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Based on model calculations we predict a magnetoelectric tunneling electroresistance effect in multi-
ferroic tunnel junctions consisting of ferromagnetic electrodes and magnetoelectric antiferromagnetic
barriers. Switching of the antiferromagnetic order parameter in the barrier, in applied electric field
by means of the magnetoelectric coupling, leads to a substantial change of the resistance of the
junction. The effect is explained in terms of the switching of the orientations of local magneti-
zations at the barrier interfaces affecting the spin-dependent interface transmission probabilities.
Magnetoelectric multiferroic materials with finite ferroelectric polarization exhibit an enhanced re-
sistive change due to polarization-induced spin-dependent screening. These results suggest that
devices with active barriers based on single-phase magnetoelectric antiferromagnets represent an
alternative non-volatile memory concept.

PACS numbers: 85.75.-d, 75.85.+t,77.80.Fm, 73.40.Gk

I. I. INTRODUCTION

Modern spintronics applications, such as field sensing and
non-volatile information storage, rely on spin-dependent
tunneling in magnetic tunnel junctions (MTJ). The
MTJ consists of two ferromagnetic (FM) metal elec-
trodes separated by a thin nonmagnetic insulating bar-
rier. The tunneling current in MTJs depends on the rela-
tive orientation of the magnetizations in the electrodes, a
phenomenon known as the tunneling magnetoresistance
(TMR) effect [1]. The relative orientation between ad-
jacent magnetizations can be controlled by an external
magnetic field or a spin-polarized current [2, 3], and the
main role of the barrier is passive, to separate the mag-
netic electrodes.

An alternative approach to regulating the tunneling
current is the use of active barriers possessing internal
degrees of freedom that can be controlled separately from
the electrodes. In this context, ferroelectric (FE) insula-
tors have emerged as promising candidates for that pur-
pose [4, 5]. The resistive switching element of a FE tunnel
junction (FTJ) is a nm-thick FE barrier placed between
two non-magnetic metallic electrodes. Here, the electri-
cal resistance change occurs when the electric polariza-
tion of the FE barrier is reversed by the application of
an external electric field, which gives rise to the tunnel-
ing electroresistance (TER) effect [6–10]. If in addition
the electrodes are FM metals, the resulting multiferroic
tunnel junction (MFTJ) combines both TMR and TER
effects, leading to a four-state resistance device that can
be used for non-volatile high density memories [11–14].

In single-phase multiferroic (MF) materials the mag-
netic and ferroelectric orders coexist, which makes them
attractive for active barrier applications [15]. The mag-
netic order in the MF can be FM or antiferromagnetic
(AFM). Indeed, MFTJs with FM-MF barriers have al-
ready been proposed [16, 17], although the magnetization
in the barrier is simply used to replace one of the elec-

trodes. Moreover, there are very few FM-MFs and their
excessively low Curie temperatures make them unsuit-
able for practical applications. At the same time, there
are a number of AFM-MF materials with Néel tempera-
tures well above room temperature. These have not been
considered for applications because the AFM order pa-
rameter is unaffected by magnetic field. Nevertheless,
there is class of magnetoelectric (ME) AFM materials,
in which the ferroic orders are coupled [18, 19]. The ME
coupling can be used to switch the magnetic order pa-
rameter by means of an external electric field.

A relatively well-studied example is the prototypical
ME material chromia (Cr2O3), which exhibits AFM or-
der at room temperature with vanishing zero-field spon-
taneous polarization [20]. Room temperature ME switch-
ing of the AFM order parameter and consequently surface
magnetization of chromia have been demonstrated using
exchange-biased Cr2O3/FM interfaces in the presence of
a small symmetry-breaking magnetic field [21, 22]. Re-
cently, magnetization switching by electric field has also
been demonstrated in Co thin films exchange coupled
to Cr2O3 [23]. Moreover, resistance switching has been
observed in CrO2/Cr2O3 granular films at some critical
voltage, which is consistent with switching of the AFM
order in the Cr2O3 insulating layer between CrO2 crys-
tallites via the ME effect [24, 25].

