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Interfacing a ferromagnet with a polarized ferroelectric gate generates a nonuniform, interfacial spin density
coupled to the ferroelectric polarization. This coupling allows for an electric field control of the effective field
acting on the magnetization. To unravel the usefulness of this interfacial magnetoelectric coupling we investigate

the magnetization dynamics of a ferroelectric/ferromagnetic multilayer structure using the Landau-Lifshitz-
Baryakhtar equation. The results demonstrate that the interfacial magnetoelectric coupling is utilizable as a
highly localized and efficient tool for manipulating magnetism by electrical means. Ways of enhancing the
strength of the interfacial coupling and/or its effects are discussed.
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I. INTRODUCTION

Electrical control of magnetism has the potential to boost
spintronic devices with a number of novel functionalities
[1-5]. To mention an example, magnetization switching can be
achieved via a spin-polarized electric current by virtue of the
spin-transfer torque or the spin-orbital torque in the presence of
a spin orbital interaction [6—15]. One may also use an electric
field to manipulate the magnetization dynamics [16-22] in
which case the electric field may lead to modulations in the
charge-carrier density or may affect the magnetic properties
such as the magnetic moment, the exchange interaction,
and/or the magnetic anisotropy [16—19]. Compared to driving
magnetization via a spin-polarized current, an electric field
governing the magnetization has a clear advantage as it allows
for nonvolatile device concepts with significantly reduced
energy dissipation. On the other hand, an external electric field
applied to an itinerant ferromagnet (FM) is shielded by charge
accumulation or depletion caused by the spin-dependent
screening charge that extends on a length scale of only a few
angstroms into the FM [23]. This extreme surface confinement
of screening hinders its utilization to steer the magnetic
dynamics of bulk or a relatively thick nanometer-sized FM
[24,25]. Experimentally, ultrathin metallic FM films were thus
necessary to observe an electric-field influence on the dynamic
of an FM [16,17,26].

In this work we show that while the spin-polarized
screening charge is surface confined, in the spin channel a local
nonuniform spiral spin density builds up at the interface and
goes over into the initial uniform (bulk) magnetization away
from the interface. Hence, this interfacial spin spiral acts as a
topological defect in the initial uniform magnetization vector
field. The range of the spiral defect is set by the spin diffusion
length A, [27] which is much larger than the charge screening
length. This spin-spiral constitutes a magnetoelectric coupling
with a substantial influence on the transversal magnetization
dynamics of the FM layer with a thickness as large as tens
of nanometers [28]. The interfacial spiral spin density can
be viewed as a magnonic accumulation stabilized by the
interfacial, spin-dependent charge rearrangement at the contact
region between the FM and the ferroelectrics (FE) (with a
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FE polarization P) and by the uniform (bulk) magnetization
of FM far away from the interface [30]. P responds to an
external electric field and so does the magnetic dynamics.
As shown below, this magnonic-assisted magnetoelectric
coupling arising when using a dielectric FE gate allows a
(ferro)electric-field control of the effective driving field that
governs the magnetization switching of a FM layer with a
thickness on the range of the spin diffusion length A,, which
is clearly of an advantage for designing spin-based, nonvolatile
nanoelectronic devices.

In Sec. II we discuss the mathematical details of the
spin-spiral magnetoelectric coupling, followed by its imple-
mentation into the equations of motion for the magnetiza-
tion dynamics in Sec. III. In Sec. IV results of numerical
simulations are presented and discussed showing to which
extent the spin-spiral magnetoelectric coupling can allow
for the electric-field control of the magnetization in FE/FM
composites. Ways to enhance the effects are discussed and
brief conclusions are made in Sec. V.

II. INTERFACIAL MAGNETOELECTRIC COUPLING

Theoretically, the above magnon accumulation scenario
maybe viewed as follows: When a FE layer with remanent
electric polarization P and surface charges opg is brought in
contact with an itinerant (charge-neutral) FM, bond rearrange-
ments occur within a few atomic layers in the interface vicinity
[31]. On the FM side, the rearranged spin polarized charge
density implies a spin configuration different from the bulk
one. The modifications of the magnitude of the interfacial
local magnetic moments are dictated by hybridization and
charge transfer and were studied thoroughly both theoretically
and experimentally (e.g., Ref. [31]). Here we are interested in
the consequence on the long-range magnetic order extending
to the asymptotic bulk magnetization. In the mean-field
formulations, the induced spin density s is exchange coupled
with the localized magnetic moments S, which can be treated
classically as an effective magnetization M = —£.2S with
us, g, and a being the Bohr magneton, g factor, and lattice
constant, respectively. The associated sd exchange coupling
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energy at the FM interface is

