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Microstructure and magnetic properties of BiMnO3 and BiFe0.5Mn0.5O3 films, prepared by rf

magnetron sputtering on LaAlO3 (001) single-crystalline substrate, are investigated. The selected-area

electron diffraction analysis allows us to identify the crystal structure of the BiMnO3 film as

orthorhombic, while the BiFe0.5Mn0.5O3 film has a hexagonal lattice symmetry. High-resolution

electron microscopy study reveals the presence of strip-domain phase with a periodic spacing of about

3c in both films. Magnetic measurements show that in addition to the basic paramagnetic phase the

films exhibit Griffiths phase behavior in a wide temperature range. We argue that the observed weak

ferromagnetism is due to the strip-domain layered inclusions, rather than intrinsic physical origin of

the films. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4709440]

1. Introduction

Multiferroics have attracted considerable attention due

to their interesting fundamental science related to simulta-

neous effects of ferroelectric and magnetic ordering and

their potential for applications in information storage, such

as in spintronic devices and sensors. Bismuth ferrite and

bismuth manganite, BiFeO3 and BiMnO3, are among the

most studied single-component multiferroic compounds.

The first of these is a canted G-type antiferromagnet (AFM)

with Néel point TN ^ 643 K, ferroelectric transition temper-

ature TC ^ 1103 K,1–4 and a weak ferromagnetic (FM)

moment (^0.02 lB/Fe),5 arising from the antisymmetric

Dzyaloshinskii–Moriya (DM) exchange.6,7 At the same

time, enhancement in the FM response is important because

such an improvement can help utilize this compound for

practical applications. From this standpoint, BiMnO3 is

more suitable due to the fact that FM ordering appears at

TC ^ 105 K,8 and ferroelectric polarization appears at

TC ^ 450 K.9–11 However, the measured ferroelectric effect

for this compound is much smaller than that calculated

from the first principle,12 making it difficult to relate meas-

ured hysteresis loops to bulk ferroelectricity. Recent efforts

in improvement of ferroelectric and ferromagnetic proper-

ties of the considered multiferroics are focused on prepara-

tion of BiFeO3–BiMnO3 alloy systems,13–18 which are

promising for practical implementation. On the other hand,

the influence of crystal-lattice symmetry, microstructure to-

pology, and accumulated lattice strain provided by epitaxial

growth of the films, on the magnetic and ferroelectric prop-

erties of this multiferroic system has not been adequately

studied.

In this paper we report experimental results for BiMnO3

(BMO) and BiFe0.5Mn0.5O3 (BFMO) films deposited on a

LaAlO3 (LAO) (001) single-crystalline substrate. Peculiar-

ities of the crystal structure and magnetic behavior are dis-

cussed in detail.

2. Experimental techniques

The films were prepared by rf magnetron sputtering at

substrate temperature of 650 �C.19 To avoid the influence of

lattice strain accumulated during deposition all films were

annealed at 900 �C for 2 h in air. The thickness of the

films was d^160 nm. High-resolution electron-microscopy

(HREM) and electron-diffraction (ED) studies were carried

out using a Philips CM300UTFEG microscope with a field

emission gun operated at 300 kV. Point resolution of the

microscope was on the order of 0.12 nm. All microstructure

measurements were carried out at room temperature. Field-

cooled (FC) and zero-field-cooled (ZFC) magnetization

curves were obtained using a Quantum Design SQUID mag-

netometer for in-plane magnetic field orientation. To elimi-

nate the influence of diamagnetic response from LAO,

magnetization curves obtained for the bare substrates were

subtracted from the raw experimental curves.4

3. Microstructure of the films

Figure 1 shows (a) the high-magnification cross-sec-

tional HREM image and (b) the typical selected-area elec-

tron diffraction (SAED) pattern along the [010] zone axes

for the BMO film. Since alternative SAED patterns were not

observed one can conclude that the major phase of the BMO

film has orthorhombic crystal structure with lattice parame-

ters a^ b^ 0.56 nm, c^ 0.7838 nm, and a¼ b¼ c^ 90�,
which are very close to the published results.20,21 However,

small regions of the long-periodic strip-domain phase, repre-

sented by the inset in Fig. 1(a), are found as well. In this
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case the fast Fourier transform (FFT) of the HREM image

(see Fig. 1(c)) produces additional superlattice reflections

with a wave vector q¼ c*/3 (indicated by white arrows),

where c* is the c axis (for cubic symmetry) reciprocal to the

lattice vector. Additional analysis of the HREM images

reveals that the strip-domain phase has orthorhombic crystal

symmetry similar to that of the major phase.

