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The [CaMnO3 (CMO)/REMO3] (RE = Bi, La M = Fe, Fe0.8Mn0.2) superlattices show semiconducting behavior with transition temperatures (TEg) of
71, 127, and 151K in the [CMO/BiFe0.8Mn0.2O3], [CMO/BiFeO3], and [CMO/LaFeO3] superlattices. The formation of a magnetic polaron is
expected in the CMO layer of the superlattices at TEg, where carrier density drops. A weak ferromagnetic interaction at the interface is expected
at room temperature, because the sheet resistance RS and the Hall resistance Rh show a quadratic behavior and anomalous Hall effect as a
function of magnetic field. The mobility also drops at the temperatures where both the ferromagnetic and antiferromagnetic interactions are
expected to coexist. With decreasing temperature, the mobility is still low but stable. We consider that the electron transfer took place owing to
the cation intermixing, not to the polar/nonpolar discontinuity, at the interface in the prepared superlattices.

© 2014 The Japan Society of Applied Physics

1. Introduction

Since the two-dimensional (2D) conduction at the interface
in the [LaAlO3 (LAO)/SrTiO3 (STO)] heterostructure was
discovered, much research on oxide-related superlattices
has been undertaken.1–4) One of the reasons for the 2D
conduction is the electron transfer from the valence band of
LAO to the Ti 3d conduction band of STO due to a polar/
nonpolar discontinuity at the interface.5–14) The superlattices
we prepared have the same polar/nonpolar discontinuity at
the interface.15–17) The superlattices are composed of
alternating stacks of Ca2+Mn4+O3

6¹ and RE3+M3+O3
6¹

(RE = Bi, La M = Fe, Fe0.8Mn0.2). Considering the electron
transfer from M3+ (3d5 for Fe3+) to Mn4+ (3d3) similarly
observed in the LAO/STO heterostructure, a ferromagnetic
(FM) superexchange interaction is partially expected around
the interface owing to the 180° bonding of Fe3+ (3d5)–O–
Fe4+/Mn3+ (3d4) in the REMO3 layer and of Fe3+ (3d5)–O–
Mn3+ (3d4) through the interface. The electric property in-
plain of the superlattice could provide information on the
electron transfer and indicate a magnetic property. The
[CaMnO3 (CMO)/LaFeO3 (LFO)] superlattice was prepared
to exclude the influence of the ferroelectric (FE) property. In
this study, electric transport properties in-plain such as the
sheet resistance RS and the Hall resistance Rh as a function of
magnetic field and temperature were measured, because they
are sensitive to magnetic ordering and its modulation.

2. Experimental procedure

The superlattices of [CMO/REMO3] were grown on
STO(001) substrates with a seven-unit LFO calibration layer
using the pulsed laser deposition (PLD) method (see Ref. 18,
where crystal growth and structural analysis are discussed in
detail). A cycle of [seven units CMO/seven units REMO3]
was carried out 14 times. The electric properties of the
superlattices were investigated by measuring RS and Rh with
van der Pauw geometry using a physical property measure-
ment system (PPMS; Quantum Design). For the electric
measurement of in-plane RS and Rh, gold pad electrodes of
approximately 0.5 © 0.5mm2 were sputtered at the four

corners of a 5 © 5mm2 specimen after etching the corners by
Ar ion milling until reaching the substrate.

Using X-ray reflection (XRR), the deposited units in the
superlattices were estimated; they are summarized in Table I.
The values indicate the number of units of each cycle for the
different superlattices. We note that the values were not just
integers, indicating that the interface was not atomically
sharp; however, the cation mixing depth is expected to be
one or two units at most. Sheet carrier density nS in m¹2 was
calculated using

nS ¼ BZ

qRh
; ð1Þ

where BZ is the magnetic field normal to the film surface
and q is a positive or negative charge. A graph of Rh vs BZ

was fitted by a quadratic function to remove the contribution
from an anomalous Hall effect (as will be discussed later),
and the coefficient of the linear term was used in the
calculation. The nS was divided by the number of unit cells
per square meter to estimate the number of carriers inside a
unit cell, noted by nS/u. The in-plane lattice parameter
was obtained from reciprocal space mappings (RSMs). The
mobility ® (m2V¹1 s¹1) was calculated using

� ¼ 1

qnSRS
; ð2Þ

where RS was measured at zero magnetic field and at each
temperature.

3. Results and discussion

Figure 1 shows the Arrhenius plots for the sheet resistances

Table I. Estimated number of units of each cycle in the superlattices of
[CMO/LFO], [CMO/BiFeO3(BFO)], and [CMO/BiF0.8Mn0.2O3(BFMO)]
superlattices. The REMO3 indicates the LFO, BFO, or BFMO.

