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The possibility of switching the sign of the tunneling electrons’ spin polarization by an electric
field could introduce dramatic and technologically promising changes in the way spin transport is con-
trolled in spintronic devices. Recently, such switching was observed experimentally in Co/PbZr0.2Ti0.8O3

(PZT)/La0.7Sr0.3MnO3 multiferroic tunnel junctions. Using ab initio calculations, we identify a micro-
scopic mechanism that can explain this effect. Following an extensive search, we single out a Co/PZT-
interface atomic configuration, including an oxygen-related defect complex, which can account for the
experimental spin-polarization switching trend. For this configuration, we find that inversion of the PZT
ferroelectric polarization induces drastic reversible changes in the reactivity and chemical binding of the
interfacial O with Co. This ferroelectric-controllable reactivity of O leads virtually to an on-off switchable
O-Co hybridization and a swappable spin polarization in the PZT barrier.
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I. INTRODUCTION

Magnetic tunneling junctions (MTJs) with ferroelectric
(FE) barriers offer novel ways to control the spin-polarized
transport [1]. The insulating barrier is electrically switch-
able between two stable FE states, which, together with
two different magnetization alignments of the electrodes,
provides four nonvolatile resistivity states in these multi-
ferroic junctions [2]. Recently, a distinct, exciting prop-
erty was experimentally observed in the Co/PbZr0.2Ti0.8O3
(PZT)/La0.7Sr0.3MnO3 (LSMO) (001) MTJs at low tem-
perature [3]: the spin polarization of the tunneling elec-
trons could be reversibly inverted by switching of the
FE polarization of the PZT barrier, corresponding to a
change also of the sign of the tunnel magnetoresistance
(TMR). The reversible sign inversion was also reported in
subsequent experimental investigations of Co/PZT/LSMO
MTJs [4]. In La1−xSrxMnO3, x = 0.3 was chosen to
ensure robust ferromagnetism of LSMO [3]. Namely, the
value of x was chosen away from the critical values
x̄ = 0.18 and x̄ = 0.5 (corresponding to the boundaries
of the ferromagnetic metallic phase in the La1−xSrxMnO3
bulk phase diagram), for which a FE-induced magnetic
phase transition (or reconstruction) of LSMO at the inter-
face was experimentally reported for PZT/La1−x̄Srx̄MnO3
bilayers [5,6].

The ability to reversibly switch the tunneling car-
riers’ spin polarization with an electric field in the
Co/PZT/LSMO MTJ is a big step forward in the field of
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spin control, which on a more general basis could yield
important new opportunities for spintronic applications
[7,8]. It is a faster and energetically-more-favorable way
of controlling the spin direction of tunneling electrons
compared with magnetic switching, which requires large
electrical currents [7,8]. Precise knowledge, however, of
the microscopic mechanism behind the observed spin-
polarization switching effect is lacking and is important for
potential optimization, including upgrading the device to
room-temperature applications.

As LSMO is a half metal (used as an analyzer of the
carriers’ spin polarization in the low-temperature exper-
iment [3]), the FE switching of spin polarization in
Co/PZT/LSMO MTJs may be expected to occur at the
PZT/Co interface [3]. In the limit of a half-metal electrode
with a single bulk spin channel for its carriers, neglect-
ing spin-orbit coupling in the ballistic transport, clearly
even a magnetic reconstruction at its interface would not
change the sign of the TMR or of the carrier’s spin polar-
ization. Furthermore, on the basis of the analyzer spin-
polarized current, the spin polarization of the tunneling
electrons through the PZT barrier changed from negative
with respect to the bulk Co majority spin or magnetization
when the PZT FE polarization was pointing toward Co to
positive when the PZT FE polarization was pointing away
from Co.

