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We predict that biaxial strain of several percent has a colossal effect on the magnetic anisotropy of ultrathin
Fe/XTiO3 (X=Sr, Ba) bilayers grown epitaxially on appropriate substrates. We demonstrate for the first time
that under large compressive biaxial strain the Fe film undergoes an in- to out-of-plane spin reorientation via
ferroelectric polarization switching, where the critical strain depends on the Fe film thickness. The underlying
mechanism is the interplay between the strain-enhanced magnetoelectric coupling associated with the enhanced
polarization in the ferroelectric substrate and the strain-reduced magnetic anisotropy energy of the Fe over-
layer. These findings open interesting prospects for exploiting stain engineering to harvest higher electric field
efficiency of magnetic anisotropy for the next generation of MeRAM devices.

PACS numbers: 75.70.Cn, 73.20.Hb, 73.20.-r, 77.55.Nv

I. INTRODUCTION

Multifunctionality in magnetoelectric (ME) materials,
which simultaneously possess several ferroic [ferromagnetic,
ferroelectric, and ferroelastic] orders, gives rise to novel phys-
ical phenomena and offers great opportunities for new device
functions [1-3]. The coupling between the various degrees
of freedom allows control of one order via the conjugate field
associated with a different ferroic order [4]. Of particular in-
terest is the control of magnetism by an electric field [5, 6],
as opposed to current-driven magnetization switching via the
spin transfer torque [7, 8], which can lead to a new paradigm
of ultra-low power, highly scalable, and nonvolatile magneto-
electric random access memory (MeRAM) [9-11].

In contrast to single-phase multiferroics (MFs) and MEs
which display a weak polarization-magnetization coupling,
two-phase artificial systems, consisting of magnetostrictive
[ferromagnetic (FM)] thin films grown epitaxially on piezo-
electric [ferroelectric (FE)] substrates, exhibit more robust
ME effect at room-temperature [12, 13]. This effect is medi-
ated by the electric-field-driven strain in the piezoelectric con-
stituent which is mechanically transferred to the magnetostric-
tive component, altering its magnetic properties [14—17].

The strain imparted in the FM/FE interface can mediated
through (a) mismatch in lattice parameter between the FE film
and the underlying substrate on which the FE is grown epitax-
ially [18-23], and (b) an electric field due to the inverse piezo-
electric effect of the FE and the polarization switching (sen-
sitivity of atomic displacements at the interface on polariza-
tion direction) [14, 15]. For example, even though the cubic
SrTiO3(STO) is not FE, under biaxial compressive (tensile)
strain due to the underlying (LaAlO3)g.29(SrAlg 5Tag 503)0.71
(DyScO3) substrate it becomes ferroelectric with an out-of-
(in-) plane polarization [19, 22]. Similar tuning of ferroelec-
tric properties (spontaneous polarizations, Curie temperature,
and piezoelectric coefficients) has been reported in biaxially
strained BaTiO3(BTO) [18, 23] and PbTiO3 [20, 24] FE thin
films to match the underlying substrate. Furthermore, the per-
sistence of ferroelectricity down to nanometer-thick films was

confirmed theoretically [25] and experimentally [26-28].

Previous ab initio calculations [14, 29-33] of FM/FE inter-
faces examined solely the electric-field-driven magnetoelastic
effect (effect (b)) on the magnetization and on the magnetic
anisotropy energy (MAE). These calculations show that the
interface magnetoelectric coefficient, o, = Lo(AM,/A)/E, is
about 2x107% G cm? V™!, where, AM; /A, is the change of
the interface magnetization per unit area and E is the external
field, which often is taken to be the coercive field, E., at which
the polarization can be switched. Furthermore, the calcula-
tions find a small change of MAE upon polarization reversal
and none of them was able to show a spin reorientation upon
polarization switching. On the other hand, for sufficiently thin
films, huge biaxial strains (effect (a)) of several percent can be
tolerated [18-20], which are much larger than those of ~ 0.1—
0.2 % induced by an electric field. This mechanism, which is
very different than the interface bond reconfiguration, remains
unexplored thus far.

