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In this study, we aim to synthesize novel materials that show ferromagnetic and ferroelectric properties with the magnetoelectric effect at room
temperature. Nine types of superlattice were fabricated by stacking [7 units—ABO3/7 units—REMO3] for 14 times by pulsed laser deposition.
From all reciprocal space mappings (RSMs) of the CaMnO3 (CMO) superlattices, the satellite peaks were clearly observed. The calculated in-plain
lattice parameter was 0.382 nm longer than 0.3732 nm, which is the bulk CMO and in-plain lattice parameter of the CMO thin film grown on SrTiO3

(001) substrate. All the CaFeO3 (CFO) series superlattices showed that the satellite peaks and Laue oscillations were clearly observed from the
XRD 2θ–θ spectra. In the case of [CFO/BiFeO3 (BFO)] superlattices, the number of deposited units of CFO in [CFO/BFO] one cycle was 6.94,
which was quite close to the seven units that we aimed. The in-plain lattice constant of all the CFO series superlattices was fitted to that of the
substrate. From RSMs of the [LaMnO3 (LMO)/BFO] superlattice, the lattice parameter of the superlattice was fitted to that of the substrate in-plain.
The cube-on-cube growth was confirmed in these LMO series superlattices. © 2014 The Japan Society of Applied Physics

1. Introduction

In the SrTiO3 (STO)/LaAlO3 (LAO) multilayer when LAO
is deposited on a TiO2-terminated STO substrate, n-type
conduction at the interface is induced. At a low temperature,
superconductivity1–3) appeared and ferromagnetic4–8) order-
ing is indicated as well. In the STO perovskite structure, SrO
and TiO2 charge neutral layers are stacking sequentially,
while in the LAO pseudo perovskite structure, positive
charge state of LaO and negative charge state of AlO2 layers
are stacked.9–18) One of the reasons why the n-type con-
duction appears is the net transfer of electrons through
the interface to reduce the electric potential caused by the
polar/nonpolar interface, polar discontinuity.

In this study, we aim to synthesize the novel materials that
show ferromagnetic (FM) and ferroelectric (FE) properties
with the magnetoelectric (ME) effect at room temper-
ature.11–15) We expect an induced ferromagnetic ordering
near the interface in the [ABO3/REMO3] (A = Ca, La,
B = Fe, Mn, RE = Bi, La, M = Fe, Fe0.8Mn0.2) superlattices.
Since the magnetic ordering of BiFeO3 (BFO) is antiferro-
magnetic, the induced ferromagnetic ordering is expected
owing to the electron transfer. When the electron transfers,
we expect that the superexchange interaction between iron
ions in BFO changes from antiferromagnetic to ferromagnetic
following the construction of the 3d5 (Fe3+)–O–3d4 (Fe4+)
straight bond according to the Kanomori–Goodenough
rule.19–23) In this research, we focus on the fabrication and
structure analysis of the [ABO3/REMO3] superlattices.

2. Experimental methods

Nine types of superlattice were grown by the alternate
stacking of the materials A and the materials B using pulsed
laser deposition (PLD) with an excimer laser of KrF 248 nm
on STO(001) substrates, where the materials A are BFO,
BiFe0.8Mn0.2O3 (BFMO), and LaFeO3 (LFO), and the
materials B are CaMnO3 (CMO), CaFeO3 (CFO) and
LaMnO3 (LMO). The superlattices were fabricated by
stacking [7 units—ABO3/7 units—REMO3] for 14 times.
High-density LFO (95.48%) and CFO (96.38%) targets

were particularly prepared by the Pechini method.24–26) The
other targets of CMO, LMO, BFO, and BFMO were calcined
by the traditional solid-state reaction method. The STO(001)
substrate was ultrasonically cleaned in acetone and ethanol.
The cleaned substrate was soaked in pure water for 30min in
an ultrasonic bath. The substrate surface was etched using
a commercial buffered hydrogen fluoride (BHF) (Daikin
Industries, pH = 5.0) for 30 s, and immediately rinsed using
pure water. The etched substrate was annealed at 920 °C for
6 h in air. The deposited condition was as follows: 670 °C
heater temperature, 2.5–2.8 J/cm2 energy density at the target
surface, 4Hz repetition rate, and 20 Pa oxygen atmosphere
during growth.

Since we demonstrated the layer-by-layer growth of LFO
with a step-terrace surface structure and a stable growth rate
using a high-density target prepared by the Pechini method
up to 135 units, end of the growth,27) the growth rate ratios
of LFO to other films were investigated in advance by
depositing all the materials A and B on seven units of the
LFO calibration layer for the accurate control of each
deposition thickness in superlattice growth. When the
superlattices were prepared, seven units of LFO film were
deposited first, and the required pulses for other materials to
grow seven units were calculated using the growth rate ratio
and the growth rate of the last three units of LFO.

