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Electric control of magnetism in magnetoelectric (ME) multiferroics is expected to have a significant impact
on a wide range of technological applications. Here, we predict the modulation of magnetism in ultrathin
platinum films due to the ferroelectric polarization of the BaTiO; substrate, which along with biaxial strain
changes the density of states at the Fermi energy. We demonstrate that both the magnitude and direction of the
magnetization depend strongly on the polarization direction and/or strain. This leads to an unprecedented ME
effect involving a giant change of magnetocrystalline anisotropy under polarization switching due to the large
spin-orbit coupling of Pt. These findings pave the way of an alternative strategy for the design of nonvolatile and
ultralow power spintronics and magnetic memory storage devices.

DOLI: 10.1103/PhysRevMaterials.4.124401

I. INTRODUCTION

Electric field control of magnetism in magnetoelectric
multiferroics (MFs) [1-4], as opposed to current-driven mag-
netization switching via the spin transfer [5,6] or spin-orbit
torque [7,8], is expected to have a significant impact on
the design of nonvolatile, ultralow power and highly scal-
able nanoelectronic and spintronic devices. MFs combining
several ferroic orders allow manipulation of one order via
the conjugate field associated with a different ferroic or-
der [1,2]. However, the tendency for mutual exclusivity of
ferroelectricity (FE) and ferromagnetism (FM) in nature re-
sults in the scarcity of single phase multiferroics [9]. The
weak magnetoelectric coupling (MEC) and weak spontaneous
magnetization/polarization of existing single-phase MFs at
room temperature hamper their practical applications [1,2].
To overcome these limitations a great amount of efforts have
been oriented towards artificial MFs consisting of FM/FE het-
erostructures with atomically smooth interfaces [1,2,10,11].
The robust room-temperature MEC in composite MFs along
with advances in controlled epitaxial and self-assembly
processes have allowed the electric-field control of var-
ious magnetic properties, such as the magnetocrystalline
anisotropy (MCA) [12,13], the exchange bias [14], and the
spin transport [15].

Among the ferroelectrics, BaTiO; (BTO) is considered
a prototype system to explore the strain-mediated ME ef-
fect since it undergoes several structural phase transitions
as a function of temperature [16]. In addition, BTO can re-
tain the out-of-plane ferroelectricity even in nanometer-thick
films [17]. For the magnetic systems, Lay;3Sr;;3MnO3 [4],
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Fe;04 [18], Fe [10,13,16], and CoFe,O4 [19,20] are the
most extensively investigated in BTO/FM heterostructures.
Here, several underlying atomistic mechanisms for the MEC
in composite MFs have been proposed, including interface
strain [13,21,22], interface bonding configuration [23-25],
accumulation/depletion of spin polarized charge [26], and
exchange coupling [10].

Bulk platinum is regarded as a strongly exchange-
enhanced paramagnetic metal which nearly satisfies the
Stoner criterion [27], IN(Er) > 1, where I and N(Er) are
the exchange integral and density of states at the Fermi
energy, respectively. Thus, relatively weak perturbations in
the electronic structure may lead to the emergence of in-
cipient ferromagnetism [28]. These include (i) magnetic
proximity effect at the interface with a FM metal or insu-
lator [29], (ii) reduction of dimensionality at the surface or
nanoparticles/clusters resulting in bandwidth narrowing [30],
(iii) biaxial strain [31], and (iv) application of an external
electric field via an ionic liquid giving rise to the anomalous
Hall effect (AHE) [32,33]. Equally important is the large
spin-orbit coupling (SOC) of Pt, compared to its 3d or 4d
counterparts, which has been used for spin-orbit torque mag-
netization switching.

In this work, employing first-principles calculations, we
predict the emergence of magnetism in ultrathin platinum
films due to the interfacial effect and ferroelectric polarization
of the BTO substrate. We demonstrate that both the magni-
tude and direction of the magnetization depend strongly on
the polarization direction and biaxial strain. The calculations
reveal a giant MEC compared to the 3d FM/BTO counterparts
due to the large SOC of Pt. We elucidate that the underlying
mechanism of the giant MEC is the rigid shift of chemical po-
tential. The FE-driven magnetoelectric effects at the Pt/BTO
interfaces may be a feasible alternative towards low power and
higher speed spintronic devices.

