realization of electrical control of ferromagnetism 
using BiFeO3-based thin films.

Experimental Section
Epitaxial BFCO thin films were fabricated on STO (111) substrates by 
using PLD. An epitaxial SRO layer of 10 nm thickness was grown as a 
bottom electrode. BFCO films (x = 0, 0.05, 0.10, and 0.15, thickness: 
200 nm) were then grown at a substrate temperature of 700 °C 
under an oxygen pressure of 15 Pa by focusing a KrF excimer laser 
pulse (λ = 248 nm/5 Hz/1.5 J cm−2 pulse−1) onto a rotating target.[26] 
The crystal structure was studied by XRD (Rigaku SmartLab). STEM 
observation was conducted using a JEOL JEM-2100F equipped with an 
HAADF detector. Surface topography images were taken on an AFM 
(Agilent 5420) in contact mode. Platinum top electrodes (100 µm in 
diameter) were patterned in order to measure the electrical properties 
using a ferroelectric test system (Toyo FCE-1E). PFM experiments 
were performed using the AFM-based setup. The magnetization was 
measured using a superconducting quantum interference device 
magnetometer (Quantum Design, MPMS XL). The 57Fe Mössbauer 
spectra were measured for ≈100% 57Fe-enriched BiFe0.9Co0.1O3 film 
and non-enriched BiFe0.85Co0.15O3 and BiFe0.95Co0.05O3 films by means 
of conventional CEMS. 57Co in an Rh matrix was used as a γ-ray 
source, and the Doppler velocity of the source was calibrated by using 
the standard spectrum of a α-Fe foil. The spectra were analyzed with 
standard software (Normos, made by R. A. Brand and commercially 
available from WissEl GmbH).

Theoretical: For the DFT calculation, the authors used the projector 
augmented plane-wave method as implemented in the Vienna ab 
initio simulation package (VASP) code.[34,35] The standard local density 
approximation (LDA) exchange-correlation functional was used in this 
calculation. The missing correlation effect at transition metal sites 
beyond LDA was taken into account through LDA+U calculations, with 
the choice of U = 4.0 eV and JH = 1.0 eV. For the self-consisted field 
calculations, a plane wave cut-off of 400 eV was used. To carry out 
the Brillouin-zone integration we considered 5 × 5 × 5 Monkhorst–
Pack k-point mesh. In the calculation the authors used experimentally 
observed rhombohedral structure with R3c symmetry, obtained at 10 K. 
We also checked the calculation with theoretically optimized structure 
and the results were found to remain unchanged. We initialized the 
calculations to a collinear spin arrangement with magnetic moment 
oriented in the (111) plane, and then spins were allowed to cant within 
calculations including spin–orbit coupling (SOC) (LDA+U+SOC).

In order to study the cobalt substitution in the spin structure, the 
authors constructed a 2 × 2 × 2 supercell of experimentally observed 
rhombohedral structure, at 295 K temperature. Then the authors 
replaced 4 Co atoms out of 16 Fe atoms. For this 25% substitution, the 
authors considered different (six) configurations of cobalt substitution. 
The constructed structures were relaxed completely until the Hellman–
Feynman forces at atomic sites became less than 0.003 eV Å−1. The 
authors used a 3 × 3 × 3 Monkhorst–Pack k-point mesh for the self-
consistent field calculations within LDA+U+SOC.
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