The objective of this work is to employ ab initio electronic
structure calculations to investigate the effect of the giant bi-
axial strain imparted on the Fe/STO and Fe/BTO interfaces
via a suitable underlying substrate on the magnetic proper-
ties of ultrathin Fe overlayers. The calculations reveal that
the strain-induced enhancement of the polarization increases
the interface ME effect and tunes the MAE depending on
the direction of polarization. This in turn leads to a strain-
driven out-of- to in-plane spin reorientation by switching the
ferroelectric polarization. Through the analysis of the spin-
orbit Hamiltonian matrix elements we elucidate the under-
lying mechanism for magnetization reversal in terms of the
strain- and polarization-reversal-induced changes in the spin-
orbit coupled d states of the interfacial Fe atom.

II. COMPUTATIONAL DETAILS

We use density-functional theory (DFT) calculations within
the projector augmented-wave method [34], as implemented
in the Vienna ab initio simulation package (VASP) [35, 36].
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FIG. 1: (Color online) (a) Atomic structure of the (001) Fe/SrTiO3
bilayer consisting of three monolayers of Fe on five unit cells of
SrTiO3 under —2% compressive strain. Gray, green, blue, and red
spheres denote the Fe, Sr, Ti, and O atoms, respectively. The pink
horizontal (vertical) arrows for the interfacial Fe atoms denote the
in-plane (out-of-plane) magnetization orientation for down (up) po-
larization direction. (b) Calculated out-of-plane local polarization,
P, for the I'th unit cell (I denotes the interface) for P (blue bars)and
Py (red bars) under —1% and ~2% biaxial strain, respectively.

The generalized gradient approximation (GGA) is used to
describe the exchange-correlation functional as parametrized
by Perdew et al. [37]. The slab supercell for the Fe/STO
(BTO) bilayer along [001], shown in Fig. 1(a), consists of
three monolayers (MLs) of bce Fe on top of fifteen MLs (five
unit cells (uc)) of STO or BTO and a 15 A-thick vacuum re-
gion separating the periodic slabs. The <110> axis of bcc
Fe is aligned with the <100> axis of the BTO or STO where
the O atoms of the TiO,-terminated interface placed atop of
Fe atoms [14]. We used an energy cutoff of 500 eV and a
15x15x1 Brillouin zone k-point mesh to relax the structures
until the largest force becomes less than 1072 eV/A and the
change in the total energy between two ionic relaxation steps
is smaller than 107> eV. More specifically, for each epitaxial
strain the ionic positions of the Fe layers and the two SrTiO3
(BaTiO3) unit cells near the interface were relaxed while those

TABLE I: Values of the c¢/a ratio and the polarization P (uC cm™~?2)
along the c-axis for bulk SrTiOz and BaTiOj3, respectively, under
different values of biaxial compressive strain.

SrTiO3 BaTiO3
€ c/a P, c/a P,
0 1.00 (1.00)¢ 0.0 (0.0)h 1.04 (1.02)¢ 28.9 (26)
-1 1.03 (1.02)“ 23.9 (20) b 1.08 (1.03)¢ 34.8 (37)¢
-2 1.05 32.7 (28)b 1.12 (1.06)¢ 41.5 (43)¢
-3 - — 1.16 55.6
“Reference[22]
bReference[39]
“Reference[23]

for the three bottom-most SrTiO3 (BaTiO3) unit cells were
kept frozen at their relaxed bulk positions to retain the bulk
polarization. The calculated equilibrium in-plane bulk lattice
constants, ag, of 3.95 A and 4.00 A for STO and BTO, re-
spectively, agree with the experimental values of 3.905 and
4.00 A respectively, where the GGA overestimates the lattice
constant of STO by about 1.1% [23]. Consequently, there is a
lattice mismatch between the Fe overlayer and the STO (BTO)
substrate of about 1.3% (~0%). The spin-orbit coupling
(SOC) of the valence electrons is in turn included using the
second-variation method [38] employing the scalar-relativistic
eigenfunctions of the valence states and a 31x31x1 k-point
mesh.

III. RESULTS AND DISCUSSION

The calculated c/a ratio and the bulk polarization along
[001] as a function of the in-plane biaxial compressive strain
€ = (a) — ag)/agx100%, for bulk STO and BTO are summa-
rized in Table I and compared with experiment [22, 23] and
previous theoretical calculations [21, 39], where the agree-
ment overall is very good. The spontaneous polarization is
calculated using the Berry phase approach for determining the
electronic contribution to the polarization [40].