All the films were evaluated by reflection high energy
electron diffraction (RHEED), X-ray diffraction (XRD),
X-ray reflection (XRR), and reciprocal space mapping
(RSM) using a one-dimensional detector (VÅNTEC-1) in
Bruker D8 Discover. The surface morphology was inves-
tigated by scanning probe microscopy (SPM).

3. Results

3.1 Calibration of superlattices growth
Figure 1 shows the RHEED oscillation and growth time for
one unit of the initial seven units of LFO. The growth rate
was quite stable during growth. The ratios of required pulses
for other films were calculated from the last three stable
oscillations, as indicated by closed circles. Table I shows the
results of the ratios of required pulses of LFO to other films.
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From the ratios, we determined the number of pulses to
deposit seven units for each material in superlattices.

3.2 CMO/REMO3 series superlattices
Figure 2 shows the RHEED patterns and surface morphol-
ogies of the (a) [CMO/BFO], (b) [CMO/BFMO], and (c)
[CMO/LFO] superlattices. All the CMO superlattice surfaces
showed basically a step-terrace structure, although some

grains outgrew on the surface with the height of 10–15 nm.
The RHEED pattern was streaky in [CMO/LFO], but
streak + spots were observed in the [CMO/BFO] and
[CMO/BFMO] superlattices. The streak and spots were
caused by the smooth surface and the outgrowth on the
surface.

The XRD 2ª–ª spectra of the CMO series superlattices
around STO(001) or STO(002) substrate peaks are shown in
Fig. 3. The satellite peaks (SLs) and Laue oscillations were
clearly observed. The SLs were numbered in the figure. The
thickness of one cycle [7 units—CMO/7 units—REMO3]
(TCYCLE) of the superlattices, average lattice constant (LAVE),
and total film thickness (LTOTAL) were calculated from the
SLs period, from the 2ª position of the peaks noted by “0” by
fitting using the Nelson-Riley function, and from 14 times of
the TCYCLE, respectively. The full width at half maximum
(FWHM) was of the rocking curve. Those values are
summarized in Table II. Figure 4 shows the XRR spectra
of the (a) [CMO/BFO], (b) [CMO/BFMO], and (c) [CMO/
LFO] superlattices with the fitting results denoted by the
dotted lines. The short-period and long-period oscillations are
derived from the film thickness and superstructure, respec-
tively. From the fitting result, each film thickness of the
[7 units—CMO/7 units—REMO3] and the TCYCLE were
estimated. The number of deposited units for one cycle was
calculated using the lattice constant of the single layer. LAVE
was calculated by the TCYCLE divided using total deposited
number of units of CMO and REMO3. Those values are
summarized in Table II as well.

Although the required pulses to deposit seven units for
superlattice growth were accurately estimated, the number of
deposited units was definitely less than seven, roughly from
5.2 to 6.3 units. It is unclear why the growth method for
superlattices did not work at this moment. However, the
estimated values from the results of XRD and XRR were
consistent quite accurately. It is expected that the cation
intermixing around the interface involves one or two units.
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Fig. 1. (Color online) RHEED oscillation (solid line in the left vertical)
and time for one unit growth of LFO seven units (red dotted line in the right
vertical) using targets prepared by the Pechini method. The time was
calculated from the period between oscillation peaks. The ratios of required
pulses for other films were calculated from the last three stable oscillations
(closed circles).

Table I. Required pulse ratios to grow seven units compared with that of
LFO.

CMO CFO LMO BFO BFMO

0.532 0.699 0.563 1.01 0.720

0.0 15.2[nm] 0.0 15.2[nm] 0.0 15.2[nm]

(a) (b) (c)

Fig. 2. (Color online) RHEED patterns along STO[100] direction after deposition (top figures) and surface morphologies with size of 2 © 2µm2 (bottom
figures) of (a) [CMO/BFO], (b) [CMO/BFMO], and (c) [CMO/LFO] superlattices.
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The RSMs of [CMO/BFMO] superlattice around (a)
STO(003), (b) STO(103), and (c) STO(113) peaks are shown
in Fig. 5. Similar RSM results were obtained in the [CMO/
BFO] and [CMO/LFO] superlattices. The SLs were clearly
observed in all RSMs. The calculated in-plain lattice
parameter was 0.382 nm, longer than 0.3732 nm, which is
the bulk CMO28) and in-plain lattice parameter of the CMO
thin film grown on STO(001) substrate. While the lattice
parameter was 2.3% longer than that of the substrate, the
RSM results revealed a cube-on-cube crystal growth.