Figure 2(a) shows the cross-sectional HREM image for

BFMO, including the film/substrate interface. It can be seen

that the film exhibits an atomically clean and sharp interface

without an amorphous intermediate layer or precipitations.

At the same time, statistical SAED analysis reveals three

typical ED patterns related to different orientations of the

crystal lattice with respect to the direction of the electron

beam. Figures 2(b)–2(d) correspond to SAED patterns along

the [100], [001] and [010] zone axes, respectively, for the

hexagonal symmetry represented by Fig. 2(d). Therefore, in

addition to the predominant c-oriented crystal structure the

film contains a- and b-oriented nanocrystallites. Therefore,

according to microstructure analysis, the prepared BFMO

film has hexagonal crystal structure with lattice parameters

a^ b^ 0.471 nm, c^ 0.392 nm, and the angle between the

a and b axes is c^ 120�. Notice that crystal lattice of this

compound is usually indexed as an orthorhombic cell (from

x-ray diffraction analysis).13,15 Moreover, similarly to the

BMO film, small-size regions of the strip-domain phase with

the 3c-periodic spacing, represented by the inset in Fig. 2(a),

have been observed as well.

4. Magnetic properties

Figure 3 shows in-plane FC and ZFC temperature depend-

ences of the magnetic moment, M(T), for the BMO film taken

at different applied magnetic fields after the extraction of dia-

magnetic response from the substrate. The inset displays the

temperature dependence of the inverse dc magnetic suscepti-

bility (v�1) in dimensionless units taken at the same magnetic

fields in the ZFC regime. Curie temperature TC^ 105 K, esti-

mated as a point where the v�1(T) curve starts to deviate from

Curie–Weiss (CW) linear behavior (straight line), is coinci-

dent with the published results for the bulk compound.8 On

the other hand, M(T) behavior at T�TC is more typical for a

superparamagnetic (SPM) system than for a valid ferromag-

net, exhibiting smooth exponential increase in the magnetic

FIG. 1. (a) High-magnification cross-sectional HREM image for the BMO

film. The inset presents the same image for the strip-domain phase. (b) The

[010] zone-axis ED pattern for the basic orthorhombic film phase. (c) The

FFT pattern of the HREM image, represented by the inset in a. White arrows

show the period of strip- domains. The (001) spot indicates that the strip-

domain phase has the crystal lattice of the basic phase.

FIG. 2. (a) Low-magnification cross-sectional HREM image for the BFMO

film. The dashed line indicates the interface between the film and the sub-

strate. The inset presents the high-magnification HREM image for the strip-

domain phase. The dashed line indicates the phase boundary. (b, c, and d)

Selected area electron diffraction patterns of the BFMO film along the [100],

[001] and [010] zone axes, respectively, for the hexagonal symmetry, repre-

sented by (e).
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moment with decreasing temperature. Because v�1(T)

� (Tþ h)/CCW for PM materials,22 where CCW¼N(leff)
2/3kB

is the CW constant obtained from the experimental curve, h is

a certain characteristic temperature, kB is the Boltzmann con-

stant, and N is the number of magnetic ions per unit cell; one

can estimate the atom’s effective magnetic moment in the PM

phase, which turns out to be leff^ 13 lB. This value is larger

than that predicted by the CW-theory for a classical PM,

ltheor
eff ^ 4.9 lB/Mn, using expression ltheor

eff ¼ g
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SðSþ 1Þ

p
,

where g¼ 2 is the Landé factor, and S¼ 2 for Mn3þ. A similar

PM response with an enhanced magnetic moment has already

been observed in manganites23 and was attributed to the exis-

tence of small magnetic polarons typical for diluted magnetic

semiconductors.