Most recently, several theoretical first-principles
studies [9–12] have tried to account for this reversible
electrical switching of spin polarization in the PZT bar-
rier considering ideal defect-free Co/PZT(001) interfaces
with either PbO(001) or ZrxTi1−xO2-layer termination
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of PZT and nominal x = 0.2 concentration of Zr or
also with different x concentration of Zr at the inter-
face. Despite these efforts, the experimentally observed
switching has not been reproduced and, more impor-
tantly, its underlying mechanism remains unknown. For
the PZT FE polarization pointing toward Co, previous
calculations could account for the experimental nega-
tive spin polarization of the carriers in the barrier [10,
12], which is the natural tunneling trend considering
the negative spin polarization, Ps, of the Co electrode,
where Ps = [N+(EF) − N−(EF)]/[N+(EF) + N−(EF)], EF
is the Fermi energy, and N+(EF) is the majority-
spin (minority-spin) density of states (DOS) at the
Fermi energy. The case of opposite FE polarization,
however, requires inversion of the spin polarization
in the barrier with respect to the Co electrode (i.e.,
a Co/PZT-interface on-off spin-filtering effect, which
is turned on when the FE-polarization direction is
switched against Co), which has not yet been reproduced
theoretically [13].

Experimentally, the Co electrode on PZT is a polycrys-
talline film [3]. However, a recent Z-contrast transmission-
electron-microscopy (TEM) study indicated that the first
Co monolayer on the ZrxTi1−xO2-terminated PZT may be
pseudomorphic or have the same lateral periodicity as PZT,
at least on the scale of some tens of nanometers laterally
[4]. The exact local structural arrangements and chemical
composition at the interface are not available, however,
from the experiment. On the other hand, the presence of
oxygen defects, and in particular of oxygen vacancies, is
common for perovskite oxides and at metal/oxide inter-
faces, and has been reported also for PZT and at PZT/metal
interfaces [14–18].

In this study, using first-principles density-functional
calculations, we identify a possible mechanism explaining
the observed electrical switching of spin polarization. To
achieve this, we perform an extended screening of inter-
face configurations, including various types of defects at
the PZT/Co interface (intermixing, extra atoms, vacan-
cies, and layer substitution) and their variations. Of all the
types of configurations considered, only one reproduces
the experimentally observed spin-polarization switching.
This configuration is characterized by the presence of a
PZT-interface defect complex consisting of an oxygen
vacancy and oxygen interstitial pair, with the vacancy
in the ZrxTi1−xO2 interfacial plane and the O atom in
the interstitial PZT-Co region. The O defect complex
acts as a powerful FE-switchable spin filter. We find that
our inverting the PZT FE polarization virtually turns on
or off the reactivity strength of the interfacial O with
Co. This FE-controllable reactivity of the interfacial O
causes a drastic reversible change in the O-Co distance,
a switchable interface hybridization, and a swappable spin
polarization.

II. COMPUTATIONAL METHOD

All the structural and electronic properties are stud-
ied in the plane-wave pseudopotential formalism of
density-functional theory as implemented in the PWscf
package of the Quantum ESPRESSO distribution [19].
The calculations are performed within the generalized-
gradient approximation with the Perdew-Burke-Ernzerhof
parametrization for electronic exchange and correlation.
We use scalar-relativistic ultrasoft pseudopotentials [20]
including the nonlinear core correction to the exchange-
correlation potential [21]. Alloying is treated with the
virtual-crystal approximation for Ti and Zr atoms (here-
after called “TZ”) in PZT [12], which was previously
shown to yield values of structural parameters and dynam-
ical effective charges in complete agreement with the
calculations explicitly including the Ti and Zr atoms [22].

For our interface calculations we use slab geometries
in a supercell. As we are investigating a magnetoelectric
effect at the Co/PZT interface, we include only the PZT
semiconductor and Co electrode in our calculations per-
formed for a Co overlayer on a PZT(001) film. As in the
experiment PZT is grown as an epitaxial layer coherently
strained on a LSMO(001) film, we incorporate the strain-
ing effects of LSMO on PZT, without including the actual
LSMO slab. We considered the LSMO slab fully in a pre-
vious study of the band alignments in the Co/PZT/LSMO
trilayer [12], where we examined the chemically abrupt
defect-free TZO2-terminated Co/PZT(001) interface. Here
we use the latter interface as our starting (defect-free)
reference configuration. Experimentally [3], the LSMO
film was grown on a TiO2-terminated SrTiO3 substrate.
Assuming (for stability reasons) a PbO-TZO2 bilayer-
sequence growth of the PZT film, we thus consider
TZO2-terminated PZT on the Co side, consistent with the
Z-contrast transmission-electron-microscopy data [4].