3.3 CFO/REMO3 series superlattices
Figure 6 shows the RHEED patterns and surface morphol-
ogies of the (a) [CFO/BFO], (b) [CFO/BFMO], and (c)

[CFO/LFO] superlattices. All the CFO series superlattices
a showed smooth surface with a step-terrace structure.
The RHEED pattern was streaky, indicating the smooth
surface.

The XRD 2ª–ª spectra of the (a) [CFO/BFO], (b) [CFO/
BFMO], and (c) [CFO/LFO] superlattices around the
STO(001) or STO(002) substrate peak are shown in Fig. 7.
The SLs and Laue oscillations were clearly observed. In the
case of [CFO/BFO] superlattices, the SLs from ¹4 to +4
were observed. The values of TCYCLE, LAVE, and LTOTAL, were
calculated at 4.75, 0.3848, and 66.5 nm, respectively. From
the fitting result to the XRR spectrum, the values of TCYCLE,
LAVE, and LTOTAL were calculated at 4.73, 0.3856, and
66.2 nm, respectively. Those calculated values corresponded
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Fig. 4. (Color online) XRR spectra with fitting results denoted by the dotted lines. The short-period and long-period oscillations are derived from the film
thickness and superstructure.
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Fig. 3. XRD patterns of (a) [CMO/BFO], (b) [CMO/BFMO], and (c) [CMO/LFO] superlattices around the STO(001) or STO(002) substrate peak. The
satellite peaks and Laue oscillations were observed. The SLs were numbered in the figure.

Table II. Summary table from results of XRD and XRR.

[CMO/BFO] [CMO/BFMO] [CMO/LFO]

XRD Thickness of each cycle, TCYCLE (nm) 4.78 4.12 4.76

Average lattice constant, LAVE (nm) 0.3847 0.3896 0.3821

Total film thickness, TTOTAL (nm) 66.9 57.7 66.4

FWHM (deg) 0.0736 0.0749 0.0974

XRR Number of deposited units for one cycle

A, LFO, BFO, BFMO 5.93 5.27 6.14

B, CMO 6.33 5.48 5.37

Thickness of each cycle, TCYCLE (nm) 4.77 4.18 4.44

Average lattice constant, LAVE (nm) 0.3892 0.3890 0.3854

Total film thickness, TTOTAL (nm) 66.8 58.5 66.1
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to each other within 1%. In particular, the number of
deposited units of CFO in [CFO/BFO] one cycle was 6.94,
which was quite close to the seven units that we aimed. The
XRR spectra of [CFO/BFMO] and [CFO/LFO] were not
suitable to fit successfully because of the gold passivation
layer on top of the superlattices.

Figure 8 shows the RSMs of the [CFO/BFMO] super-
lattice around the (a) STO(003), (b) STO(103), and (c)
STO(113). The SLs as well as Laue oscillations were clearly
observed. The in-plain lattice constants of all the CFO series
superlattices were fitted to that of the substrate. Since the
crystal structure of the single layer of BFO and BFMO on
STO(001) is monoclinic and tilted orthorhombic or rhombo-

hedral, the strong compressive stress was forced in BFO and
BFMO layers in the superlattice.29) The cube-on-cube growth
of superlattices was realized, and the very good super-
structure and crystallinity of [CFO/BFO] were demonstrated
by the SLs from ¹4 to +4 and Laue oscillation.

3.4 LMO/REMO3 series superlattices
Figure 9 shows the RHEED patterns and surface morphol-
ogies of the (a) [LMO/BFO], (b) [LMO/BFMO], and (c)
[LMO/LFO] superlattices. All the LMO series superlattices
surfaces showed a step-terrace structure. The streaky RHEED
pattern somewhat indicated a smooth surface. However,
many facets were observed in the (a) [LMO/BFO] and (b)

0.0 5.0[nm] 0.0 1.4[nm] 0.0 3.9[nm]

(a) (b) (c)

Fig. 6. (Color online) RHEED patterns along STO[100] direction after deposition (top figures) and surface morphologies with the size of 5 © 5 µm2 (bottom
figures) of (a) [CFO/BFO], (b) [CFO/BFMO], and (c) [CFO/LFO] superlattices.
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[LMO/BFMO] superlattices. In addition, two extra streaks
were faintly observed between (00) and (10) or (�10) in the (b)
[LMO/BFMO] superlattice, probably due to the anisotropic
grains on the surface. An intermediate streak can also be seen
in the (c) [LMO/LFO] superlattices, indicating the recon-
struction at the surface with a doubled period.