Another example is the prototypical MF material bis-
muth ferrite (BiFeO3 or BFO). In the bulk, BFO is AFM
and FE, but the ME coupling is very small despite its siz-
able polarization. Nevertheless, in thin film form the ME
coupling increases. Indeed, electric field control of the
AFM domains in BFO thin films has been shown [26].
Recently, full electric isothermal control of the exchange
bias via the ME switching of the AFM order in BFO was
demonstrated at low temperature in BFO/FM structures
without the aid of external magnetic fields [27, 28]. While
ME switching of nm-size ME films is yet to be demon-
strated, epitaxial growth of ultrathin ME and MF films
is currently a very active and rapidly developing area of
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research [29].
Motivated by the aforementioned experimental find-

ings, in this paper we investigate MFTJs with active ME-
AFM or ME-MF (FE-AFM) barriers. We demonstrate
that the reversal of the AFM order parameter by applied
electric field yields a significant change of the tunneling
current, representing a ME-enabled TER effect whose
origin is markedly distinct from the screening of polar-
ization charges which yields the conventional TER effect.
This effect could be at the foundation of a different type
of non-volatile voltage-controlled memory element.

II. II. THEORETICAL MODEL

The MFTJ model examined here is illustrated in Fig. 1a.
It consists of two semi-infinite FM electrodes separated
by a thin ME-AFM or ME-MF (FE-AFM) insulating bar-
rier. The relative orientation of the magnetization in the
electrodes can be reversed from parallel (P) to antiparal-
lel (AP) by an applied magnetic field or by spin transfer
torque [2, 3] (Fig. 1b). The barrier has AFM order with
the local magnetic moments ferromagnetically coupled in
the plane and antiferromagnetically coupled between the
planes in the direction of the current. The AFM order
can be switched by applied electric field as depicted in
Fig. 1b. For the ME-MF barrier, we also assume a uni-
form spontaneous FE polarization perpendicular to the
planes [27]. The ferroic orders in the barrier are switched
simultaneously by means of an applied voltage pulse (Fig.
1b). From the point of view of our model, it is convenient
to think of the ME-AFM and ME-MF cases as identical
except for the magnitude of the polarization (zero and
finite respectively).

We calculate the tunneling current for the different
configurations of the order parameters in the MFTJ using
the fully non-collinear non-equilibrium Green’s function
(NEGF) formalism developed earlier to investigate the
transport properties of MFTJs with FE barriers [30, 31].
The electronic structure of the junction is modeled by
a single-orbital tight-binding Hamiltonian on a simple
cubic lattice in the standard (001) orientation. The lat-
tice constant a0 = 2.2 Å was chosen to be representative
of the mean distance between the antiferromagnetically
coupled layers in the barrier materials, namely chromia
and BFO.

For the electrode material we chose Fe as a typical FM
metal. Correspondingly the spin-dependent onsite ener-
gies for majority and minority spin channels are set to
ε↑ = 2.6 eV and ε↓ = 4.6 eV [31]. In the barrier we
aim at capturing qualitatively the essential features of
the electronic structure in AFM insulators such as chro-
mia and BFO [32, 33]. In both materials the band gap,
in the order of a couple of eV, appears between the occu-
pied and the unoccupied 3d orbitals of Cr or Fe respec-
tively. The spin-dependent on-site energies modeling the
empty conduction bands here are set at ε↑ = 6 eV and
ε↓ = 7 eV. We assume that this choice of on-site ener-

FIG. 1: (a) Schematic diagram of a MFTJ with an active ME-
AFM or ME-MF (FE-AFM) barrier. The magnetization MR

of the right lead is pinned along the +z direction whereas
the magnetization ML of the left lead can switch between
+z and −z (P and AP alignment). When ME-MF barriers
are considered, polarization screening takes place within the
darker shaded region of the electrode close to the interfaces.
(b) Schematic representation of the four configurations that
can be adopted by the MFTJ. A magnetic field H can reverse
the magnetization in the left lead. The coupled AFM order
parameter and polarization P (when it is present) of the bar-
rier can be switched simultaneously by an electric field E due
to the ME effect.

gies corresponds to a full valence band of majority-spin
states producing a net local magnetization pointing in
the −z direction. The Fermi level is thus placed close
to the middle of the band gap. The nearest-neighbor
hopping parameter and Fermi energy at equilibrium are
respectively t = −0.83 eV and EF = 0.0 eV in all regions.

The electrostatic potential across the MFTJ is deter-
mined in the presence of finite bias and FE polarization
by solving Poisson’s equation with the following bound-
ary conditions [6, 30, 31, 34]: (i) Constant chemical po-
tentials in the right and left electrodes which are shifted
by the applied bias V as eV = µR − µL. (ii) Thomas-
Fermi screening in the electrodes, where the screening
lengths λL/R are determined from the electronic struc-
ture. The screening takes place within a few layers from
the interface (shaded areas of Fig. 1a). (iii) Polarization-
induced bound charges at the interface ±σP = ±P . We
use a relative permittivity εr = 90 in the barrier. Chro-
mia exhibits no macroscopic polarization. For BFO we
chose P = 30 µC/cm2 which magnitude is representative
of perovskite FEs.