All Co/PZT heterojunctions are modeled with com-
mensurate face-centered-cubic (fcc) Co(001)/PZT(001)
(1 × 1) interface atomic structures. The initial defect-
free atomic arrangement at the TZO2-terminated Co/PZT
(1 × 1) interface is adopted from the lowest-energy struc-
ture obtained for a very similar system of Co/SrTiO3 [23],
and was also used in our previous study [12]. The Co atoms
at the interface with PZT are placed at the same lateral
positions as the O atoms within the interfacial TiO2 layer.
The supercell for the initial structure consists of seven PZT
perovskite structural units (14 monolayers), seven atomic
layers of fcc Co(001), and approximately 30 Å of vacuum
separating the periodic images of the slab.

For the in-plane lattice constant of the PZT/Co junction,
we use the LSMO pseudo-cubic-lattice constant of 3.88 Å
[24]. The compressive strain on the pseudomorphic PZT
for this lattice constant is about 1.8% along [100] and [010]
relative to our optimized bulk PZT lattice parameter. The
tensile strain on Co, due to imposed pseudomorphism, is
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8.7% along [100] and [010] relative to the optimized Co
fcc structure.

Kinetic energy cutoffs of 35 and 350 Ry are used
for the expansion of the wavefunctions and augmented
charge density, respectively. We use a �-centered 14 ×
14 × 1 Monkhorst-Pack k-point mesh. A 0.01-Ry Gaus-
sian smearing of the electronic levels is used to improve
the k-space integration convergence. These parameter val-
ues are identical to those in our previous study [12] on the
defect-free Co/PZT/LSMO trilayer.

We refer to the FE polarization pointing toward Co as
the “up” polarization direction (P↑) and to the opposite
case as the “down” polarization direction (P↓). To set the
polarization (P↑/P↓), the displacements of the atoms corre-
sponding to the desired bulk FE polarization (Pbulk

↑ /Pbulk
↓ )

are fixed to the bulk value with c/a = 1.09 in three PZT
cells (six monolayers) at the vacuum interface. The rest of
the atoms are allowed to relax until the forces converge
to less than 10−3 Ry/bohr. In this way we recover more
than 97% of the PZT bulk FE-polarization displacements
for P↓ and more then 81% for P↑ in the relaxed lay-
ers starting from the second layer away from the Co/PZT
interface [25].

In our analysis, we take into account the fact that the
experimental spin-polarization reversal was observed for
rather thick barriers (32 Å) [3,4] and consider the limit
in which LSMO is a perfect half metal with a single
spin channel at (and near) EF . In this limit, we inves-
tigate the presence of a Co/PZT-interface spin-filtering
effect (when the FE polarization is switched from P↑ to
P↓) on the electronic states of the bilayer around EF
by examining their energy-resolved probability densities
[26] ρ̄+(−)(ε, z) integrated over a small energy window
around EF . The label + (−) stands for majority-spin
(minority-spin) states. We evaluate the planar-averaged
densities ρ̄+(−)(ε, z); however, the macroscopic averaged
densities ¯̄ρ+(−)(ε, z) [26,27] or the layer-averaged densi-
ties ρ+(−)(ε, n) [28] could have been used as well, yielding
the same spin-polarization trends for ρ̄+(ε, z)/ρ̄−(ε, z).
Within the framework of the generalized Julliere model
for the TMR of thick barriers [29], and assuming the spin-
polarized tunneling transport is dominated by the PZT
evanescent states with the largest decay length λl (the
same for two spin channels in the nonmagnetic PZT bar-
rier [28]; see also Fig. 2), the values ¯̄ρ(+,−)(EF , z), for z =
zPZT well within PZT, are measures of (approximatively
proportional to) the averaged generalized transmission
probability T+(−)e−2d/λl [29] across the Co/PZT interface,
with d = z − z0 the distance in PZT from the interface
position z0 (see Supplemental Material [30]). The ratio
T+/T− ≈ ¯̄ρ+(EF , zPZT)/ ¯̄ρ−(EF , zPZT) determines the effec-
tive spin polarization Peff of the metal/barrier interface that
enters the generalized Julliere model [29] for the TMR of
thick barriers (see also Supplemental Material [30]). With
a half metal as the second electrode, the resulting TMR

trends depend only on the effective spin polarization of the
Co/PZT interface.