©2020 American Physical Society
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FIG. 1. (a) Atomic structures of the (001) 3Pt/BTO bilayer. The
top (bottom) panel shows the interface in which the direction of
polarization (gray arrow) P; (P,) is pointing towards (away from) the
Pt layer. (b) Average magnetic moment per atom of the 3 and 5 ML
freestanding Pt films as a function of in-plane lattice constant. The
orange dashed vertical lines denote the experimental lattice constant
of bulk BTO (3.992 A) and Pt (3.920 A), respectively.

II. METHODOLOGY

Density functional theory (DFT) calculations within the
projector augmented-wave (PAW) method [34] were car-
ried out using the Vienna ab initio simulation package
(VASP) [35]. The generalized gradient approximation was
used to describe the exchange-correlation functional as
parametrized by Perdew et al. [36], which provides a more
accurate treatment of magnetic properties [37,38]. Figure 1(a)
shows the slab supercell for the 3Pt/BTO bilayer, consisting
of three monolayers (MLs) of fcc Pt on top of five unit cells of
tetragonal BTO. The O atoms at the TiO,-terminated interface
are placed atop the Pt atoms, which is the most stable stacking
configuration [39,40]. A 15 A vacuum region is adopted to
separate the periodic slabs and the dipole corrections are taken
into account along the [001] direction. We use a plane-wave
cutoff energy of 500 eV and a 12 x 12 x 1 Brillouin zone
k mesh for the relaxation calculations until the largest force
becomes less than 1072 eV/A. In order to study the effect
of biaxial strain we have carried out calculations with the in-
plane lattice constant, aj, of 3.992 and 3.920 A corresponding
to the experimental lattice constants of bulk BTO and Pt,
respectively [41]. The calculated a; values of 4.00 A and 3.97
A for bulk BTO and Pt, respectively, are in good agreement
with experiment, even though there is an inherent strain for
Pt. The values of the c/a tetragonal distortion of bulk BTO
corresponding to the two in-plane lattice constants are 1.01
and 1.12, respectively [22,42]. The three bottom-most BTO
unit cells were kept frozen at their equilibrium bulk positions

to retain the polarization while the other atoms were fully re-
laxed. In addition, we find that the position of the Fermi level
of the Pt/BTO slab is below the conduction band minimum,
ensuring the absence of interfacial band offset error in the
FE/metal devices [43]. For the MCA calculations, the SOC
was included with a 24 x 24 x 1 k-point mesh. The MCA
per unit interfacial area is determined from Eyica = (Eji00] —
Ejoo17)/A, where Ejjo0; and Ejgo1; denote the total energy with
in-plane and out-of-plane magnetization, respectively, and A
is the in-plane area of the unit cell.

III. RESULTS AND DISCUSSION

Epitaxial strain has been shown to have a dramatic in-
fluence on the emergence of magnetism on ultrathin heavy
metals (HMs) layers [31]. Therefore, we first focus on the
freestanding 3 ML (001) Pt without BTO. Figure 1(b) illus-
trates the variation of the average magnetic moments per Pt
atom versus a;. The onset of magnetism appears for g in the
range from 3.896 to 3.954 A, i.e., in the vicinity of the lattice
constant of bulk Pt (3.920 A), where the average magnetic
moment is about 0.11 up/Pt. We find that the nonmono-
tonic change of the bandwidth near the Fermi level (initial
increase followed by a decrease) leads to the limitation of
onset magnetism in the specific range of a;. The freestand-
ing Pt monolayer has been also found to be FM under a
wide range of biaxial strain, with a magnetic moment of 0.67
/Pt for a; = 3.920 A, indicating that thinner Pt layers have
higher propensity of becoming magnetic [31]. To probe this
conjecture, we have also studied the freestanding 5 ML Pt
film, which is indeed nonmagnetic in the entire range of q
as shown in Fig. 1(b). It is important to note that the 3 ML
freestanding Pt is nonmagnetic with a; = 3.992 A (bulk BTO
lattice constant). Thus, if the 3Pt/BTO bilayer at this lattice
constant becomes magnetic, the magnetism is induced solely
from the effect of BTO.