Finally the charge current density is calculated using
the Keldysh NEGF formalism [35]:
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′

i,j is the non-equilibrium Green’s function cor-
relating the atomic layers i and j. The trace is taken over
the spin indices σ and σ′ and the integration is performed
over the electron’s energy and transverse component of
the wave vector within the 2D Brillouin zone. All calcu-
lations are performed at room temperature.

III. III. RESULTS AND DISCUSSION

A. A. Compensated barriers with vanishing
polarization

First we examine the case of FM/ME-AFM/FM MFTJs
where the barrier has vanishing macroscopic polarization,
representative of the case of a chromia barrier. The crys-
tal structure of Cr2O3 consists of Cr-O-Cr trilayers in the
(0001) direction where the spins on the two Cr layers are
opposite and compensate each other [22]. Consequently
the number of magnetic layers in the barriers is always
even and the magnetizations at the two interfaces are op-
posite. Electric-field switching the AFM order parameter
in chromia requires a small symmetry-breaking magnetic
field H to be applied along with the driving electric field
E [21, 22]. However, for ultrathin ME layers the stray
magnetic field of the adjacent pinned layer could be suf-
ficient for that purpose [36].

We calculate the I-V curves for the four different
configurations shown in Fig. 1b. As a measure of
the resistance change, following the ME switching of
the AFM order parameter in the barrier for a particu-
lar orientation of the magnetizations in the electrodes,
we define the ME-TER effect as follows: ME-TER =
(I↑..↓ − I↓..↑)/(I↑..↓ + I↓..↑), where the arrows denote the
AFM order in the barrier (Fig. 1b).

In Fig. 2 the bias dependence of ME-TER for P and
AP orientations of the magnetizations in the leads is plot-
ted for barriers containing 2, 4, 6, or 8 magnetic lay-
ers. We find that all junctions exhibit ME-TER at finite
bias. In the P configuration the ME-TER effect is rather
small, less than 2%. Due to the symmetries of the junc-
tion, I↑..↓(−V) = −I↓..↑(V) and I↓..↑(−V) = I↑..↓(V).
Therefore, ME-TER is an odd function of the bias, pass-
ing through the origin at zero voltage. In contrast, the
AP configuration shows very substantial ME-TER val-
ues. In this case, I↑..↓(−V) = −I↑..↓(V) and I↓..↑(−V) =
I↓..↑(V), hence the ME-TER is an even function of the
bias. It does not vanish at zero voltage, but similarly
to the P case it increases fairly weakly with the abso-
lute value of the applied bias. The thickness dependence
is also very weak, which indicates that for compensated
barriers ME-TER is an interfacial effect.

Since the barrier exhibits no net magnetization and no
FE polarization, the conventional TER and spin filter-

FIG. 2: ME-TER as a function of the bias applied to MFTJs
with P (top) and AP (bottom) alignment of the FM elec-
trodes. The number of magnetic layers in the barrier is even
and varies from 2 to 8 monolayers (0.44 to 1.76 nm).

ing effects are excluded as the origin of the resistance
changes. The effect can be understood in terms of in-
terface transmission probabilities [37–39]. If the barrier
is sufficiently thick the transmission probability can be
written as T (E,k‖) = tLexp[−2κd]tR, where κ is the
lowest decay rate for the carriers in the barrier, d is the
barrier thickness, and tL/R are the interface transmission
functions (ITFs). ITFs can be interpreted as an induced
electrode DOS in the barrier. In the P configuration
the alignment of local magnetizations at the interfaces
is ↑|↑...↓|↑ or ↑|↓...↑|↑. In both cases the transmission is
proportional to t↑↑t↑↓ which makes the currents for the
two barrier configurations very similar, leading to a low
ME-TER. On the other hand, the magnetization align-
ment at the interfaces in the AP configuration is ↓|↑...↓|↑
or ↓|↓...↑|↑. In the first case the transmission is propor-
tional to (t↓↑)2 while in the second is proportional to
(t↑↑)2. Due to the wavefunction mismatch for the two
spins we expect that |t↓↑| 6= |t↑↑|, which causes the cur-
rent in one of the configurations to be higher than the
other and correspondingly produces a sizeable ME-TER
effect.

Thus we find that MFTJs with ME-AFM barriers ex-
hibit a different kind of electroresistance effect, where the
resistance changes purely in response to the switching of
the AFM order parameter by electric field via the ME
coupling. Despite the fact that the barrier does not have
a net magnetization, the switching of the interface mag-
netization is sufficient to produce a marked difference in
the resistance. Moreover, we find a very large tunability
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of the ME-TER effect. By switching the mutual orienta-
tion of the magnetizations in the electrodes from AP to
P the ME-TER effect can be essentially turned on and
off.