Figure 4 presents magnetic hysteresis loops, M(H), for

the BMO film at 10 and 300 K after the extraction of dia-

magnetic response from the substrate. Well-defined linear

M(H) dependences testify that a major part of the film is in

the paramagnetic (PM) state at both temperatures with minor

FM contributions (hysteresis terms with saturation). Insets a
and b display the same dependencies after the extraction of

PM terms in more detail. The hysteresis loops reveal a satu-

ration magnetic moment Ms^ 0.0044 and 0.02 lB/Mn, a re-

manent magnetic moment Mr^ 0.001 and 0.0016 lB/Mn,

and a coercive field Hc^ 50 and 350 Oe at 300 and 10 K,

respectively. It is worth noting that a small FM response is

observed at T � TC, confirming the presence of small-size

FM clusters in the PM matrix.

Figure 5 shows in-plane FC and ZFC temperature depend-

ences of the magnetic moment, M(T), taken at different

applied magnetic fields for the BFMO film after the extraction

of diamagnetic response from the substrate. The M(T) behav-

ior is very close to that observed for the BMO film. Linear

extrapolation of the v�1(T) dependence, represented by the

inset, reveals that TC^ 150 K, which agrees with the pub-

lished results.9,10,16 The experimental value of leff^ 12 lB in

the PM phase is also larger than the theoretical one,

ltheor
eff ^ 5.9 lB/B-site ion. In this case the following expression

was used: ltheor
eff ¼ g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:5S1ðS1 þ 1Þ þ 0:5S2ðS2 þ 1Þ

p
, where

S1¼ 2 and S2¼ 5/2 for Mn3þ and Fe3þ ions, respectively.

Figure 6 presents magnetic hysteresis loops, M(H), for

the BFMO film at 10 and 300 K after the extraction of dia-

magnetic response from the substrate. Once again, similarly

to BMO, the M(H) behavior is typical for the multiphase

magnetic system containing PM (linear term) and FM (hys-

teresis term with a saturation) contributions. Insets a and b
display the same dependencies after the extraction of PM lin-

ear terms in more detail. The hysteresis loops reveal a satura-

tion magnetic moment Ms^ 0.01 and 0.06lB/B-site ion, a

remanent magnetic moment Mr^ 0.002 and 0.0075lB/B-

site ion, and a coercive field Hc^ 150 and 400 Oe at 300

and 10 K, respectively. Small FM response is observed at

room temperature (T � TC) as well, verifying the existence

of FM clusters with an enhanced magnetic moment in the

PM matrix.

5. Discussion

The experimental data reveal that orthorhombic BMO

and hexagonal BFMO films remain in the PM phase

FIG. 3. Temperature dependence of the in-plane FC (solid symbols) and

ZFC (open symbols) magnetic moment for the BMO film, measured at dif-

ferent applied magnetic fields. Lines serve as guides to the eyes. The inset

presents the temperature dependence of the inverse dc magnetic susceptibil-

ity taken at the same applied fields in the ZFC regime. The solid line is the

Curie–Weiss linear approximation. The arrow shows the onset of the FM

transition.

FIG. 4. In-plane magnetic hysteresis loops for the BMO film taken at

T¼ 10 (1) and 300 (2) K. Lines serve as guides to the eyes. Insets a and b
display in more detail the same dependencies after the extraction of the PM

terms.
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throughout the entire investigated temperature interval. At

the same time, the appearance of small FM response with

nontypical for FMs M(T) behavior deserves further discus-

sion. Paramagnetic background of the films is confirmed by

the lack of ZFC/FC M(T) splitting at low temperature (see

Figs. 3 and 5), but should be observed through exchange-

bias interaction in the AFM matrix with FM entities.