In Table IT we show the ¢/a ratio and the relative displace-
ments of the Ti (drj.0) and Fe (dp..0) atoms with respect to
the O’s at the interface for ferroelectric polarization pointing
down (P}) and up (P}) for the Fe/STO and the Fe/BTO bi-
layers, respectively, under different values of biaxial strain.
Here, positive (negative) dti.o denotes a Ti displacement to-
wards (away from) the Fe layers. For P; both the ¢/a ratio and
di.o are reduced relative to the bulk values due to the pres-
ence of the Fe layers, while they remain the same as those in
bulk for P|. The optimized dpe.o values of 1.94 and ~1.92
A for the unstrained Fe/STO and Fe/BTO, respectively, are
smaller than those in bulk FeO (2.145 A) [41] resulting in sub-
stantial interface effects of the electric depolarization and or-
bital hybridization [14, 29-33]. For both Fe/STO and Fe/BTO
bilayers, dpe..o increases slightly with strain but is almost
polarization-independent. The interlayer distances, dre(1)-Fe(c)
and dfe(c)-re(s), between the three Fe layers under the polar-
ization reversal are also shown in Table II for different strains,
where the letters I, C, and S denote the interface, central, and
surface layer, respectively. The out-of-plane lattice constant
(2.93 A) of the Fe film of the unstrained Fe/STO bilayer is en-
hanced relative to its bulk value (2.87 A) due to the epitaxial
strain, while the bulk lattice constant is almost preserved for
the Fe/BTO bilayer. Both dre)-re(c) and dre(c)-Fe(s) increase
with strain, leading to a significant tetragonal distortion of the
Fe unit cell.

Table III presents the magnetic spin moments, uX (X=Fe,
Ti), of the interfacial Fe and Ti atoms for the Fe/STO and
the Fe/BTO bilayers, respectively, under different values of
biaxial strain. We also list values of the orbital moment dif-

ference, Au, = “([)100] — “([’001]’ and the change of the total



TABLE 1II: Values of the c/a ratio, the relative displacements of the Ti (d1i.0) and Fe (dpe.o) atoms with respect to the O-plane at the
interface, and the interlayer distances, dre()-Fe(c) and dre(r)-Fe(C)» between the Fe layers for down and up polarization and for different values
of biaxial strain for the Fe/SrTiO3 and Fe/BaTiOj3 bilayers, respectively. The letters I, C, and S denote the interface, central, and surface layer,

respectively.

€ c/a(P) c/a(Py) drio(P) d1ioP) dre-0(P) dre-0P) dren)Fe)P) dre)-Fe@(P) drec)Fes)(P) drec)-Fes)(Pr)

SrTiO5
0 0.998 0998 -0.003 -0.003 1.940 1.940 1.536 1.536 1.396 1.396
-1 1.026  1.020 -0.126 0.070 1.957 1.951 1.561 1.554 1.420 1.417
2 1.054 1.032 -0.181  0.095 1.968 1.964 1.580 1.561 1.452 1.450
BaTiO3
0 1.047 1.034 -0.168 0.076 1.928 1.919 1.522 1.512 1.354 1.352
-1 1.079 1.058 -0.210 0.098 1.938 1.932 1.539 1.522 1.397 1.393
2 1.131  1.089 -0.255 0.124 1.946 1.940 1.560 1.541 1.423 1.420
-3 1.194 1.128 -0.313 0.168 1.965 1.958 1.579 1.557 1.451 1.449
(a)  Majority-Spin States (b)  Minority-Spin States ment, ApX = uX(P)) — uX(P;), upon polarization switching
4 Fe(S) 4l Fe(S) increases with biaxial compressive strain for both the inter-
2 2} A {n/\j % facial Ti and Fe atoms, indicating a strain-induced large en-
0 ‘ ‘ 0 hancement of the magnetoelectric coupling. Our value of the
4 Fe(C) 4+ Fe(C) . . : .
ZM of A interfacial Fe magnetic moment agrees well with that of ~2.6
of w w S 0 T ‘ up reported in Ref. [14]. On the other hand, even though our
ar Fe() 4 Fel) interfacial Fe magnetic moment does not agree with the rather
< ? : ‘ < §> _’/\/W ‘ low value of ~1 up reported in Refs. [42, 43] the change
5 2 TiOL(1) 5 2 TiOL(l) of interfacial Fe moment, Au® = 0.09 ug, upon polarization
2 2 % A reversal is in good agreement. Presumably, the difference in
g 1“ ‘ S‘rO(I-1) % ? B Sro(L1) o the inte.rfacial Ff.: moment may be due to different exchange
o W@%‘ o f%% correlation functional and method.
=] S e G0 S — The calculated unit cell-resolved polarization [44] of STO
2 TioA(-2) 2 TioA(-2) QM\}& is displayed in Fig. 1(b) for up and down polarization un-
0 OM S der —1% and —2% biaxial strain. Note that due to the broken
ds SrO(l-3) s SrO(1-3) crystal inversion symmetry the interfacial local polarization is
o ‘ e o e asymmetric under polarization switching and is smaller than
2 TiOL(l-4) 5 TiOL(l-4) that of the bulk-like layers. Nevertheless, the layer-resolved
M out-of-plane polarization increases with strain.
% 4 2o 2 4 % 4 2 o 2 4 Figure 2 shows the layer-resolved density of states (LDOS)
E(eV) E(eV) for each layer of the Fe/STO bilayer for Py and Py under zero
Zero Strain  —— -2%,P, —— -2%,P, and —2% biaxial strain, respectively. For both spin up and