FIG. 3: TMR in MFTJs at zero bias as a function of the
barrier thickness d. The magnetization in the left electrode
is fixed in the +z direction. The barrier has two distinct
magnetic configurations: with the local magnetic moment at
the left interface in the +z or in the −z direction respectively.
The polarization is set to zero.

Conversely, the magnetization switching in
the electrodes is associated with the conven-
tional TMR effect, which can be defined as
TMR =

(
IP − IAP

)
/
(
IP + IAP

)
, where IP/AP

designates the current for the P/AP configuration. In
Fig. 3 the dependence of TMR on the thickness of
the AFM barrier is shown at zero bias. There are
four possible magnetic configurations which can be
produced by switching the AFM order in the barrier
and the magnetic configurations of the electrodes. The
P configuration of the electrodes results in equivalent
magnetic arrangements for the two AFM states of the
barrier, i.e., ↑|↓...↑|↑ and ↑|↑...↓|↑. On the contrary, the
AP configuration allows for two distinct magnetic align-
ments, ↓|↓...↑|↑ and ↓|↑...↓|↑. Hence, IP is unaffected
by the AFM order switching, but IAP is different for
the two AFM states. Consequently the TMR values fall
on two distinct curves between which the junction can
be switched by applied electric field (Fig. 3). The plot
shows quite substantial tunability of TMR by electric
switching of the AFM order parameter in the barrier.
The coexistence of TMR and ME-TER effects could
enable a four-resistive-state functionality for memory
applications.

Based on these results, we point out that the charac-
teristic features of the ME-TER effect may have already
been experimentally observed in CrO2/Cr2O3/CrO2

junctions [24, 25]. Indeed, the work reported in Ref. [24]
demonstrates resistive switching at a threshold voltage
applied to CrO2/Cr2O3 granular films where 1-2 nm insu-

lating layers of Cr2O3 form spontaneously between CrO2

FM crystallites. The resulting hysteretic behaviour of
the I-V curves was originally ascribed to current-induced
switching phenomena, however, the temperature interval
in which the effect is present suggests that it is rather
associated with ME switching of the chromia AFM order
[25]. Moreover, the bistable conductance at zero-bias, the
voltage threshold (necessary for the AFM order parame-
ter reversal), and the effect cancellation in the presence
of an applied magnetic field (which likely aligns the mag-
netizations of the CrO2 crystals in a P configuration), all
point to the ME-TER effect.

B. B. Compensated barriers with finite
polarization

Next we consider FM/ME-MF/FM MFTJs with a bar-
rier exhibiting AFM order and finite FE polarization,
representative of the case of BFO. Due to the polar-
ization, the application of an auxiliary magnetic field is
not necessary for switching the AFM order in BFO [40].
We assume compensated magnetization in the barrier,
i.e., even number of magnetic layers. The TER effect is
now associated with the simultaneous switching of the
AFM order parameter and the FE polarization direc-
tion: TER = (I→,↑..↓− I←,↓..↑)/(I→,↑..↓+ I←,↓..↑), where
the horizontal arrows indicate the polarization direction
and the vertical the magnetic order in the barrier (Fig.
1b). This represents a generalized electroresistance effect
which encapsulates both the ME-TER effect associated
with the AFM order switching described earlier and the
conventional or FE-TER effect associated with the po-
larization switching [5].

The bias behavior of the TER for P and AP orien-
tations of the magnetizations in the electrodes is shown
in Fig. 4. In the P configuration, the TER is much
larger than the ME-TER effect alone. In this configu-
ration both FE-TER and ME-TER have the same par-
ity with respect to voltage, which preserves the shape of
the graph and the two effects add constructively. The
strong thickness dependence of the FE-TER (not shown)
explains the increasing values of TER with the number
of magnetic layers, compared to the thickness-insensitive
ME-TER (Fig. 2).

Polarization screening gives the dominant contribution
to the bias dependence in the AP configuration as well
(Fig. 4). The resulting graph is essentially the superpo-
sition of the two effects, where the monotonous bias de-
pendence is due to the conventional polarization screen-
ing contribution, whereas the offset at zero bias is due
to the AFM order switching. The bias asymmetry comes
from the different parity of the two effects, even for ME-
TER and odd for FE-TER. The generalized TER effect
shows lower tunability than ME-TER with switching the
magnetic configuration in the electrodes, due to the con-
tribution of the FE-TER effect. Thus for materials with
finite polarization the on and off toggling, by switching
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FIG. 4: Bias dependence of TER in MFTJ with P (top) and
AP (bottom) alignment of the FM electrodes. The number
of magnetic layers in the barrier is even and varies from 2 to
8 monolayers. The FE polarization is set to P = 30 µC/cm2.

the magnetic configuration in the electrodes, can only
be achieved at low bias. This feature could be used in
magneto-transport measurements to experimentally de-
tect the trace of ME-TER effect.