III. RESULTS AND DISCUSSION

A. Atomic interface configuration

Starting from the abrupt Co/PZT interface, we consider
a large number of atomic interface configurations corre-
sponding to different types of defects: atomic intermixing,
adatoms, vacancies, and layer substitution. In particular,
we consider the effect of exchanged interfacial TZ and
Co atoms, of TZ and Co adatoms in both the TZO2 and
the interfacial Co plane, and of an extra O atom in the
interfacial Co plane with variations of their in-plane posi-
tions. Furthermore, we consider the effect of an interstitial
O between the Co and PZT films and the effect of an
O vacancy in the interfacial TZO2 layer, and we also
replace the interfacial Co layer by a CoO layer (know-
ing CoO is a layered antiferromagnet in the bulk) with
atomic sites in the (PbO) continuation of the PZT per-
ovskite structure [31]. Overall, the only atomic interface
configuration able to reproduce the experimental trend for
the spin-polarization switching is shown in Fig. 1 for both
FE polarizations and contains an O defect complex. With
respect to the abrupt TZO2-terminated PZT/Co interface,
in this configuration, one oxygen ion from the interfacial
TZO2 layer (per PZT 1 × 1 surface unit in our calcula-
tion) is taken away and placed in the interstitial Co-TZO2
region, with the same lateral coordinates as the TZ atom
(see Fig. 1) [32]. This extra (interstitial) O ion can also
be seen as a continuation of the PZT bulk structure, but
without the accompanying Pb atoms, which, for the bulk
structure, should be in the same plane. Overall, this defect
configuration represents a stable local energy minimum.

As can be seen from the side views of the interfa-
cial region in Figs. 1(c) and 1(d), the equilibrium atomic
geometries for the P↑ and P↓ polarizations are remarkably
different: there is a considerable separation between the
interstitial O and the interfacial Co plane (dCo-O = 1.3 Å)
in the case of P↑ [Fig. 1(c)], whereas for P↓ [Fig. 1(d)] this
distance is drastically reduced (to 0.6 Å), so the O atom
is almost entering the Co layer. For the FE polarization
pointing toward Co (P↑), the TZ atoms in the PZT slab
are moving toward Co and the O atoms are moving away
from Co. This results in an alternate sequence of long and
short O–TZ and TZ–O bonds perpendicular to the inter-
face, yielding a long (2.1-Å) O–TZ bond between the O
atom of the PbO layer and the interfacial TZ atom, and a
short (1.8-Å) TZ–O bond between the interfacial TZ and
the interstitial O [see Fig. 1(c)]. On the other hand, for the
FE polarization pointing away from Co (P↓), the O atoms
are moving toward Co, while the TZ atoms are moving
away from the Co plane [see Fig. 1(d)]. This inverts the
sequence of short and long O–TZ and TZ–O bonds, result-
ing in a short (1.8-Å) bond between the O of the PbO
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(a)

(c) (d)

(b)

FIG. 1. Side view of the Co/PZT(001) heterojunction in the
supercell for the two polarization states with polarization direc-
tions P↑ (a) and P↓ (b). With respect to the ideal, chemically
abrupt PZT-TZO2(001)-terminated Co/PZT interface, there is
one O atom missing in the interfacial TiO2 layer, which has been
placed closer to the interfacial Co plane. Each Co layer contains
two atoms per (1 × 1) surface cell of PZT. Enlarged side views
of the Co/PZT interface areas are shown for P↑ (c) and P↓ (d).
TZ denostes the Ti/Zr virtual atom. The equilibrium interfacial
Co-O interlayer distance as well as the successive O–TZ and
TZ–O distances along the O–TZ–O vertical bonds are indicated
in angstroms.

layer and the interfacial TZ, and a long (2.0-Å) bond of
the interstitial O with the interfacial TZ [see Fig. 1(d)].

The short (long) bond length of the interstitial O with
TZ is indicative of relatively strong (weak) chemical bind-
ing of the interstitial O to PZT in the P↑ (P↓) case. We
thus attribute the increased (decreased) O-Co separation
for P↑ (P↓) to the reduced (enhanced) ability of the O
atom to chemically bind to the Co layer, as a consequence
of the stronger (weaker) binding to PZT. In other words,
switching the polarization (P↑/P↓) changes the strength of

the O–TZ bond (stronger/weaker), which in turn changes
the reactivity (enhanced/decreased) of the interstitial
O with Co.