The XRD 2ª–ª spectra of the (a) [LMO/BFO], (b) [LMO/
BFMO], and (c) [LMO/LFO] superlattices around the
STO(002) or STO(004) substrate peak are shown in
Fig. 10. In Table III, the LAVE and FWHM are summarized.
Except for (c), the crystalline structure was not good. In the
case of (c) [LMO/LFO] superlattices, the Laue oscillation
and SLs from ¹1 to +1 were observed. The values of TCYCLE
and LTOTAL were calculated at 4.97 and 69.5 nm, respectively.

Figure 11 shows the RSMs of the [LMO/BFO] super-
lattice around the (a) STO(003), (b) STO(103), and (c)
STO(113). The SLs were detected. The lattice parameter of
the superlattice was fitted to that of the substrate in-plain. The
cube-on-cube growth was confirmed in these LMO series
superlattices as well.

4. Discussion

Almost all the synthesized superlattices exhibited a step-
terrace structure at the surface and the SLs and Laue
oscillation in the XRD measurements. Those results indicate
that the superstructure with a smooth interface is synthesized.
However, each superlattice showed different structural
properties. The major reasons are expected to be differences
in (i) lattice mismatch and (ii) degree of crystal symmetry.
There are two types of lattice mismatch summarized in
Table IV. One is lattice mismatch between ABO3 and
REMO3, described at the upper row in the crossed cells.
The other one is the lattice mismatch between the average
lattice constants of ABO3 and REMO3 and that of the
substrate, described at the lower row in the crossed cells.

In the case of [CMO/BFO] and [CMO/BFMO] super-
lattices, the appearance of the outgrowth is expected to be
due to the large difference in the lattice constant between
CMO and REMO3 and the low crystal symmetries of the
rhombohedral BFO and BFMO, as shown in Figs. 2(a) and
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Fig. 7. XRD pattern of (a) [CFO/BFO], (b) [CFO/BFMO], and (c) [CFO/LFO] superlattices around STO(001) or STO(002) substrate peak. The SLs and
Laue oscillations were clearly observed.
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2(b). The rhombohedral BFO and BFMO tend to tilt to be
monoclinic as the films are grown on the STO substrate. On
such BFO and/or BFMO film, orthorhombic CMO might
grow with space for outgrowth. The grains of the outgrowth
attract surplus atoms for the superlattice growth, resulting in
the appearance of the step-terrace structures. The surface of
the [CMO/LFO] superlattice showed a step-terrace structure
with reduced number of outgrowth, which is due to the
crystal symmetry of orthorhombic LFO, as shown in
Fig. 2(c).

The lattice mismatch between CFO and BFO is large, but
the average lattice constants of CFO and BFO are almost

the same as that of the substrate to order the lattice in-plain
in the case of the [CFO/BFO] superlattice. Those circum-
stances demonstrated the step-terrace structure without
outgrowth and the clear SLs and Laue oscillation as shown

Table III. Summary table from XRD results of LMO/REMO3 series
superlattices.

[LMO/BFO] [LMO/BFMO] [LMO/LFO]

Average lattice constant,
LAVE (nm)

0.3944 0.3922 0.3941

FWHM (deg) 0.110 0.197 0.0753

0.0 0.4[nm] 0.0 3.3[nm] 0.0 5.0[nm]

(a) (b) (c)

Fig. 9. (Color online) RHEED pattern along STO[100] direction after deposition (top figures) and surface morphologies with the size of 2 © 2µm2

(bottom figures) of (a) [LMO/BFO], (b) [LMO/BFMO], and (c) [LMO/LFO] superlattices. All LMO series superlattice surfaces showed a step-terrace
structure. The streaky RHEED pattern somewhat indicated a smooth surface.
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Fig. 10. The XRD patterns of (a) [LMO/BFO], (b) [LMO/BFMO], and (c) [LMO/LFO] superlattices around the STO(002) or STO(004) substrate peak.

Table IV. Lattice mismatches using lattice constant of pseudocubic
structure calculated from the values reported in Refs. 7, 28, 31–33. The
values in parentheses are the mismatch of each single crystal compared with
that of the substrate. At the crossed cell, the mismatch value between ABO3

and REMO3 is described in the upper row. The mismatch of the average
lattice constant of ABO3 and REMO3 compared with that of the substrate is
also described in the lower row.