FIG. 2: (Color online) (a) Majority-spin and (b) minority-spin LDOS
of the Fe/SrTiO3 bilayer for down and up polarization under zero
(black curve) and -2% strain (blue and red curves). The letters I, C,
and S denote the interface, central, and surface layer, respectively.
The Fermi level is set at zero energy.

interfacial spin moment, Ay, = Auf® + A/J,;Fi, upon polariza-
tion reversal which is a measure of the interface magnetoelec-
tric effect, o. For the unstrained Fe/STO (Fe/BTO) bilayer
the interfacial Fe atom has a magnetic moment of 2.67 up
(2.76 up for P, and 2.65 up P;), while the central and sur-
face atoms have magnetic moments of ~2.34 up and ~2.90
Up, respectively. The induced magnetic moment of the in-
terfacial Ti atom of —0.34 up (-0.45 pg for P, and -0.53 up
P;) is antiparallel to the Fe moment consistent with previous
ab initio calculations [14]. The change of the magnetic mo-

TABLE III: Spin magnetic moment, L (tp), of the interfacial Fe and
Ti atoms and orbital moment difference, Ay, (x 1072 ug), of the in-
terfacial Fe atom for down and up polarization for different values
of biaxial strain for the Fe/SrTiO3 and Fe/BaTiOj3 bilayers, respec-
tively. We also list the change of the total interfacial spin moment,
AU, upon polarization reversal.

e plie) wliey) pfewpy pfery) Apg Apker) Apker)
S1TiO;

0 -034 -034 267 267 0 05 -0.5
-1 -0.14 -041 271 261 037 -03 -0.7
-2 008 -042 274 258 051 02 0.8
BaTiO;
0 -045 -053 276 265 019 -18 -15
-1 -006 -051 279 262 062 -14 -12
2 003 -050 281 259 069 -08 ~1.0
-3 000 -048 283 256 075 -03 -0.9
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FIG. 3: (Color online) Interfacial (a) Fe dyy, (b) Fe dy; ., and (c) Ti
dy;y; PDOS of the Fe/SrTiO3 bilayer for down and up polarization
under zero (gray shaded area) and —2% strain (solid blue and red
curves). The Fermi level is set at zero energy.

down states, the Fe-derived DOS at the central and surface
layers preserve those of the free-standing Fe(001) films. For
the interfacial Fe, while the majority-spin LDOS are rather
strain- and polarization reversal-insensitive, the minority-spin
derived DOS around the Fermi level changes substantially un-
der strain and polarization reversal. The strained DOS(P))
[DOS(P;)] near the Fermi level shifts upward [downward] in
energy relative to the corresponding unstrained DOS, which in
turn increases [decreases] the exchange splitting of the inter-
facial Fe atom. Moreover, the coincidence of these Fe peaks
with the TiO, DOS is a reflection of the interfacial hybridiza-
tion effect. Such strong hybridization gives rise to non-zero
DOS at the Fermi level up to three-layer-thick deep into the
STO layers due to the quantum tunneling effect. Similar re-
sults are also found in the present and previously aforemen-
tioned studies for Fe/BTO bilayer.