The FE-induced switchable reactivity of O is confirmed
by separate calculations we perform to evaluate the energy
of adsorption/binding of a single Co atom to the interstitial
O in the PZT slab (the same slab as in Fig. 1) with all the
PZT positions frozen as in the P↑ and P↓ cases. From these
calculations we find that in the P↓ case the binding energy
is larger by 1 eV than for the opposite polarization. More-
over, by calculating the difference in the binding energy
of the full Co slab with PZT for the two polarizations,
we similarly find that it is 2 eV larger per PZT (1 × 1)
surface unit (two Co surface atoms) for P↓, confirming a
major difference in the strength of the Co-O interaction for
P↑ and P↓. This indicates that changing of the FE polar-
ization can actually switch the strength of the interaction
between the interstitial O and Co atoms, serving virtually
as an on-off switch for hybridization. As we will see in the
next section, this switchable chemical interaction between
O and Co acts as a swappable spin filter, which for the P↓
FE polarization inverts the sign of the spin polarization Ps
in the barrier relative to the Co-electrode spin polarization.
As we will see, this occurs via reversal of the interstitial O
spin polarization.

The presence of the O vacancy in the TZO2 layer makes
the TZ atom more prone to interact with the interstitial O
than in the case without the vacancy. In one of our trial
configurations without the vacancy and with the intersti-
tial O atom between TZ and the Co layer, the distance,
for P↓, between TZ and the interstitial O increased to
2.2 Å and the O-Co distance decreases to 0.2 Å. The inter-
stitial O atom has the desired inverted spin polarization
but it fails to couple to the TZ atom in the neighboring
layer, which remains non-spin-polarized. The trial config-
uration consisting of only the O vacancy in the TZO2 plane
is the only one, besides the final one consisting of both
the O vacancy and the interstitial O, able to reproduce cor-
rectly the spin polarization for P↓ in the barrier. However,
it fails to reproduce even the right trend of the spin polar-
ization when the FE polarization is switched to P↑. In other
words, the O vacancy strengthens the interaction between
the interstitial O atom and the TZ atom, making it possible
to propagate the interstitial-O spin polarization to the bar-
rier. For this reason, the interstitial O may be viewed as a
“bridge” between the Co layer and the TZ atom.

B. Spin-polarization switching

The change of PZT FE polarization from P↑ to P↓
inverts the spin polarization of the evanescent metal-
induced gap states (MIGSs) in the PZT barrier at and near
EF with respect to the spin polarization of the Co elec-
trode (at and near EF ). This is shown spatially for the
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MIGSs in Fig. 2, where we present the planar average of
the probability density of the spin-polarized states of the
junction around EF integrated in an energy window from
−0.2 to 0.2 eV. The probability density is shown across
the Co/PZT interface for the two FE polarizations. The
aforementioned specific energy window is used just for
an accurate k-point convergence of the probability den-
sity (given the k grid used for the integration; see Sec. II),
but also for smaller windows the result does not change
qualitatively [33].

For small bias, the probability density in the barrier,
ρ(+,−)(EF , zPZT), of the stationary states (MIGSs) at EF (or
integrated in a related small energy window), as shown in
Fig. 2, is a sound quantity to discuss the trends of the con-
ductance within the generalized Julliere model [30,34]. In
the case of the P↑ polarization [Fig. 2(a)], the dominant
states are of minority spin polarization in the Co slab and
in the PZT barrier. In the P↓ case [Fig. 2(b)], the spin polar-
ization of the dominant states changes across the interface,
starting from the minority spin polarization in the Co layer
and then switching to the majority spin polarization at one
point between the O and TZ atoms. This trend for the
switching of the spin polarization from minority (negative)
to majority (positive) spin polarization by change of the FE
field from P↑ to P↓ is reflected in the TMR ratios from the
generalized Julliere model [34] and is consistent with the
experimental trend for the tunneling current [3].

