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ABSTRACT: Employing first-principles electronic structure calcu-
lations, we investigate the thermodynamic stability, magnetization,
and magnetic anisotropy energy (MAE) at the interface between the
ultrathin Fe(001) and PbTiO3(001) (PTO) layers. Herein we
demonstrate the ferroelectric polarization driven magnetization
reorientation at the Fe/PTO interface. Changes in energy levels of
the strong spin−orbit coupled Fe 3d and Pb 6p orbital states under
the reversible ferroelectric polarization of Ti displacement are
responsible for the magnetization reorientation at the Fe/PTO
interface. Furthermore, we reveal that magnetization reversal persists
for Fe-film thicknesses of >1 nm and even under a practically
achievable strain of 1%. The present study provides a viable route
for achieving the electric-field-only manipulation of magnetization
switching in magnetoelectric spintronics.

■ INTRODUCTION

Exploration for epitaxial atomistic interfaces that exhibit
physical properties not found in their constituent materials
dates back a few decades. One of the most profound cases is
the magnetoelectric coupling that occurs at the interface
between the ferroelectric (FE) and magnetic (ferromagnetic,
FM, and antiferromagnetic, AFM) layers owing to the interplay
between charge and spin degrees of freedom. Ab initio studies
reported that the interfaces between the BaTiO3 or SrTiO3 and
Fe or FeRh layers can exhibit an electric polarization reversal
induced change in magnetism and magnetocrystalline aniso-
tropy (MCA).1−3 These phenomena have provided a new
concept in the research area of electric-field control of
magnetism, which o3ers a viable path to electrically
addressable magnetic memories in spintronics.4,5 Nevertheless,
the recent development of magnetoelectric memory technol-
ogies requires a breakthrough leading to the electrical
switching of magnetization in the absence of a magnetic-field
or spin-transfer torque e3ect (STT).6 An ideal FM/FE
interface that can fulfill this prerequisite has been exceptionally
uncommon. The main obstacle, despite many research
e3orts,7−10 is commonly regarded as a relatively weak
magnetoelectric e3ect, which is insu9cient to overcome the
energy barrier to reorient magnetic moments, i.e., magnetic
anisotropy energy (MAE). Recently, the adoption of highly
polarized ferroelectrics, mainly PbTiO3 based materials, is
shown to enhance the strength of magnetoelectric cou-
pling.11−13

In this paper, using density functional theory (DFT)
calculations, we explore the possibility of the magnetization
switching at the Fe/PbTiO3 (or Fe/PTO) interface by means
of the ferroelectric polarization. The reversible polarization of
the Ti displacement alters energy levels of the strong spin−
orbit coupled Fe 3d and Pb 6p orbital states at the Fe/PTO
interface, which in turn leads to the magnetization
reorientation. It is further predicted that this magnetization
reorientation persists under a practically achievable strain of
1% but is limited to a certain film thickness of Fe layers, which
is determined by the competition between the MCA and shape
anisotropy (Ks) contributions to MAE. Moreover, density
functional perturbation theory (DFPT) simulations demon-
strate that the Fe/PTO interface is thermodynamically stable.

■ COMPUTATIONAL METHODS

The DFT and DFPT simulations were performed using the
Vienna ab initio simulation package (VASP)14,15 version 5.4.4.
Exchange−correlation functional is treated with the general-
ized gradient approximation (GGA) by Perdew, Burke, and
Ernzerhof (PBE).16 Our model geometries consist of 2−6
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atomic layers (n) of Fe films deposited on the 9 unit cell (uc)
of PTO (BaTiO3 or BTO) and a vacuum region no less than
12 Å along the z axis. Figure 1a shows the schematic interface
between the Fe and the PTO layers. We adapted an in-plane
lattice parameter of Fe/PTO supercell to the optimized lattice
constant (3.845 Å) of bulk PTO, where the lattice mismatch
with Fe (∼4%) is comparable to an experimental value of
3.68%.17 There is no lattice mismatch between the Fe and
BTO layers; the optimized lattice constant (4.00 Å) of bulk
BTO agrees well with the experimental value of 4.00 Å.18 For
both Fe/PTO and Fe/BTO, Fe atoms are favored on top of
the O sites at the TiO2 interface, in agreement with an
experiment.19 Ionic positions of all Fe atoms and 4 uc layers of
PTO (BTO) next to the interface were fully relaxed while the
bottommost 5 uc layers were kept fixed with their bulk
polarization in the negative (P↓) and positive z directions (P↑)
to retain ferroelectricity (Figure 1a).20 An energy cuto3 of 500
eV and a 11 × 11 × 1 k point mesh were imposed for the ionic
relaxation, where the forces acting on each atom were less than
10−2 eV/Å. The MCA is calculated based on the total energy
di3erence when the magnetization directions are in the xy
plane (E∥) and along the z axis (E⊥), MCA = (E∥ − E⊥)/A,
where A is the area of the interface. To obtain reliable values of
MCA, the Gaussian smearing method with a smaller smearing
of 0.05 and dense k points of 25 × 25 × 1 were used in
noncollinear calculations, where the spin−orbit coupling
(SOC) term was included using the second-variation method
employing the scalar-relativistic eigenfunctions of the valence
states.21 The surface shape anisotropy Ks is determined from
Bruno’s expression, Ks = −(1/2)MvMs,