Figure 2(a) shows the layer-resolved magnetic spin mo-
ments without the SOC in the proposed 3Pt/BTO heterostruc-
tures. Overall, the calculations reveal several important
results: (i) The layered-resolved Pt magnetic moments are
smaller for 3.920 A, indicating that there is an interplay
between the strain and polarization effects on the magnetic
properties, (ii) the magnetic moments decrease from the
surface to the interfacial Pt atoms due to the interfacial hy-
bridization between the Pt-derived d. (d,; and/or d,;) states
with O-derived p, (p,) states, (iii) the response of all Pt atoms
upon polarization reversal indicate a large magnetoelectronic
response in sharp contrast with the Fe/BTO system where
the MEC is confined to the interface [23], (iv) the layer-
resolved Pt magnetic moments for P, are larger than those
for P; polarization, and (v) the emergence of magnetism for
ay =3.992 A, in contrast to the nonmagnetic freestanding
3 ML Pt, demonstrates that its origin lies only on the FE
polarization as well as the interfacial effect of BTO. These
findings demonstrate that the combination of several com-
petitive factors, i.e., FE-switching derived charger transfer,
interfacial hybridization, and strain effect, can trigger and tune
the magnetism in nonmagnetic ultrathin Pt layers.

In addition, we have also carried out calculations of the
3Pt/BTO with a; = 3.992 A while BTO was kept in the cubic
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FIG. 2. Layer-resolved magnetic spin moments of the Pt atoms in (a) 3Pt/BTO and (c) 5Pt/BTO for P, (single-hatched bar) and P,
(double-hatched bar) polarizations, and for a; = 3.920 (blue bars) and 3.992 A (red bars), respectively. The subscripts I, C, and S refer to
interface, central, and surface Pt layers, respectively. (b) Variation of the layer-resolved Pt spin moments in the 3Pt/BTO heterostructure with
Py, P; and no polarization, Py. The gray bars show the total spin moment of the 3ML Pt film. (d) Non-spin-polarized layer (Pt)-resolved density
of states at the Fermi energy [N(Ey)] versus a; for the freestanding 3 ML Pt (black squares) and for the 3Pt/BTO bilayer (triangles) for P;
(P,) polarization indicated with the up (down) triangles. The vertical lines denote the experimental lattice constant of bulk BTO (3.992 A) and

Pt (3.920 A), respectively.

structure without FE distortion. Figure 2(b) shows comparison
of the layer-resolved and total magnetic moment for the Pt
atoms with Py, P, and Py, where Py denotes BTO without
FE distortion. Interestingly, the calculations reveal the onset
of Pt magnetism in the 3Pt/BTO bilayer with Fy. This result
suggests that the interfacial effect between the Ti-O layer and
Pt atoms also contributes to the enhancement of N(Er ), which
in turn leads to the magnetization of the Pt atoms. Note that
this hybridization-induced contribution to the enhancement of
N(Ep) is also present in both P, and P, polarizations and
complements the polarization effect. On the other hand, the
magnitude of the Pt magnetic moments for P, lies between
those for P, and P;, except for the interfacial Pt layers (Pt;).
This is mainly due to the strong hybridization effect at the
interface as discussed above.

Table I lists the relative displacements of the Ti (dri.0) and
Pt (dp,-0) atoms with respect to the O atoms at the interface
of Pt/BTO. Here, the positive (negative) drj.o indicates the Ti
displacement towards (away from) the Pt layers. Therefore,
larger FE polarization switching will lead to greater changes
of the interfacial distance. We also list the total magnetic
moment of the Pt film. The changes of magnetic moment
upon polarization switching are comparable with those for the
Fe/BTO bilayer, even though the Fe atoms have larger spin
moments of ~2.67 ug [22].