C. C. Uncompensated barriers with vanishing
polarization

The structure of chromia is such that the Cr layers come
in pairs and there is no net magnetization in the bar-
rier. However, in the case of perovskite ME-MFs, such
as BFO, it may be also feasible to grow an odd num-
ber of unit cells producing an uncompensated magnetic
moment in the barrier. For this reason we consider ME
barriers with an odd number of magnetic layers. In or-
der to decouple the different contributions to the TER
effect, first we study the case of vanishing FE polariza-
tion in the barrier. The bias dependence of the ME-TER
effect for the corresponding MFTJ is shown in Fig. 5.
The main difference from the compensated barrier case
(Fig. 2) is that the parity of the P and AP configurations
is interchanged. The reason is that for an odd number
of magnetic layers the interface magnetic moments are
parallel, instead of antiparallel, which interchanges the
symmetry of the P and AP configurations. ME-TER is
an odd function of the bias in the AP configuration pass-
ing through the origin at zero bias, and an even function
in the P configuration displaying a finite value at zero
voltage. Switching of the AFM order parameter in the
AP configuration produces two equivalent states, ↓|↑...↑|↑

FIG. 5: Bias dependence of ME-TER in MFTJs with P (top)
and AP (bottom) alignment of the FM electrodes. The num-
ber of magnetic layers in the barrier is odd and ranges from
3 to 9 monolayers. The FE polarization is set to zero.

and ↓|↓...↓|↑. On the contrary, in the P configuration the
ME switching implies a transition between two distinct
states, ↑|↑...↑|↑ and ↑|↓...↓|↑, which is associated with
a considerable change in the resistance and higher ME-
TER values.

Another difference, in comparison with the compen-
sated barrier case, is the more pronounced dependence
of ME-TER on the barrier thickness. The values of ME-
TER increase with the number of magnetic layers (Fig.
5), which suggests that the effect is not purely interfa-
cial. Due to the lack of polarization, this effect can only
be attributed to spin filtering in the bulk of the barrier
due to the non-zero net magnetization. This also leads to
stronger dependence of the ME-TER effect on the bias.

D. D. Uncompensated barriers with finite
polarization

Finally, we consider uncompensated ME-MF barriers ex-
hibiting both AFM and FE orders. The voltage behavior
of the TER for the corresponding MFTJs is plotted in
Fig. 6. The graphs can again be interpreted as a result of
the superposition of the ME-TER effect associated with
AFM order switching and the conventional FE-TER ef-
fect due to the screening of polarization charges in the
electrodes, except that in this case the additional effect
of spin filtering is evident from the thickness dependence
of TER. The ME-TER and FE-TER effects in the P con-
figuration have opposite parity, breaking the symmetry
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FIG. 6: Bias dependence of TER in MFTJs with P (top) and
AP (bottom) alignment of the FM electrodes. The number of
magnetic layers in the uncompensated barriers varies from 3
to 9 monolayers. The FE polarization is set to P = 30µC/cm2.

of the TER curve.

IV. IV. SUMMARY AND CONCLUSIONS

We predict the existence of a ME-TER effect in MFTJs
with ME-AFM barriers, arising from the switching of

the AFM order parameter with applied electric field by
means of the ME coupling. The effect is highly tun-
able and it can be effectively turned on and off by an
applied magnetic field. In ME-MF barriers with non-
vanishing FE polarization, we find a generalized TER ef-
fect which is a superposition of the ME-TER effect, due
to the AFM order switching, and the conventional FE-
TER effect, due to polarization screening. The electric-
field control of the resistance in MFTJs provides a mostly
dissipationless alternative to conventional TMR devices
where high currents are required both for magnetic-field-
and spin-torque-induced magnetization switching. Fur-
thermore, electric-field switching of the AFM order pa-
rameter in ME-AFM barriers offers a means to control
the exchange coupling to adjacent FM electrodes. Hence,
magnetization reversal of FM electrodes could be assisted
by applied voltage, leading to lower power consumption,
which is an added advantage over FE-TER and conven-
tional TMR devices with passive barriers. Based on these
results we expect that single-phase ME-AFM and ME-
MF (FE-AFM) materials, when used as active barriers
in MFTJs, could be conducive to novel non-volatile re-
sistive memory concepts.
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