22 where Mv is the bulk
magnetization per unit volume and Ms is the sum of excess
surface magnetization per unit area for each layer. Phonon

dispersion and thermodynamic properties were carried out by
using the PHONOPY code23 within the harmonic approx-
imation in the DFPT scheme.24 For the phonon calculations,
we employed a 2 × 2 lateral supercell and a 3 × 3 × 1 k-point
mesh in the interpolation of force constant matrices.

■ RESULTS AND DISCUSSION

In order for Fe/PTO to be practical, we first inspect the
thermodynamic stability at the Fe/PTO interface. The
Helmholtz free energy can be written as F(T, V) = E0(V) +
Fel(T, V) + Fvib(T, V), where E0(V) is the zero-temperature
total energy of the system and Fel(T, V) and Fvib(T, V) are the
electronic and vibrational contributions of the free energy,
respectively. The vibrational contribution to the free energy is
described by Fvib(T, V) = U(T, V) − TS(T, V), where U(T, V)
is the internal energy of the lattice including zero point
vibrations and S(T, V) is the entropy of the system. The
thermodynamic stability of the Fe/PTO bilayer against
decomposition into the Fe and PTO component layers can
be described mainly by the change in the vibrational free
energy:25,26 ΔFvib(P,V)=Fvib

Fe/PTO(T,V) − Fvib
Fe (T,V) −

Fvib
PTO(T,V), where Fvib

Fe/PTO(T,V), Fvib
Fe (T,V), and Fvib

PTO(T,V)
are the vibrational free energies of the Fe/PTO, Fe, and PTO
layers, respectively.
In Figure 1b we present the phonon density of states

(PHDOS) of the Fe atom at the Fe/PTO interface in
comparison with bulk Fe. In the phonon calculations (which
are computationally expensive), only the 2 uc PTO and no
reversible ferroelectric polarization e3ects are taken into
account, which we believe do not change explicitly our
conclusion on the interface stability. Note that here and
hereafter our results correspond to those for Fe-film thickness

Figure 1. (a) Schematic atomic structures representing the Fe/PTO interface for the ferroelectric polarization down (left) and polarization up
(right), where only the interface (I) Fe and PTO layers are shown. Brown, gray, blue, and red spheres represent the Fe, Pb, Ti, and O atoms,
respectively. (b) Phonon density of states (PHDOS) of the Fe atom at the Fe/PTO interface. For comparison, the same for bulk Fe is also shown
in the dotted line. (c) Free energy contributions of Fel(T, V) and Fvib(T, V) and (d) ΔFel(T, V) and ΔFvib(T, V) as a function of temperature. In
(c), we present the same for Fe and PTO layers for comparison. In (d), ΔU(T, V) and TΔS(T, V) are also shown.
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of 5 atomic layers (n = 5), unless specifically mentioned. As
shown in Figure 1b, the interface Fe exhibits lower vibrational
frequencies compared with those in bulk Fe, which is
associated with the reduced number of Fe−Fe bonds.27

Nevertheless, no imaginary frequency modes exist in the
phonon dispersion. A similar finding is reported in previous
Fe(001)-film calculations.27,28