Since the magnetic moments of all Pt layers undergo a
change with polarization reversal, the MEC coefficient « in

HoAM

linear response is given by « = , where g is the

vacuum permeability, AM is the charclge of the total mag-
netization per unit area, and E. is the coercive electric field
to reverse the polarization which in the case of BTO is 100
kV/cm. We find that for Pt/BTO « is 1.93 x 1071° (1.50 x
1071%) Gem?/V for of 3.920 (3.992 A), which are of simi-
lar order of magnitude as those in Fe/PbTiO3(BaTiO3) and
CoFe;0,4/BiFeO3 [23,44,45].

In order to investigate the effect of FE polarization on
thicker Pt films, we show in Fig. 2(c) the layer-resolved mag-

TABLEI. Values of relative displacements of the Ti (dr;.0) and Pt
(dpy,-0) atoms with respect to the O plane at the interface for various
3Pt/BTO. We also list values of total Pt spin magnetic moment, and
the MCA, where MCA! and MCA? are determined from total energy
calculations and the force theorem, respectively.

3.920 (A) 3.992 (A)
3Pt/BTO P, P, P, P,
drio (A) 0.262 —0.154 0.087 —0.047
dpy.0 (A) 2.251 2.113 2.132 2.112
Total M (115) 0.560 0.815 1.085 1.291
MCA' (erg/cm?) —0.344 1.136 1.025 2.503
MCA? (erg/cm?) —0.347 1.134 1.018 2.508
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TABLE II. Values of the total Pt spin magnetic moment and
MCA (determined from total energy calculations) for the 5Pt/BTO
bilayer for two in-plane lattice constants and two FE polarizations,
respectively.

3.920 (A) 3.992 (A)
5Pt/BTO P, P, P, P,
Total M (up) 0.463 0.940 0.404 0.719
MCA (erg/cm?) 0.031 0.199 0.100 0.201

netic spin moment of the 5 Pt MLs in the 5Pt/BTO for the
two in-plane lattice constants. First and foremost, the ferro-
electric polarization of BTO can still induce magnetism in the
5 MLs Pt. In view of the freestanding 5 ML Pt film being
nonmagnetic, the onset of magnetism solely arises from the
interfacial effect and ferroelectric polarization with BTO. We
can see that the layer-resolved spin moments for a; = 3.920
A (blue bars) are larger than the corresponding moments (red
bars) for a; = 3.992 A for both polarization directions. More
specifically, the total Pt spin moments with a; = 3.920 A are
0.940 and 0.463 up for P, and Py, respectively, while the cor-
responding values are 0.719 and 0.404 up for the bilayer with
a; =3.992 A. These results, as listed in Table II, demonstrate
that the Pt spin moment is proportional to the magnitude of the
ferroelectric polarization. However, the magnitude of the spin
moments for the SPt/BTO decreases substantially compared
to the corresponding values in 3Pt/BTO. For example, for P,
and a; = 3.992 A the average spin magnetic moment reduces
from 0.215 wp per Pt atom in the 3Pt/BTO to 0.072 up per
Pt atom in the 5Pt/BTO, indicating that the interfacial and
ferroelectric polarization effects on thicker Pt films become
weaker. Consequently, the magnetism will finally vanish when
the Pt films are thick enough.