To better understand the origin of the strain-enhanced in-
terfacial magnetoelectric effect we have further examined the
charge transfer and orbital hybridization between the interfa-
cial Fe and Ti d states. The minority-spin 2, (dy, and dy; ;)-
projected DOS (PDOS) of the interfacial Fe and Ti atoms of
the Fe/STO bilayer for down and up polarization are shown
in Figs. 3(a)-3(c) for zero and —2% strain, respectively. The
Iy states contribute mainly to the changes of the total LDOS
under strain and polarization reversal. The sensitivity of the
hybridization between the interfacial Fe and Ti d states on the
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FIG. 4: (Color online) Strain dependence of magnetocrystalline
anisotropy, MCA, (filled bars) and surface contribution to the shape
magnetic anisotropy, Ky, (unfilled squares) for the (a) Fe/SrTiO3
and (b) Fe/BaTiOj bilayer for P, (blue) and P; (green), respectively.
Strain dependence of total magnetic anisotropy energy, MAE, for (c)
Fe/SrTiO3 and (d) Fe/BaTiOj3 bilayer for P| (blue) and P; (green),
respectively.

polarization direction causes a spin-polarized charge transfer
and/or charge redistribution mainly within the interface lay-
ers. We find that under polarization switching the interfacial
Fe-d,, orbital looses 0.18¢ while the Fe-d,. y, and Ti-dy. y, or-
bitals gain 0.08 and 0.41e, respectively.

Figures 4(a) and 4(b) show the contributions of the mag-
netocrystalline anisotropy, MCA, (blue and green bars) and
the shape anisotropy, Kj, (blue and green squares) to the to-
tal magnetic anisotropy energy (MAE), for the Fe/STO and
Fe/BTO bilayers, respectively, as a function of & for P, and
Py. Figs. 4(c) and (d) show the total MAE for the Fe/STO and
Fe/BTO bilayers, respectively, as a function of € for P, and
Py. The MCA per unit interfacial area, A, is determined from
MCA = [E[IOO] _E[OOI]]/A’ where E[IOO] and E[OOI] are the total
energies with magnetization along the [100] and [001] direc-
tions, respectively. The surface/interface contribution to the
shape anisotropy can be determined from Bruno’s expression
[45], Ky = —(1/2)M,M;, where M, is the bulk magnetization
per unit volume and M is the sum of excess surface magne-
tization per unit area for each layer. The calculated K; values
for the Fe/STO and Fe/BTO bilayers at zero strain are nearly
identical about —0.31 erg/cm?, and remain almost unchanged
with strain and polarization.

On the other hand, for zero strain the MCA for both bilayers
is positive and larger than the shape anisotropy, thus rendering
the magnetization direction out of plane. For P; the MCA of



the Fe/STO remains positive and almost independent of strain
(~ 0.35 erg/cmz). In sharp contrast, the down polarization,
Py, reduces further the MCA from its corresponding strain-
free value, resulting in a more rapid decrease of MCA with
compressive strain and hence a sign reversal at ~ —1%. This
in turn leads to spin reorientation upon polarization reversal
(P, > P;) for |€| > 1%, as shown in Fig. 4(c). The interfacial
magnetoelectric coefficient, By = d(MAE) /dP, thus increases
with compressive strain reaching a value of about 25x 1073
erg/uC at —2%. For the Fe/BTO bilayer, the MCA decreases
linearly with compressive strain for both Py and Py, resulting
in MCA reversal at ~—3% due to the larger lattice constant of
BTO.