Figure 1c shows the free energy contributions of Fel(T, V)
and Fvib(T, V) as a function of temperature for the Fe/PTO,
Fe, and PTO layers. The temperature dependent ΔFel(T, V)
and ΔFvib(T, V) values along with ΔU(T, V) and TΔS(T, V)
values are also plotted in Figure 1d. In the temperature-
dependent free energy calculations, the in-plane lattice
parameter of the Fe/PTO structure is kept fixed at its
optimized value obtained from the DFT calculations. Both
F(T, V) and ΔF(T, V) are mainly accounted for by the
vibrational contribution, while the electronic contribution is
insignificant. As a generic for all systems, Fvib(T, V) decreases
as temperature increases, where Fvib(T, V) values of Fe layers
are lower compared with those for the other two compounds
throughout the temperature range owing to the good thermal
stability of Fe films. The computed ΔF(T, V) value of the Fe/
PTO interface is approximately −7.4 kJ mol−1 (or −0.08 eV
atom−1) at 0 K and decreases further with the temperature
associated with ΔFvib(T, V) (solid line in Figure 1d). Hence,
the Fe/PTO interface is predicted to be thermodynamically
stable. We expect a similar finding at the Fe/BTO interface.
Table 1 shows the relative displacements of the Fe, Ti, and

Pb/Ba atoms with respect to the O-plane at the interface for
ferroelectric polarization pointing down P↓ and pointing up P↑
toward the Fe layers. For P↓, while the magnitude of Ti−O
spacing almost remains the same as that of 0.52 (0.18 Å) in
bulk PTO (BTO), Ti−O displacement is significantly reduced
for P↑ due to the presence of the Fe overlayers. The similar
phenomenon is also found for Pb/Ba−O displacement. Here,
P↓ or P↑ is determined by the sign of Ti−O (same for Pb/Ba−
O) separation, where positive (negative) Ti−O indicates the
Ti displacement toward (away from) Fe. The optimized Fe−O
at the Fe/PTO interface alters from 1.89 to 2.07 Å upon the
polarization reversal, while the corresponding Fe−O displace-
ment at the Fe/BTO interface is insignificant (from 1.93 to

1.92 Å). The former value is notably smaller than that (2.145
Å) in bulk FeO.29 Thus, for P↓, substantial interface e3ects of
the electric depolarization1−3,8,30 and orbital hybridization
between the Fe 3d and O 2p states31,32 are expected, as
addressed in the following paragraphs.
In Table 1 we present the absolute values of the calculated

local polarization along the z axis (Pz) at the interface for Fe/
PTO and Fe/BTO, respectively, in comparison with the
present theoretical and experimental values of bulk PTO and
BTO.33,34 The Berry phase approach is adopted for
determining the electronic contribution to the polarization.35

For bulk PTO and BTO, the overall agreement between the
present theory and experiments is satisfactory; Pz = 88.7 and
83 μC cm−2 for PTO and Pz = 28.9 and 26 μC cm−2 for BTO,
respectively. For both Fe/PTO and Fe/BTO, the interfacial
local polarization is asymmetric under polarization switching
due to the broken crystal inversion symmetry, associated with
Ti−O and Pb/Ba−O displacements, and is smaller than that of
the bulk (or center layers), particularly for P↑. The interface
polarizations of Fe/PTO are 0.50 μC cm−2 for P↓ and 0.32 μC
cm−2 for P↑, which are roughly three times larger than those
(0.16 and 0.07 μC cm−2) of Fe/BTO.
Significance of the magnetoelectric coupling is justified with

changes in the magnetic moment (ΔM) and relative charge
(ΔQ) with respect to the nominal charge upon the
ferroelectric polarization reversal. The nominal charges of the
Fe, Ti, Pb/Ba, and O atoms in their ground state phases are 8,
4, 2/8, and 6 e, respectively. The absolute values of the
interface magnetic moment and charge are given in Table 2.
The calculated ΔM and ΔQ are more notable in Fe/PTO than
in Fe/BTO: ΔM(Fe) = 0.39 vs 0.15 μB, ΔM(Ti) = 0.58 vs 0.62
μB, ΔM(Pb/Ba) = −0.02 vs 0 μB, and ΔM(O) = 0.05 vs 0.02
μB; ΔQ(Fe) = −0.37 vs −0.1 e, ΔQ(Ti) = −0.32 vs −0.18 e,
ΔQ(Pb/Ba) = −0.22 vs −0.01 e, and ΔQ(O) = −0.18 vs
−0.02 e. For both Fe/PTO and Fe/BTO, those at the other
sites away from the interface are negligible. The underlying
mechanism for the electric-field induced changes in magnetism
has been well established by previous studies in connection
with the charge screening and orbital hybridization e3ects at
the interface.1,7−10

Table 1. Relative Displacements (Å) of the Fe, Ti, and Pb/Ba Atoms with Respect to the O-Plane and the Polarization Pz (μC
cm−2) along the z Axis at the Fe/PTO and Fe/BTO Interfaces (n = 5) and in Bulk PTO and BTO for the Ferroelectric
Polarization Down P↓ and Polarization Up P↑

a

Fe−O Ti−O Pb/Ba−O Pz (present)