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

CMO 5.4 6.3 5.5

REMO3 6.1 5.9 5.3
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(RS) of (a) [CMO/BFMO], (b) [CMO/BFO], and (c) [CMO/
LFO] superlattices. All the RS values showed semiconducting
behavior. The activation energy Eg value are listed in
Table II. The transition temperatures (TEg) at which Eg

changed, are also listed in Table II. The Eg of all the
superlattices was on the same order as that of the CMO single
layer.

Because the CMO bulk is an antiferromagnetic (AFM)
insulator, the CMO single layer grown under the same
conditions as those of the superlattices is expected to be
carrier-doped because of the low Eg.19–25) In the case of the
CMO single layer, the RS should be two or three decades
higher than that of the nondoped CMO bulk. An approx-
imately 5% carrier doping is expected. In addition, the RS

is expected to be mainly from the CMO layers of the
superlattices, because Eg is on the same order as that of
the CMO single layer regardless of the materials of REMO3.
The Eg, RS, and TEg were modulated and induced by the
formation of the superlattice interface. The difference in TEg
is expected to depend on the magnitude of magnetic
interaction at the interface in each superlattice.

Figure 2 shows the sheet resistance RS of the [CMO/
BFMO] superlattice as a function of the magnetic field BZ

normal to the film surface at various temperatures. At all
temperatures, the magnetoresistance (MR) was independent
of the orientation of the magnetic field relative to the
interface. In the range of temperatures from 300 to 200K, RS

was fitted by a quadratic function very well, as shown in
Fig. 2(a). At temperatures lower than 175K, the hysteresis
loop started to appear in the low-magnetic-field region in

Figs. 2(b)–2(d). With decreasing temperature, the largest
negative MR of ¹4.2% at 9 T, defined as fRS(9 T) ¹ RS(0)g/
RS(0) (%), was observed at 100K. At 60K, the mixture
of positive and negative MRs was detected, as shown in
Fig. 2(e). Below 50K, the behavior completely shifted to be
positive MR. The positive MR was +3.4% at 9 T and at 40K,
as shown in Fig. 2(f ). In both cases of [CMO/BFO] and
[CMO/LFO] superlattices, the RS vs BZ showed a quadratic
behavior with a negative MR until the temperature decreased
to 175 and 150K, respectively. A hysteresis was also
observed in the [CMO/BFO] superlattice below 125K,
which was almost the same as TEg.

Because the negative MR in spin-scattering models is
generally proportional to the square of the magnetization, a
FM ordering is expected at room temperature in all super-
lattices.19,26–28) However, the magnetic property is a weak FM
for bulk BFMO and an AFM for bulk BFO and LFO at room
temperature, so that the FM interaction at the interface is
weak.29,30) The FM interaction is caused by the 180° bonding
of Fe3+(3d5)–O–Mn4+(3d4) at the interface and becomes
strong with decreasing temperature, as demonstrated by the
appearance of hysteresis in RS vs BZ below 175 and 125K
for [CMO/BFMO] and [CMO/BFO] superlattices, respec-
tively.25,31–33) As shown in Figs. 2(d) and 2(e), the presence
of positive and negative contributions to the MR is related to
a large hysteresis. The increase in the scattering time of the
conduction electrons gives rise to the positive MR in the
[CMO/BFMO] superlattice.26)

From the results shown in Figs. 1 and 2, the appearance of
TEg is expected to be derived from the formation of magnetic
polarons in the electron-doped CMO.34–36) The difference in
Eg on the meV order below and above TEg is quite similar to
the reported value in an electron-doped CMO single layer.
In addition, a FM ordering is required for the formation
of the magnetic polarons. Because the strength of the FM
interaction depends on the sharpness at the interface, cation
intermixing through the interface, and crystalline quality of
the superlattices, the dependence of TEg on the superlattices
was observed. Actually, TEg increased depending on the
degree of the crystal symmetry of the REMO3 layers; the
crystal structures of the BFMO, BFO, and LFO bulks are
metastable orthorhombic (rhombohedral above 400K), rhom-
bohedral, and GdFeO3 type orthorhombic, respectively.