This result is in contrast to previous ab initio calculations
[29-31] of the unstrained Fe/BTO bilayer, which were not
able to find a sign switching of the MCA energy via polar-
ization reversal. Since the negative contribution of the shape
anisotropy reduces the absolute value of the MCA, the total
MAE changes sign even at smaller strain of about —1% sim-
ilar to the Fe/STO. The large tetragonal distortion along the
z-axis under strain is indeed detrimental to the perpendicu-
lar MCA, which in turn leads to the reduction of MCA. We
find that the MCA values of bulk Fe structure are —0.04, —
0.19, and —0.27 erg/cm? for ¢/a = 1.05 (zero strain), 1.08 (-
1%), and 1.10 (—2%), respectively. Thus, for both the Fe/STO
and Fe/BTO bilayers the underlying mechanism of the spin
reorientation transition (discussed below) upon polarization
switching is the interplay between the strain-enhanced magne-
toelectric coupling associated with the enhanced polarization
in the ferroelectric substrate and the strain-induced reduction
of the ferromagnetic overlayer MCA.

The calculations reveal that the magnetization reorientation
of the selected 3-ML Fe film under polarization reversal be-
tween —1 ~ and —2% compressive strain is due to the rela-
tive small value of MAE compared to the corresponding val-
ues of other Fe film thickness. For the 2-ML Fe film pre-
vious ab initio calculations showed that the ground state is
antiferromagnetic[30, 43]. For the 4ML-Fe/STO bilayer un-
der —2% strain, we find that the MAE is 0.04 and 0.65 erg/cm?
for P, and for P, respectively, suggesting that the spin re-
orientation via polarization reversal will occur under larger
strain. Thus, the critical strain for polarization-induced mag-
netization switching depends on the Fe-film thickness.

The results of the strain dependence of the MCA and
AU, of the interfacial Fe atom indicate that the Bruno ex-
pression MCA = — = A, [46], where & is the SOC con-
stant, is approximately satisfied. This expression needs to be
modified for structures consisting of multiple atomic species
with strong hybridization and large spin-orbit interaction [47].
Nevertheless, for the Fe/STO bilayer the increase (decrease)
of Ap, with strain under Py (P;) correlates well with the cor-
responding decrease (increase) of MCA, including the sign
reversal of both Ay, and MCA ~ —2% under P|. For the
Fe/BTO bilayer the AL, increases with strain more rapidly
for P, than P;, consistent with the strain- and polarization-
dependence of the MCA in Fig. 4(b). Moreover, although

FIG. 5: (Color online) Difference of d-orbital-projected SOC ener-
gies, AEgoc, between in- and out-of-plane magnetization orientation
of the interfacial Fe atom of the Fe/SrTiO3 bilayer under —2% strain
for (a) P and (b) Py, respectively. (c) and (d) The corresponding k-
resolved MCA, MCA(K) (in an unit of erg/cm?), along the symmetry
directions in the 2D BZ. The insets show contour plots of MAE(k)
(in erg/cmz) in one quarter of the 2D BZ. (e) and (f) Energy- and
k-resolved distribution of the orbital character of the minority-spin
bands of the interfacial Fe dy, (upper panels) and d,; and dy; states
(lower panels) along high symmetry direction. The Fermi level is set
at zero energy.

the interfacial Ti atom exhibits nonnegligible ALL, in the range
of ~ 1.0-1.5x 1072 pp, depending on strain and polarization,
the contribution of the Ti site to the total MAE is found to be
insignificant for both Fe/STO and Fe/BTO bilayers. We find
that & ~ 0.2 eV for the interfacial Fe atom in agreement with
previous theoretical calculations [48], and is almost strain-
independent.

In order to understand the effect of polarization reversal
on the magnetic anisotropy of the interfacial Fe atom in the
Fe/STO bilayer under —2% strain we show in Figs. 5(a) and
5(b) the d-orbital-projected contributions to the difference in
the spin-orbit coupling (SOC) energies for in- and out-of-
plane magnetization orientation, i.e., AEgc = ESOC(M[IOO]) -
ESOC(M[OOI]). Here, Eqoc = < n_ldvy,. g >, where V(r)

2m2c2 rdr
is the spherical part of the effective potential within the PAW




sphere, and L and S are orbital and spin operators, respec-
tively. These expectation values are twice the actual value
of the total energy correction to second order in SOC. For
P, we find that the negative MCA arises primarily from the
<dxyl\1:x|dle> matrix elements, which deceases substantially
when the polarization reverses to P; due to the absence of d,,-
derived states around the Fermi level [See Fig. 3(a)]. Further-
more, for Py the (dy, ¢|i4x|dxz ,) matrix elements yield positive
contributions to the MCA of the interfacial Fe atom. Both
these effects render the MCA > 0 for up polarization.