P↓ P↑ P↓ P↑ P↓ P↑ P↓ P↑ Pz (exp)

Fe/PTO 1.89 2.07 −0.50 0.32 −0.83 0.63 84.5 59.2

bulk PTO −0.52 0.52 −0.88 0.88 88.7 88.7 83b

Fe/BTO 1.93 1.92 −0.17 0.08 −0.18 0.11 24.4 12.5

bulk BTO −0.18 0.18 −0.19 0.19 28.9 28.9 26c

aFor comparison, we also show the experimental results of Pz for PTO and BTO.33,34 bReference 33. cReference 34.

Table 2. Calculated Magnetic Moment (μB) and Relative Charge with Respect to the Nominal Charge (e) of the Fe, Ti, Pb/Ba,
and O Atoms at the Fe/PTO and Fe/BTO Interfaces for the Ferroelectric Polarization Down P↓ and Polarization Up P↑

magnetic moment charge

Fe Ti Pb/Ba O Fe Ti Pb/Ba O

Fe/PTO P↓ 2.85 0.04 0.00 0.08 −0.43 −2.51 0.13 1.30

P↑ 2.46 −0.54 0.02 0.03 −0.06 −2.19 0.35 1.48

Fe/BTO P↓ 2.76 0.02 0.00 0.07 −0.34 −2.41 0.44 1.38

P↑ 2.61 −0.60 0.00 0.05 −0.24 −2.23 0.45 1.40
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To understand the polarization reversal induced change in
magnetism, we show the partial electronic density of states
(PDOS) of the Fe 3d-orbital states at the Fe/PTO interface in
Figure 2 for P↓ (left) and P↑ (right panels). In Figure 2, we also

present the corresponding PDOS for bulk Fe, where the cubic
symmetry splits the 3d-orbital states into doublets (eg) and
triplets (t2g). In the reduced symmetry, the eg and t2g states split
into two singlets a1 (dx

2
−y

2) and b1 (dz
2) and one singlet b2 (dxy)

and one doublet e (dxz,yz), respectively. However, in the
presence of the TiO2 interface states, such a simple crystal field
splitting a3ects not only the absolute value of the 3d energy
levels but also the hybridization between the Fe 3d and the O
2p orbital states does. Obviously, unlike bulk Fe, the spin-up
states of the interface Fe are completely filled, while the spin-
down t2g states are more unoccupied for both P↓ and P↑. From
this, the charge transfer from Fe to O and Pb (Table 2) occurs
mainly in the spin-down electronic state, which in turn
enhances the spin exchange splitting (i.e., magnetic moment)
of the interface Fe compared with bulk Fe (2.2 μB). From
Table 2 and Figure 2, the interface Fe depletes less charge to
the underneath of the O and Pb atoms in P↓ than in P↑. This
can again explain the larger magnetic moment of the interface
Fe in P↓ than that in P↑.
In addition to this typical phenomenon at the FM/FE

interface, the Fe/PTO interface exhibits magnetization
reorientation upon ferroelectric polarization reversal. In Figure
3a we present the calculated MCA and Ks for Fe/PTO as a
function of the number of Fe layers. The corresponding MAE,
MAE = MCA + Ks, are shown in Figure 3b. As shown in Figure
3a, the saturation behavior of MCA is evident as the number of
Fe layers increases beyond n = 5 or 0.6 nm thick, which is
within the typical thickness range (0.5−1.2 nm) of the
perpendicularly magnetized free layer in spintronic devices.36

Notably, MCA changes sign from positive to negative as the
polarization switches from P↓ to P↑. The numerical values of
MCA (Ks) for Fe/PTO with n = 5 are 0.91 (−0.27) erg/cm2

for P↓ and −0.70 (−0.21) erg/cm2 for P↑. The similar Ks of
−0.27 erg/cm2 is reported for the Fe(001) surface.37 From
Figure 3a,b, the overall trends of MAE almost resemble those
of MCA for both P↓ and P↑. This indicates that the
magnetization can be reoriented by an electric-field alone
without the need for a magnetic-field or spin-polarized electron
current. The magnetization reorientation does not occur at the
Fe/BTO interface as reported in previous calculations.1,2,7,8

Such an electric-field assisted magnetization switching is worth
noting from a practical viewpoint, which overcomes the major
drawbacks of high power consumption in current memory
technologies (e.g., STT).6 Nevertheless, we remind readers
that the shape anisotropy is always negative and decreases with
Fe-film thickness, which is predicted to result in an in-plane

Figure 2. Projected density of states (PDOS) of the Fe atom at the
Fe/PTO interface (n = 5) for the ferroelectric polarization down P↓

(red solid line in the left panel) and polarization up P↑ (blue solid line
in the right panel). For comparison, the corresponding PDOS for bulk
Fe is also shown in black dashed line. The Fermi level is set to zero in
energy.