Figure 3 shows the Rh of the [CMO/BFMO] superlattice
as a function of the magnetic field BZ at various temperatures.
The broken red lines are the fitted quadratic functions. The
units of the vertical axis is ³ in Figs. 3(a)–3(c) and k³ in
Figs. 3(d)–3(f ). For temperatures above 200K, Rh exhibited
a linear dependence on BZ, as shown in Fig. 3(a). Below
200K, the Rh plot was curved, as shown in Fig. 3(b). As
shown in Figs. 3(c)–3(f ), a line asymmetric Rh at BZ = 0
with hysteresis appeared below 150K.
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Fig. 1. (Color online) Arrhenius plots of RS of (a) [CMO/BFMO] (open
circles), (b) [CMO/BFO] (open squares), and (c) [CMO/LFO] (open
triangles). At the transition temperature TEg, noted by arrows, the activation
energy Eg changed. The values of the Eg are summarized in Table II. The Eg

of the grown CMO single layers was 0.076 eV.

Table II. The activation energy Eg and the transition temperature TEg estimated from sheet resistance vs temperature of the superlattices, as shown in Fig. 1.
The Eg of CMO single layer was also estimated from an electric measurement as a function of temperature.

Eg of CMO single layer
(eV)

Eg at lower temp.
(eV)

TEg
(K)

Eg at higher temp.
(eV)

[CMO/BFMO]

0.076

0.013 71 0.019

[CMO/BFO] 0.034 127 0.030

[CMO/LFO] 0.082 151 0.050
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When Rh is a linear function described by Eq. (1), nS/u can
be calculated. In this superlattice, the anomalous Hall effect,
which is typically observed in the FM phase,37,38) seemed to
occur. In that case, Rh is described by

Rh / RHBZ þ RAM; ð3Þ
where the ordinary RH, anomalous RA Hall constants, and
magnetization M are parallel to the direction of BZ. The RA

depends subtly on a variety of material-specific parameters
and on RS in particular. Considering that the results of Rh vs
BZ can be fitted by a quadratic function quite well and that the
behavior of RS vs BZ is quadratic in Fig. 2, it is reasonable to
estimate nS/u using the coefficient of the linear term of the
fitted quadratic function for Rh. If the contribution from M to
Rh is large, Rh should be quadratic at 300K, but the result is

linear with respect to BZ, as shown in Fig. 3(a). Therefore, the
asymmetry behavior observed at all temperatures is primarily
caused by the first term in Eq. (3), and the second term M has
only a slight influence.

The Rh of the [CMO/BFO] and [CMO/LFO] superlattices
was not linear with respect to BZ even at high temperatures.
These behaviors were almost the same as those in Fig. 3(b).
The observation of the anomalous Hall effect indicates
the presence of FM interaction. The lowest temperatures at
which measurement could be carried out were 70 and 175K
for [CMO/BFO] and [CMO/LFO] superlattices, respec-
tively. In particular, the Rh of the [CMO/BFO] superlattice
displayed the asymmetric hysteresis as a function of BZ

below 125K. The nS/u and mobility was estimated in the
same manner.
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Fig. 2. Sheet resistance RS of the [CMO/BFMO] superlattice as a function of magnetic field perpendicular to the film surface. A quadratic behavior was
observed. A hysteresis appeared below 175K. Magnetoresistance switched from negative to positive at approximately 60K.
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Fig. 3. (Color online) Hall resistance Rh of the [CMO/BFMO] superlattice as a function of magnetic field perpendicular to the film surface. The red dashed
line indicates a fitting quadratic function. The linearly proportional behavior of Hall resistance with the magnetic field at 300K gradually changed to a quadratic
function. These results revealed the anomalous Hall effect.
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From the results in Figs. 1 and 3, Eqs. (1) and (2) were
used to calculate the number of carriers per unit cell and
mobility, respectively, as shown in Fig. 4. The units of
(cm2V¹1 s¹1) for mobility are used. The blue, red, and black
open circles indicate the nS/u, the left-side vertical axis, of
(a-1) [CMO/BFMO], (b-1) [CMO/BFO], and (c-1) [CMO/
LFO] superlattices, respectively. The closed circles (a-, b-,
and c-2) indicate the mobility of each superlattice. The colors
of the symbols are the same as those for nS/u.

In the case of the [CMO/BFMO] superlattice shown in
Figs. 4(a-1) and 4(a-2), nS/u monotonically decreased with
decreasing temperature to approximately 150K. Below this
temperature, where the hysteresis in both RS and Rh vs BZ

appeared, nS/u increased rapidly and then dropped suddenly
at TEg, where the crossover from negative MR to positive
MR was observed. The mobility slightly increased from 300
to 200K and then markedly decreased. Below 75K, mobility
was stable. In the case of the [CMO/BFO] superlattice shown
in Figs. 4(b-1) and 4(b-2), nS/u slightly increased from 225 to
150K, and then markedly dropped. The mobility linearly
decreased with decreasing temperature down to 100K, and
then became temperature-independent. Note that the hyster-
eses in both RS and Rh vs BZ as well as TEg appear at the
intermediate temperature for the drastic change in nS/u and
mobility. The nS/u of the [CMO/LFO] superlattice, as
shown in Fig. 4(c-1), showed a slight increase and dropped
similarly to that in the [CMO/BFMO] superlattice, shown in
Fig. 4(a-1). The mobility decreased monotonically from 300
to 175K, as shown in Fig. 4(c-2).