For the P↑ case, in Fig. 2(a), one can notice a local
enhancement or shoulder in the MIGS probability den-
sity at or near the position of the interstitial O, in both
the majority channel and the minority channel. This cor-
responds to the spin-polarized states of the bridge O, as we
see later in this section, which for P↑ transmits the minor-
ity spin polarization of Co to the MIGSs in the barrier.
For the P↓ case, this local feature disappears and a major
spin-filtering effect is seen across the interface in Fig. 2(b),
when the interstitial O moves to a position very close to
Co. The probability density of the minority-spin MIGSs
drastically decreases in the PZT barrier, compared with the
majority-spin MIGSs, causing a threefold reduction of the
minority-spin probability density at the position of TZ rel-
ative to the majority-spin states. The evanescent/tunneling
states continue to carry the same positive spin polariza-
tion deep into the barrier, as can be seen in Fig. 2(b). In
the insets in Fig. 2 we also display the layer-resolved DOS
within the heterojunction in an energy window including
the PZT band gap. This shows that the spin-polarization
inversion occurs in an energy region of at least ±0.5 eV
around EF [35]. Moreover, it can be concluded from Fig. 2
and comparison with the defect-free case [12] that the
effect of the defect is very strong on the spin polarization
for both FE polarizations and that even a smaller defect
concentration would yield the correct spin polarization for
P↓ and would, actually, even improve the TMR agreement
with experiment [3] for P↑ and P↓ [36].

(a)

(b)

FIG. 2. Planar average of the probability density of the elec-
tronic states in the Co/PZT(001) heterojunction, integrated over
an energy of ±0.2 eV around the Fermi energy for (a) P↑ and (b)
P↓ polarization, demonstrating the switching of the tunneling-
state spin polarization on change of FE polarization (minority
spin for P↑ and majority spin for P↓). The positions of the PZT
layers are indicated by the Pb and TZ atoms and the interstitial O
on the horizontal axis. The insets show the spin-polarized layer-
resolved DOS (for simplicity, only two Co layers are shown),
where the upper (lower) half of each DOS layer represents the
majority-spin (minority-spin) states. Each DOS layer in PZT
(Co) corresponds to one PbO-TZO2 bilayer (one Co monolayer).

Comparison of the MIGS probability densities in PZT
for P↑ and P↓ in Figs. 2(a) and 2(b) shows that, apart from
the sign reversal of the spin polarization, there is also a
significant overall decrease (in both channels) of the proba-
bility density of the evanescent/tunneling states in the PZT
barrier on our changing the FE polarization from P↑ to P↓.
This trend is also consistent with the experimental trans-
port behavior [3], showing a substantial decrease (an order
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of magnitude or so) in the conductivity when the FE polar-
ization is switched from P↑ to P↓. The overall decrease in
the probability density of the PZT barrier states, from P↑
to P↓, in Fig. 2 is due to the change in the position of the
Fermi energy at the Co/PZT interface. EF moves from a
position relatively close to the PZT conduction-band edge,
for P↑, to a position deeper within the PZT band gap, for
P↓ (see the insets in Fig. 2). This change in the position
of the Fermi energy at the interface decreases the decay
length of the MIGSs at EF [12] and thus their probabil-
ity density within the PZT barrier. A similar behavior is
present at the defect-free Co/PZT(001) interface, although
no spin-polarization reversal occurs in that case [12].

To better understand the origin of the spin-polarization
switching, we investigate the effects of the change in the
FE polarization direction on the local density of states
(LDOS) of the atoms at the interface. In Fig. 3 we plot the
LDOS of the interfacial Co, O, (interstitial), and TZ atoms
for the two FE polarizations. Figure 3 shows that while for
P↑ O adopts the negative spin polarization of Co (i.e., has
a larger LDOS at EF in the minority channel), the change
to P↓ switches the O spin polarization to positive, with a
larger LDOS at EF in the majority-spin channel. The sign
of the O spin polarization (negative for P↑ and positive for
P↓) is then transferred to the LDOS at EF of the neighbor-
ing TZ atom (Fig. 3) and then further to the MIGSs deeper
in the PZT barrier, as observed in Fig. 2.