Figure 3. (a) Magnetocrystalline anisotropy MCA (shaded bar) and shape anisotropy Ks (line) and (b) magnetic anisotropy energy MAE of the
Fe/PTO heterostructure for di3erent thicknesses n of Fe layers for the ferroelectric polarization down P↓ (red) and polarization up P↑ (blue). MCA
distribution of the Fe/PTO with n = 5 over k space for (c) P↓ and (d) P↑. The energy scale in the bar is in units of meV.
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magnetization for a thicker Fe-film (critical thickness can be
determined by the competition between MCA and Ks) on
PTO regardless of the ferroelectric polarization.
We present the k-resolved MCA in Figure 3c for P↓ and

Figure 3d for P↑ using the force theorem:38 MCA = ∑kMCAk,
where MCAk = ∑o[ε(n,k)

∥ − ε(n,k)⊥]. Here, ε(n,k)∥ and
ε(n,k)⊥ are the eigenvalues of occupied states in the
Hamiltonian for in-plane and perpendicular magnetization,
respectively. The MCA values of Fe/PTO (n = 5) calculated
from the force theorem are 0.98 and −0.69 erg/cm2 for P↓ and
P↑, respectively, which fairly reproduce those (0.91 and −0.70
erg/cm2) obtained by the total energy calculations. The MCA
( ) resembles MCA in sign upon P↓ → P↑. Positive (negative)
contributions to MCA at general k points compensate negative
(positive) MCA(k) around X̅ (M) for P↓ (P↑).
In order to understand the magnetization reorientation, we

analyze the atom-by-atom decomposition of the SOC energy
di3erence for in-plane and out-of-plane magnetization, ΔEsoc =
Esoc

∥ − Esoc
⊥ , in Figure 4a. Here,

= ·E

m c r

V r

r
L S

2

1 d ( )

d
soc

2

2 2

where V(r) is the spherical part of the e3ective potential within
the PAW scheme, and L and S are orbital and spin operators,
respectively. The expectation value of Esoc is twice the actual
value of the total energy correction to the second order in
SOC, i.e., MCA ≈ 1/2ΔEsoc.

39,40 The other 50% of the SOC
energy translates into the crystal-field energy and the formation
of the unquenched orbital moment.41,42 Note that the sum of

the atom-resolved contributions obtained from the SOC
energy calculations is in reasonable agreement (within 5%)
with those obtained from total energy calculations. As shown
in Figure 4a, MCA change upon polarization reversal is
exclusive for the interface layers, including Fe(I), Fe(I+1), and
Pb(I) (which are indicated in Figure 1a), whereas those of the
center layers in Fe and PTO are rather small. Previous
calculations reported that Fe exhibits larger PMA when in
contact with the oxide surface through the pz−dz

2 hybrid-
ization.31,32 This is also the case for Fe/PTO when P↓; PMA
comes from the Fe(I) and Fe(I+1) layers. While these PMA
concentrations are reduced greatly for P↑, Pb(I) provides a
large contribution to negative MCA.
We further decompose ΔEsoc into Fe(I) 3d and Pb(I) 6p

orbital contributions in parts b and d of Figure 4 for P↓ and in
parts c and e of Figure 4 for P↑, respectively. The
corresponding band structures of Fe(I) and Pb(I) are also
shown in Figure 5a−d. From Figure 4b, PMA is predominated

by the matrix element | |xz yz L z, z
2 according to the

perturbation theory,43 where L
z x( ) is the z (x) component of

the orbital angular momentum operator. Here, subscripts ↑
and ↓ denote spin-up and spin-down state, respectively. As Ti
displaces toward the interface Fe, the strong pz−dz

2 hybrid-
ization weakens because of the enlarged Fe−O displacement,
which in turn reduces PMA. Consequently, the intrinsic feature
of small MCA in Fe(001) can most likely be preserved. Since
the d z

2 band above the Fermi level in the spin-down state

Figure 4. (a) Atom resolved SOC energy di3erence ΔEsoc of the Fe/
PTO layers with n = 5 for P↓ (red) and P↑ (blue bars). Letter I
denotes the interface. Orbital resolved ΔEsoc of the Fe and Pb atoms
at the interface for (b) and (d) P↓ and (c) and (e) P↑. Yellow and blue
peaks represent the positive and negative ΔEsoc values, respectively.