To understand the underlying Stoner mechanism of the FE
polarization-induced magnetism in ultrathin Pt films and the
crucial role of the biaxial strain, we present in Fig. 2(d) the
non-spin-polarized average layer-resolved density of states
(DOS) without SOC at the Fermi energy, N(Er), versus
in-plane lattice constant for the freestanding 3 ML Pt film
(square symbols), where the empty (filled) square symbols
represent the nonmagnetic (magnetic) cases. We also display
in Fig. 2(d) the non-spin-polarized layer-resolved N(Er) on
the interfacial (I), central (C), and surface (S) Pt layer for
the 3 Pt/BTO bilayer (triangles). The black solid line shows
approximately the strain-dependent critical value of N(Ef)
where the Stoner criterion is fulfilled separating the FM from
the nonmagnetic (NM) phase. The fact that this line is not
horizontal suggests that the Stoner exchange parameter / de-
pends on strain. Overall, the results reveal that indeed the
FE polarization enhances N(Er) on the surface and central
Pt layers compared to that of the freestanding Pt film so that
the Stoner criterion is met, thus rendering them magnetic. On
the other hand, N(Er) for the interfacial Pt layer does not
satisfy the Stoner criterion, and the smaller magnetic moment
presumably arises from the proximity effect from the surface
and central layers. It is important to note that the trend of
magnetic moments with polarization and strain in Fig. 2(a) is
consistent with that of the layer-projected DOS on the surface

MCA(Py) MCAP)
3.0 . 51 :
A=54.5me ) A=18.0meV 4
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FIG. 3. MCA energy as a function of Fermi level position (© —
Er) for the Pt/BTO bilayers with a; = (a) 3.920 and (b) 3.992 A.
Blue and green curves denote the MCA with up and down polariza-
tion, respectively. Black arrows show the shift of chemical potential,
A, upon polarization switching.

and central Pt layers, where Ng(Er) > N¢(Er) > Nj(Er) and
the layer-resolved DOS for P, is consistently larger than the
corresponding value for Pj.

Having established the emergence of FE-induced mag-
netism in ultrathin Pt films we next investigate the influence of
polarization switching on the MCA. The MCA was calculated
using two different approaches. The first, discussed above
involves total energies. The second employs the force the-
orem MCA = ", MA(k), where the k-resolved MCA(k) ~
Y neoccle(m, k)10 — ¢(n, K)1] in the 2D BZ [46,47]. Here,
e(n, k)[lOO]([OOl]) are the eigenvalues of the Hamiltonian for
in-plane (out-of-plane) magnetization orientation. The values
of the polarization-dependent MCA of 3Pt/BTO for the two
aj are listed in Table I, where the agreement between the two
approaches is excellent. For a; = 3.920 A the polarization
reversal results in magnetization switching from in-plane to
out-of-plane orientation, while for a; = 3.992 A both po-
larizations favor perpendicular MCA. Nevertheless, for both
lattice constants we find a significant change of MCA of
about 1.5 erg/cm? under polarization switching Py — Py),
which is about a factor of five larger that the reported values
for Fe/BTO (SrTiO3) [22,48], indicating a giant electric field
MCA efficiency, presumably arising from the large SOC of
Pt. Note, that P always gives an enhanced PMA compared to
Py, regardless of the lattice constant. On the other hand, we
find that the 5 Pt/BTO bilayer exhibits similar tunable trend
of magnetic behavior versus polarization switching, but where
the MCA values and their corresponding changes in response
to P, — P, are about one order of magnitude smaller than
those of the 3Pt/BTO. Hence they are not sufficient in stabiliz-
ing the magnetization against thermal fluctuations in practical
applications.

To reveal the underlying origin of the changes of MCA
upon polarization reversal, taking 3 Pt/BTO as an example,
we display in Fig. 3 the variation of the MCA as a function
of the shift of chemical potential, Ay = p — Ep. The results
reveal an overall similar Fermi level dependence of MCA for
P; and P over a wide range of A, suggesting that the change
of MCA can be mainly attributed to the rigid shift of the
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chemical potential in response to the interfacial repositioning
of the Ti and O elements. More specifically, the Fermi level
dependence of MCA for P, is similar to that of P, where
w(Pp) = u(Py) + A, namely, involving a rigid shift of the
MCA for P, to a higher chemical potential A. This results
from the charge accumulation at the interface for Py. We find
that A is about 54.5 and 18.0 meV for a; = 3.920 and 3.992
A, respectively, where the different values are due to the dif-
ferent polarization strength induced by strain [22]. Moreover,
we have carried out calculations of the electrostatic potential
profile normal to the interface for P, and P, respectively. By
calculating the Fermi level with respect to the vacuum level
for both polarizations we find A values of 58.8 and 19.2 meV,
respectively, which are in good agreement with those obtained
from Fig. 3. These results reveal three additional important
effects. First, using a FE substrate with larger polarization
can enhance even further the efficiency of change MCA via
polarization switching. Second, Fig. 3(b) shows that relatively
small (<0.15 V) modulation of the chemical potential via gate
voltage [33] for example can result both in (i) very large MCA
(~4 erg/cm?) necessary to stabilize magnetic bits (typical
MCA values for FeCo/MgO junctions are about 1.2 erg/cm?)
and (ii) unprecedented efficiency of magnetization switching
solely via gate voltage [49].