The reversal of the O spin polarization in Fig. 3 can be
understood as a consequence of the strong O-Co chemical
bonding/interaction, which is established (see Sec. III A)
when the FE polarization is switched from P↑ to P↓ (with
a striking decrease in the O-Co separation and a drastic
increase in the Co-PZT binding energy). The difference
between weak and strong O-Co chemical interaction or
hybridization, for P↑ and P↓, respectively, is apparent also
when we compare the O LDOS in Figs. 3(a) and 3(b),
both in the general features of the O p band and in the
more-detailed properties of the MIGS LDOS near EF . In
particular, with the strong Co-O interaction turned on (for
P↓), the O band overall significantly broadens (by about
1.5 eV), while displaying a strongly increased DOS at
the very bottom of the majority-spin and minority-spin
O band, as well as the occurrence of a significant exchange
splitting (approximately 0.5 eV) between the main feature
of the majority-spin and minority-spin band [37].

Furthermore, on examination of the O LDOS in the
energy region of the MIGSs in Figs. 3(a) and 3(b) (i.e.,
within the PZT band-gap range from −2.5 to 1 eV for
P↑ and from −2.0 to 1.5 eV for P↓ (see the insets in
Fig. 2), one also observes major differences between the
P↑ and P↓ cases. For P↑ (dCo-O = 1.8 Å), the O LDOS in
the PZT band-gap region mostly reproduces, with attenu-
ated intensities, the Co LDOS features. In particular, in the
majority-spin channel, the O MIGS-related p states sim-
ply match the tails (on the O side) of the Co low-density

(a)

(b)

FIG. 3. Spin-resolved local density of states of the interfacial
Co, O (bridge O), and TZ atoms in the Co/PZT(001) heterojunc-
tion for (a) P↑ and (b) P↓ polarization. To ease the viewing, the
LDOS of the bridge O is multiplied by 5. The upper (lower) half
of each DOS layer represents the majority-spin (minority-spin)
states. The orange arrow denotes the depletion in the LDOS of
the O p states.

s states around EF , leading to a low O LDOS near EF .
Analogously, in the minority-spin channel, the O MIGS-
related p states also essentially just match the tails of
the high-density Co d states around EF , resulting in a
higher O minority-spin LDOS than majority-spin LDOS
around EF , in Fig. 3(a). This behavior reflects a rather weak
Co-O interaction. For P↓ (dCo-O = 0.6 Å), on one hand
the closeness of Co and O causes the presence of more
MIGSs at the O position, increasing the overall O LDOS
within the PZT band gap, especially in the majority-spin
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channel. On the other hand, the decreased O-Co separa-
tion strongly increases the hybridization between the O p
states and the high-density Co d states in the minority-
spin channel. This causes a redistribution of the O p states
in antiphase with the LDOS of the Co minority-spin d
band, resulting in a striking O minority-spin LDOS deple-
tion in the energy region from −2.5 to 0.5 eV, shown
in orange in Fig. 3(b). Such behavior, deriving from a
strong hybridization, has been observed and analyzed also
in other systems, including oxide interfaces and 3d alloys
[38,39]. The enhancement of the Co(3d)-O(2p) interac-
tion for P↓ is thus responsible for the reduction of the O
minority-spin LDOS at EF , which is the reason why the
O spin polarization reverts to positive in this case. The
strength of the Co-O interaction emerging from the LDOS
behavior also confirms the picture of the virtual on-off FE
switching of the hybridization.

Thus, in our system we show that the spin-polarization
switching in the barrier occurs mainly because of the
change of reactivity of the interfacial O atom, governed
by the FE displacements, which in turn controls the O
hybridization with Co and determines the tunneling elec-
trons’ spin. This FE-controllable reactivity of the interfa-
cial O is a different dynamical mechanism to reversibly
swap the spin polarization by switching the hybridization
at the interface in comparison with previously described
methods to statically engineer the spin polarization by per-
manent modifications of the junctions (including chang-
ing the barrier material or growing ultrathin interfacial
layers) [40,41]. We also note that the mechanism based
on the activation of the interface O reactivity that we
uncover in this study differs in nature from the interface
magnetic-phase-transition mechanisms recently evidenced
at some metal/ferroelectric interfaces [5,6,42,43]. The lat-
ter account for a FE switching of the transition-metal
magnetization at these interfaces, as opposed to the rever-
sal of the spin polarization of the tunneling electrons in
the barrier (which is more difficult to achieve and has been
observed so far only in Co/PZT-based MTJs) [3,4]. At the
same time, the mechanism described here, based on the
FE-induced change in the reactivity of O and its ability
to chemically bind to the Co layer, is different in nature
from the electronic mechanism of the FE-induced TMR
inversion in Co/polyvinylidene fluoride/O/Co [44], where
the effect arises from a change in the screening of the
polarization charges.