Lattice
mismatch

BFO
(+2.52%)

BFMO
(+1.11%)

LFO
(+0.655%)

CMO (¹4.45%)
6.98% 5.57% 5.11%

¹0.965% ¹1.67% ¹1.90%

CFO (¹3.36%)
5.89% 4.47% 4.02%

¹0.419% ¹1.13% ¹1.35%

LMO (+1.01%)
1.51% 0.0989% 0.357%

1.77% 1.06% 0.833%
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in Figs. 6(a) and 7(b). The other CFO series superlattices
have a similar circumstance, resulting in the excellent
superstructure with a smooth surface as shown in Figs. 6(b),
6(c), 7(b), and 7(c).

In the meantime, the lattice constants of both LMO and
REMO3 are larger than those of the substrate in the LMO
series superlattices. As shown in Table IV, the lattice
mismatch between LMO and REMO3 is smaller than those
of other superlattices, but the average lattice constant is
always larger than that of the substrate. Considering that
the film surface of single BFO and BFMO layers on STO
substrate is formed by rectangular grains, it is reasonable to
show a lot of facets with a step-terrace structure for the
[LMO/BFO] and [LMO/BFMO] superlattices, as shown in
Figs. 9(a) and 9(b), respectivery. However, in the case of the
[LMO/LFO] superlattice, both single layers of LMO and
LFO show RHEED oscillation and the step-terrace surface,
indicating that the superlattice could have fine structure.
Since the densities of the LMO and LFO are similar, the
SL appearance must be poor. In addition, the observation of
Laue oscillation and sharp FWHM reveal the good quality of
the superlattice.

5. Conclusion

In this study, we aim to synthesize novel materials that shows
FM and FE properties with the ME effect at room temperature.
Nine types of superlattice were grown by the alternate
stacking of materials A of LFO, BFO, and BFMO, and
materials B of CMO, CFO, and LMO by PLD. When the
superlattices were prepared, an LFO film of seven units was
seven units of LFO film were deposited first, and the required
pulses for other materials to grow seven units were calculated.

All the CMO superlattice surfaces showed basically a
step-terrace structure, a though some grains outgrew on the
surface with the height of 10–15 nm. The RHEED pattern
was streaky in [CMO/LFO], but streak + spots were

observed in the [CMO/BFO] and [CMO/BFMO] super-
lattices. From all RSMs of the CMO superlattices, the SLs
were clearly observed. The calculated in-plain lattice pa-
rameter was 0.382 nm, longer than 0.3732 nm, which is the
bulk CMO and in-plain lattice parameter of CMO thin film
grown on STO(001) substrate. While the lattice parameter
was 2.3% longer than that of the substrate, the RSM results
revealed a cube-on-cube crystal growth.

All CFO series superlattices showed a smooth surface
with a step-terrace structure. The RHEED pattern was
streaky, indicating the smooth surface. From the XRD 2ª–ª
spectra, the SLs and Laue oscillations were clearly observed.
In the case of [CFO/BFO] superlattices, the SLs from ¹4 to
+4 were observed. In particular, the number of deposited
units of CFO in [CFO/BFO] one cycle was 6.94, which was
quite close to the seven units that we aimed. The in-plain
lattice constant of all the CFO series superlattices was fitted
to that of the substrate. Since the crystal structure of the
single layers of BFO and BFMO on STO(001) is monoclinic
and tilted orthorhombic or rhombohedral, the strong com-
pressed stress was forced in the BFO and BFMO layer in
the superlattice.

All the LMO series superlattice surfaces showed a step-
terrace structure. The streaky RHEED pattern somewhat
indicated a smooth surface. In the XRD 2ª–ª spectra of the
[LMO/LFO] superlattices, the Laue oscillation and SLs from
¹1 to +1 were observed. The value of TCYCLE and LTOTAL
were calculated at 4.97 and 69.5 nm, respectively. In the case
of the [LMO/BFO] superlattice, the lattice parameter of the
superlattice was fitted to that of the substrate in-plain. The
cube-on-cube growth was confirmed in these LMO series
superlattices as well.

The structural differences are expected to be attributed
from the differences in (i) lattice mismatch and (ii) degree
of crystal symmetry. The superlattice including low crystal
symmetry of BFO and/or BFMO showed rather rough
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Fig. 11. (Color online) RSMs of [LMO/BFO] superlattice around (a) STO(003), (b) STO(103), and (c) STO(113). The in-plain lattice parameter of the
superlattice was fitted to the STO substrate.
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surfaces: outgrowth in [CMO/BFO, BFMO] superlattices
and a lot of facets in [LMO/BFO, BFMO] superlattices.
However, the CFO series and [LMO/LFO] superlattices
showed a clear step-terrace surface; the SLs and Laue
oscillation are probably due to the small lattice mismatch
between the average lattice constant and that of the substrate.
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