The effect of FE polarization switching on the MCA can
also be understood from the second-order perturbation theory
MCA expression, given by [50]:

5 PllmoPIIm’a/
Bes Y Sars i o
u 0

I, Imm'oo’ ou
where
ALy = [(Im|L|1m) > = [(Im|L|lm') . @)

Here, 0,0’ = +1 denote the electron spin, é is a diagonal
matrix containing the SOC strength, ﬁx(z) is the x(z) compo-
nent of the orbital angular momentum operator, and P!/ =
Q1Y Im)|? is the Bloch wave amplitude projected on atom
I (in our case Pt), orbital index /m, spin index o and V¢ (E7)
is the one-electron occupied and unoccupied spin-polarized
Bloch states (energies) of band index n and wave vector k
(omitted for simplicity).

In Fig. 4 we show the minority-spin bands of the surface Pt-
derived d,., d.;, and d,>_,» states for Py and Py, respectively.
In contrast to the interfacial states dominated by the hy-
bridization effect, these states are found to yield the dominant
contribution to the change of MCA under polarization rever-
sal. Note that the change of MCA for 5d transition metal thin
caps have been found to correlate well to the electric field- or
FE-polarization-induced shifts of the d-orbital states [22,49].
For a; =3.920 A, the occupied surface-Pt djz _-derived
states around I' for P, shift upward in energy for P; and
become unoccupied. Consequently, for P; this triggers a cou-
pling between the unoccupied dij2 states and the occupied

d\t(xz) states through the in-plane orbital angular momentum

operator, L., which in turn yields a negative contribution to the
MCA [see Eq. (2)]. This result is consistent with the reduction

— d\'—" dx: dyzA\-z
(a) : :
041P, ] oafpy
—~ 02} N P
e \
= 00 00
m -0.2 g3k

-0.4

I — XX<M->T

FIG. 4. Energy- and k-resolved distribution of the minority-spin
bands of the surface Pt-derived dy;, d,;, and d,2_,, states along the
symmetry directions of the 2D BZ for P; and P, and for g =

(a) 3.920 and (b) 3.992 A, respectively. The Fermi level is set at zero
energy.

of MCA (Table I) under P, — P; switching. For aj = 3.992
A and P, [Fig. 4(b)] the SOC matrix element (d)}zlﬁzldjz)
around %ﬁ and %W yield positive contributions to the
MCA. When the polarization reverses to P, the unoccupied
dyi states around ' and M, respectively, shift downward in
energy and become occupied, thus reducing the MCA.

IV. CONCLUSIONS

In summary, we report a ferroelectric-driven magnetism
in ultrathin Pt films which can also be tuned via biaxial
strain. In addition to the modulation of the magnetization, the
polarization switching triggers record-high changes of MCA
energy compared to the 3d FM counterparts, due to the large
SOC of Pt. The underlying origin lies on the changes of the
chemical potential and hence screening charge induced by the
polarization direction. Using a substrate with larger FE polar-
ization can enhance presumably even further the MEC. The
FE control of magnetism in ultrathin heavy metals with large
SOC may have important implications on the anomalous Hall
effect as well as the voltage-controlled magnetic anisotropy in
nonvolatile memories.
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