In general, carrier density decreases and mobility increases
in a semiconducting material as the temperature decreases.
However, around the temperatures at which the hysteresis in
both RS and Rh vs BZ and TEg appeared, the temperature
dependence of carrier density and mobility did not follow
this rule. The sudden drop in nS/u might be due to the trap in
the magnetic potential well of the FM region, which indicates
the decrease in the scattering time of the conduction

electrons. This is inconsistent with the appearance of the
positive MR due to the increase in scattering time, as shown
in Figs. 2(e) and 2(f ). It is speculated that the competition
between the increase and decrease in scattering time results in
the appearance of the positive MR. The important point
to explain the mobility behavior is the development and
reduction of spin scattering of a conducting carrier as tem-
perature decreases owing to the development of a magnetic
interaction, as demonstrated by the hysteresis. It is expected
that the Néel temperature, TN = 120K, of the CMO increases
probably owing to the proximity effect at the interface, so
that both FM and AFM interactions coexist at the temper-
atures where the mobility starts to drop. In the higher-
temperature region, the frustration of a localized spin induces
the decrease in scattering time. However, in the lower-
temperature region, the FM and AFM orderings are rigid,
resulting in the stability of the randomness of the molecular
magnetic field. This is the speculated mechanism for the
stable mobility in the lower-temperature region. Finally, in
these superlattices we prepared, a small amount of electron
transfer was realized probably owing to the cation intermix-
ing, not the polar/nonpolar discontinuity, at the interface.

4. Conclusions

The purpose of this study is to investigate the electron
transfer through the interface in the [CaMnO3/REMO3]
(RE = Bi, La M = Fe, Fe0.8Mn0.2) superlattices, which have
a polar/nonpolar discontinuity at the interface. To this end,
electric transport properties in-plain such as the sheet
resistance RS and the Hall resistance Rh as a function of
magnetic field and temperature were measured. The super-
lattices were grown on STO(001) substrates using the PLD
method. A cycle of [seven units CMO/seven units REMO3]
was carried out 14 times.

All the superlattices showed semiconducting behavior in
relation to the transition temperature TEg, at which the
activation energy Eg changed. The TEg values are 71, 127,
and 151K in the [CMO/BFMO], [CMO/BFO], and [CMO/
LFO] superlattices, respectively. The RS showed a quadratic
behavior as a function of BZ with a hysteresis below 175 and
125K in [CMO/BFMO] and [CMO/BFO] superlattices,
respectively. A positive MR was observed in the [CMO/
BFMO] superlattice below 50K. A weak FM interaction at
the interface is expected at room temperature owing to the
180° bonding of Fe3+(3d5)–O–Mn4+(3d4) at the interface.
With decreasing temperature, the FM interaction became
strong. Therefore, the formation of a magnetic polaron is
expected in the electron-doped CMO layer of the super-
lattices at TEg in the presence of the FM ordering. From the
results of Rh vs BZ, all superlattices showed an anomalous
Hall effect with a hysteresis below 150 and 125K in [CMO/
BFMO] and [CMO/BFO] superlattices, respectively.

The temperature dependence of the carrier density nS/u and
mobility did not follow the conventional rule. The sudden
drop of nS/u at TEg was observed in the [CMO/BFMO] and
[CMO/BFO] superlattices. It is expected that the conduction
electrons might be trapped in the magnetic potential well of
the FM region. This is inconsistent with the appearance of the
positive MR owing to the increase in the scattering time of
conduction electrons. The mobility also markedly dropped at
the temperatures where both the FM and AFM interactions
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Fig. 4. (Color online) Temperature dependence of the number of carriers
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calculated values of nS/u are for (a-1) [CMO/BFMO] (open blue circles),
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(a-1) [CMO/BFMO] and the (b-1) [CMO/BFO] superlattices.
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are expected to coexist. In the higher-temperature region, the
frustration of a localized spin induces a decrease in scattering
time. However, in the lower-temperature region, the FM
and AFM orderings are rigid, resulting in the stability of
the randomness of the molecular magnetic field. This is the
reason why the low but constant mobility was observed. We
consider that the electron transfer took place owing to the
cation intermixing, not to the polar/nonpolar discontinuity, at
the interface in the prepared superlattices.
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