In spite of the fact that the FM transition starts at 105

and 150 K in the BMO and BFMO films, respectively, com-

plete long-range FM order is not observed even at the lowest

temperature. Moreover, hysteresis loops with a saturation

magnetic moment are observed at T� TC (insets b in Figs. 4

and 6). This kind of magnetic behavior is typical for the per-

colation system and should be considered within the context

of the Griffiths-like model, which predicts the appearance of

FM clusters in the temperature range TC(pc)�T� TG, where

TC(pc) is the actual Curie temperature provided by the perco-

lation threshold, and TG is the highest achievable critical

temperature.24 In this case we deal with the first-order mag-

netic transition in which disorder has driven TC(pc) to 0 K,

and inverse susceptibility could be described by the power

law: v�1 � [T/TC(pc)� 1]1�y, where y� 1.25,26 Logarithmic

plots, presented in the insets in Fig. 7, are a fit of the data to

this power law with the result that y¼ 0.66 and 0.45, and

TC(pc)¼ 3 and 1 K for the BMO and BFMO films, respec-

tively. The obtained results agree with the theoretical predic-

tions well and confirm the percolation origin of the FM

transition in the investigated films. The Griffiths phase can

be treated formally as an assembly of magnetic polaron clus-

ters in diluted magnetic semiconductors27 with the following

temperature dependence of the magnetic moment: M(T,

H)¼M(0, H)exp(�kBT/leffH), where M(0, H) is the mag-

netic moment at T¼ 0 K, and leff is the effective magnetic

moment of the magnetic polaron cluster. Therefore, the total

value of magnetic susceptibility for BMO and BFMO films

can be expressed by v(T, H)¼ vG
0 exp(�kBT/leffH)þCCW/

(Tþ h), where vG
0 is susceptibility of the Griffiths phase at

T¼ 0 K. The first term belongs to the FM clusters (Griffiths

phase), while the second one corresponds to the major PM

part of the sample. Figure 7 shows ZFC v(T) dependences

for BMO and BFMO films taken at different values of

applied magnetic field: H¼ 0.1 (solid circle), 0.5 (open

circle), and 1.0 T (solid square). Solid lines are the theoreti-

cal curves constructed with fitting parameters vG
0 ¼ 0.028

and 0.03 in dimensionless units, and leff¼ 350 and 450 lB

for BMO and BFMO, respectively. The PM term was

obtained from the linear extrapolation of the v�1(T) experi-

mental curves, represented by the insets in Figs. 3 and 5. It is

seen that the theoretical curves agree with the experimental

ones very well. Because the theoretical average magnetic

moment for BMO and BFMO, respectively, is 4.9 and

5.4 lB/B-site ion, the estimated average diameter of a mag-

netic polaron cluster in the Griffiths phase turns out to be

D^ 2 nm.

In spite of the fact that measured films have different

crystal lattices—orthorhombic and hexagonal—the same

microstructure peculiarity is observed in both cases. There is

a strip-domain phase with periodic spacing of about 3c. We

FIG. 5. Temperature dependence of the in-plane FC (solid symbols) and

ZFC (open symbols) magnetic moments for the BFMO film, measured at

different applied magnetic fields. Lines serve as guides to the eyes. The inset

presents the temperature dependence of the inverse dc magnetic susceptibil-

ity taken at the same applied fields in the ZFC regime. The solid line is the

Curie–Weiss linear approximation. The arrow defines the onset of the FM

transition.

FIG. 6. In-plane magnetic hysteresis loops for the BFMO films taken at

T¼ 10 (1) and 300 (2) K. Lines serve as guides to the eyes. Insets a and b
display in more detail the same dependencies after the extraction of the PM

terms.
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argue that this low-dimensional layered structure is the ori-

gin of weak ferromagnetism in the BMO and BFMO films,

acting through the formation of the Griffiths-phase state. It

should be noted that a similar phenomenon has already been

observed in hole-doped manganite films, where the appear-

ance of long periodic strip-domain structure is attributed to

specific ordering between rare-earth and doped ions.28,29

However, in our case the strip-domain phase is rather

governed by the cooperative Jahn–Teller effect since Mn3þ

and Fe3þ belong to the so-called Jahn–Teller-type ions and

tend to orbital ordering and charge.30

Conclusions

In summary, the BiMnO3 and BiFe0.5Mn0.5O3 films were

prepared by rf magnetron sputtering on a LaAlO3 (001)

single-crystalline substrate. The selected-area electron diffrac-

tion analysis allowed us to identify the crystal structure of the

BiMnO3 film as orthorhombic, and the BiFe0.5Mn0.5O3 film

as having hexagonal lattice symmetry. High-resolution elec-

tron-microscopy study revealed the presence of the strip-

domain phase with a periodic spacing of about 3 c in both

films. Magnetic measurements showed that in addition to the

basic paramagnetic phase the films exhibit Griffiths phase

behavior in a wide temperature range. Therefore, weak ferro-

magnetism observed in the BiMnO3 and BiFe0.5Mn0.5O3 films

is provided by the appearance of the strip-domain layered

phase, rather than an intrinsic physical origin.
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