To elucidate the electronic mechanism of the strain ef-
fect on the MAE upon polarization reversal, we have calcu-
lated the k-resolved MCA according to the force theorem [49,
50]: MCA(K) ~ ¥ycocc[€(n, k)10 — £(n, k)] in the two-
dimensional Brillouin zone (2D BZ). Here, &(n,k)!'00/([001])
are the eigenvalues of the Hamiltonian for magnetization
along the [100] ([001]) direction. Overall, the values of
MCA calculated from the force theorem are in good agree-
ment (within 10%) with those obtained from total energy cal-
culations. In Figs. 5(c) and 5(d) we display the MCA(k)
along the symmetry directions in the 2D BZ for P, and P,
respectively, for the Fe/STO bilayer under —2%, while the in-
sets show contour plots of MCA (k) in one quarter of the 2D
BZ for down and up polarizations. We find that for P| the
main negative contributions to the MCA appear around %ﬁ
and at the X point, while for P; the main positive contribution
appears along the XT direction.

The ferroelectric polarization reversal P, — P; modifies the
energy landscapes of the electronic states of the ferromagnet
around the Fermi level and consequently modulates the MCA.
To address this point , we have employed the second-order
perturbation theory of the SOC [51, 52] adopted extensively in
previous ab initio MCA calculations [10, 11, 33, 51-54]. For
the Fe thin film the majority-spin band is nearly fully occupied
and hence the dominant contribution to the MCA arises from
the minority-spin states. In addition, the SOC between states
of opposite spin can be ignored. Therefore, within the second-
order perturbation theory the MCA is determined by the SOC
between occupied and unoccupied state [51]

WL |07 — | (WHIL ) 2
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where ‘Pi (Ei Yand ‘I’i (Ei ) are the one-electron occupied and
unoccupied minority-spin states (energies) of band index n
and wave vector k (omitted for simplicity), and ix@ is the
x (z) component of the orbital angular momentum operator.
We find that the strain-induced change of the MCA under po-
larization reversal arises primarily from changes of the band
structure of the interfacial Fe atom.

In Figs. 5(e) and 5(f) we show the energy- and k-resolved
distribution of the orbital character of the minority-spin bands
of the interfacial Fe-derived dy, and d, . states along the high
symmetry directions for P, and P; under —2% strain, respec-
tively. The underlying origin of the negative MCA for P,
around %ﬁ and at X is the spin-orbit coupling between the

minority-spin interfacial Fe-derived occupied dy, states with
the unoccupied d,, states through the in-plane orbital angu-
lar momentum operator, L,. Upon polarization reversal P —
Py the negative contributions to the MCA in the aforemen-
tioned k-points decrease substantially due to the increase in
energy band separation (appearing in the denominator in Eq.
(1)) between the minority-spin occupied dy,- and unoccupied
dy;-derived bands. On the other hand, the positive MCA(K)
peak around the %ﬁ for P; arises from the SOC between the
interfacial Fe minority spin d,,-derived states, which changed
to occupied upon polarization P, — P; reversal, and the unoc-
cupied dy,-derived states through the out-of-plane orbital an-
gular momentum operator, (dy,||L;|dy.,). Thus, the spin reori-
entation upon polarization reversal is the result of the tuning
of the SOC between the f,, states in the vicinity of the Fermi
energy due to orbital hybridization and charge redistribution
effects associated with the polar TiO, interface.

IV. CONCLUSION

Previous theoretical studies [29-31] of the effect of electric
field-induced strain (only of about 0.1 %) due to polarization
switching reported a small change of MAE. In sharp contrast,
our ab initio electronic structure calculations reveal that biax-
ial strains of several percent on Fe/ferroelectric bilayers grown
epitaxially on various substrates have a tremendous effect on
the magnetic properties leading to a spin reorientation upon
polarization switching. However, direct comparison with ex-
periment requires some caution. Further calculations of the ef-
fect of ferromagnetic film thickness, interfacial defects (oxy-
gen and cation vacancies), cation intermixing, partial oxida-
tion, and temperature on the MCA are required. We hope
these predictions inspire further experimental explorations of
exploiting percent-levels strain to harvest higher electric effi-
ciency of magnetic anisotropy.
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