Figure 5. Spin-up (upper) and spin-down (bottom) electronic band
structure of the Fe and Pb atoms at the Fe/PTO interface for the (a)
and (c) ferroelectric polarization down P↓ and (b) and (d)
polarization up P↑. In (a) and (b), the black, orange, green, red,
and blue lines denote the dxy, dxz, dyz, dz

2, and dx y2 2 orbital characters,

respectively. In (c) and (d), the green, red, and orange lines represent
the px, pz, and py orbital characters, respectively. The size of the
symbols represents the weight of the orbital states. The Fermi level is
set to zero in energy.
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shifts upward away from the Fermi level as P↓ → P↑ (Figures 2
and 4), the aforementioned SOC pairing term with the empty
dz

2 state is largely limited. Meanwhile, the spin-up dxy state
appears around −1 eV at Γ̅, which can couple with the
unoccupied spin-down d

x y
2 2 state, as shown in Figure 5. Thus,

negative contribution of the | |xy L x yx
2 2 coupling becomes

comparable to positive contribution by the | |xz yz L z, z
2

(Figure 4c). From Figure 5c,d, the Pb 6p bands move
downward across the Fermi level upon P↓ → P↑, and the
spinbands of them are no longer degenerate. This indicates
that the Pb 6p orbitals accumulate more charges in P↑ than in
P↓, as addressed in Table 2. We assign that for P↑ these px/py

states around the Fermi level at Γ̅ should be involved for SOC
pairs that lead to negative ΔEsoc in Figure 4e.
We finally explore the strain e3ect, which should not be

excluded because of the Rashba spin−orbit coupling. The
Rashba spin−orbit coupling is proportional to the net electric-
field from both the internal and external fields at the
interface.44 In particular, the Rashba splitting of the band
structure is very sensitive to the strain e3ect.45 Both the
compressive and tensile strains (η) of ±1% are imposed into
the in-plane lattice of PTO layers, where η = [(a∥ − a0)/a0] ×
100%, a∥ and a0 are variable and equilibrium in-plane lattice
constants, respectively. Table 3 presents the calculated
displacement, magnetic moment, and MCA of the Fe, Ti,
and Pb atoms at the Fe/PTO interface for η = ±1%. As
expected, all Fe−O, Ti−O, and Pb−O displacements increase
(decrease) with the compressive (tensile) strain. The magnetic
moments of the interface Fe, Ti, and Pb atoms retain nearly
the same under strain. It is found from MCA and Ks that MAE
= 0.08 (0.81) erg/cm2 for P↓ and = −1.18 (−0.43) erg/cm2 for
P↑ at η = −1 (1)%. From this, one can expect that strains more
than ±2%, particularly the compressive strain, might not be
desirable for magnetization switching although η ≥ ±2% is not
practical. On the other side, this drastic sensitivity of MAE to
the strain e3ect suggests another viewpoint: possible magnet-
ization switching at the Fe/BTO interface if an epitaxial strain
is addressed properly.2 However, one needs to be more careful
regarding the strength of the internal and external electric
fields, which must be su9cient to minimize the Fe 3d−O 2p
hybridization. Recent experiments support the scenario in
which the presence of highly electric-polarized Pb-
(Mg1/3Nb2/3)0.7Ti0.3O3 (PMN-PT) is indispensable for mag-
netization switching in CoFeB/PMN−PT.11,12

■ CONCLUSION

In summary, using the DFT and DFPT calculations, we have
predicted magnetization reorientation at the thermodynami-
cally stable interface between the Fe(001) and PbTiO3(001)
layers by the ferroelectric polarization reversal. The underlying
mechanism for the anisotropic phenomenon is discussed with
the energy level changes of the interface Fe 3d and Pb 6p
orbital states in the spin−orbit Hamiltonian matrix elements
through the ferroelectric polarization reversal induced changes
of the Fe−O and Ba−O plane separations and the
corresponding orbital hybridizations. This magnetization
reversal persists for Fe-film thicknesses of more than 1 nm
and even under a practically achievable strain of 1%. The
present study would suggest that the Fe/PbTiO3 interface can
act as a prototype bilayer heterostructure for a practical
magnetoelectric interface with the electric-field switchable
magnetization in spintronic applications.
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