We emphasize that for experimental realizations of the
ferroelectric spin-polarization switching, based on our pro-
posed mechanism, the choice of the second electrode in
the multiferroic tunnel junction is not limited to LSMO
used previously, but is actually rather wide, including all
half metals that are structurally and chemically compatible
with the PZT barrier. Possible candidates [3] include half-
metallic double perovskites, which might allow the effect
to be observed also at room temperature.

It is also interesting to note that a significant enhance-
ment of the barrier FE distortions, relative to the PZT FE
displacements, tends to decouple the interfacial O from
the Ti/Zr layer at the Co interface and reduce/suppress
the spin filtering effect for P↓ (see Supplemental Mate-
rial [30]). This may explain the absence of this effect in
Co/PbTiO3/LSMO MTJs [4].

IV. CONCLUSION

We present a first-principles study that reveals a possible
mechanism for the experimentally observed FE switching
of spin-polarization direction in the Co/PZT/LSMO MTJ.
Starting from the ideal, chemically abrupt Co/PZT inter-
face, we consider the effects of various types of defects and
identify an atomic interface configuration that accounts
for the experimental spin-polarization switching behavior.
This configuration includes an O vacancy in the TZO2
plane and an O atom placed in the interstitial position
closest to the interface with Co. Oxygen vacancies are
the most-often-encountered defects in oxides, and also
commonly form at metal/oxide interfaces. Our ab initio
calculations uncover a mechanism by which the interfa-
cial O atom, through the PZT FE displacements, changes
its reactivity and the strength of the chemical interaction
with the Co plane, causing on-off switching of the O-Co
hybridization. This process is responsible for the dynami-
cal FE-induced spin-filtering effect that we observe in this
study. In addition, the behavior of the probability density of
the barrier states at EF on switching of the FE polarization
at the same interface is also consistent with the observed
experimental FE resistive switching trend.
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IMAM, STOJIĆ, and BINGGELI PHYS. REV. APPLIED 11, 014028 (2019)

Jean-Marc Triscone, Magnetoelectric effects in complex
oxides with competing ground states, Adv. Mater. 21, 3470
(2009).

[6] Lu Jiang, Woo Seok Choi, Hyoungjeen Jeen, Shuai Dong,
Yunseok Kim, Myung-Geun Han, Yimei Zhu, Sergei V.
Kalinin, Elbio Dagotto, Takeshi Egami, and Ho Nyung Lee,
Tunneling electroresistance induced by interfacial phase
transitions in ultrathin oxide heterostructures, Nano Lett.
13, 5837 (2013).

[7] R. Ramesh, Ferroelectrics: A new spin on spintronics,
Nature Mater. 9, 380 (2010).

[8] V. Garcia, M. Bibes, L. Bocher, S. Valencia, F. Kronast,
A. Crassous, X. Moya, S. Enouz-Vedrenne, A. Gloter,
D. Imhoff, C. Deranlot, N. D. Mathur, S. Fusil, K. Bouze-
houane, and A. Barthélemy, Ferroelectric control of spin
polarization, Science 327, 1106 (2010).

[9] V. S. Borisov, S. Ostanin, I. V. Maznichenko, A.
Ernst, and I. Mertig, Magnetoelectric properties of the
Co/PbZrxTi1−xO3(001) interface studied from first princi-
ples, Phys. Rev. B 89, 054436 (2014).

[10] Vladislav S. Borisov, Sergey Ostanin, Steven Achilles, Jür-
gen Henk, and Ingrid Mertig, Spin-dependent transport in
a multiferroic tunnel junction: Theory for Co/PbTiO3/Co,
Phys. Rev. B 92, 075137-9 (2015), note and references
therein.).

[11] O. Vlašín, R. Jarrier, R. Arras, L. Calmels, B. Warot-
Fonrose, C. Marcelot, M. Jamet, P. Ohresser, F. Scheurer,
R. Hertel, G. Herranz, and S. Cherifi-Hertel, Interface
magnetoelectric coupling in Co/Pb(Zr, Ti)O3, ACS Appl.
Mater. Interfaces 8, 7553 (2016).
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