M
Fa = Jsdﬁss'mv (D
where m is a unit vector in the direction of M. M is the intrinsic
saturation magnetization. Within the Stoner mean-field theory
[32] the spin polarization 7 of the electron density in transition
FM metals is usually less than 1; we can decompose the
induced spin density s as [30]

Ss=s+5s, 2)

where s represents the spin density whose direction follows
adiabatically the intrinsic magnetization M at an instantaneous
time ¢. s; describes the transverse deviation from M. Given
that the steady-state charge accumulation entails much higher
energy processes than spin excitations, in the absence of a
charge current across the FE/FM interface, the spin diffusion
normal to the FM/FE interface (hereafter refereed to as the z
direction with its origin at the interface) follows the dynamic
equation (see Refs. [30,33] for details)

ﬁm+ ||8—m+aE—D0V S| _D(]VZSJ_
at at at ? ?
=2 MEE 3)
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where Dy is the diffusion constant and tex ~ /i/(2Js). Tst
is the spin-flip relaxation time due to scattering from impu-
rities, electrons, and phonons; 7 ~ 107121074 5 [34] and
Tex/Tst ™~ 1072 for typical FM metals [27]. The time-derivative

terms %, %, and % below THz are negligible compared
with s/t and s/7.x. Thus the steady state is set by [30]
S S, Xxm
D()VZzSH = i and D()VZZSJ_ = = ) (4)
Tsf Tex

implying an exponentially decaying spiral spin density [30],
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Here opy = opg & €pgE is the surface charge density due to
the electric neutrality constraint at the interface, epg and E are
the dielectric permittivity of FE and an applied normal electric
field, respectively. A, = /Dy is the effective spin-diffusion
length and the normal spin spiral wave vector Q,, = \/ﬁéz.
Clearly, in the presence of the exchange interaction with long-
range FM ordering, the accumulated (magnonic) spin density
extends in the FM system over a nanometer characteristic
length (~Ay, being 38 = 12 nm in Co [27]) which is much
larger than the electrostatic screening length (a few angstroms),
albeit both are associated by largely different energy scales.
As we are interested in the effect of the low-energy
accumulated magnonic density on the spin dynamic in FM we
can safely assume that the spin-dependent charge excitations
are frozen (because of the higher energy scale) during the
(GHz-THz) spin dynamics in the FM. Treating the magnetic
dynamics, we consider the additional effective magnetoelectric
field H™ acting on the magnetization dynamics M(#) due to the
interfacial spin order. To leading terms, from the sd interaction
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FIG. 1. Schematics of the plane of variation for the magnetization
M = M{cos ¢ sin6, sin ¢ sin6, cos #}. The FM/FE interface is re-
ferred to as the xy plane. Hy* and Hj* are the transversal components
of the interface magnetoelectric field.

energy [Eq. (1)] we derive

J,
H™ = —§F,/6M = —ﬁds. )
S

We choose nanometer-thick layers Co and BaTiOj3 as prototyp-
ical FM and FE layers for estimating the characteristics of H™.
The density of surface charges [35] reads opg = 0.27C/ m? and
the parameters of Co are [36] M, = 1.44 x 10° A/m, K, =
4.1 x 10° J/m?, Ay =40 nm [27], and n = 0.45 [32]. We
find thus |[H™| ~ 0.2 T with Jy ~ 0.1 eV /atom and the FM
thickness dry = 40 nm. Such a strong magnetoelectric field is
comparable with the uniaxial anisotropic field % ~ 0.3 T of
Co. More importantly, note that the nonadiabatical component
H' is always perpendicular to the direction of magnetization
M, acting as a fieldlike torque and a dampinglike torque at all
time (cf. Fig. 1), which would play a key role for electric-field
assisted magnetization switching.

III. MAGNETIZATION DYNAMICS

We start from the Landau-Lifshitz-Baryakhtar equation
(LLBar) [37-39] for the magnetization dynamics at the FM
interface,
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where y is the gyromagnetic ratio. The last two terms
describe the local and nonlocal relaxations. f\r and f\e are
generally the relaxation tensors of relativistic and exchange
natures, respectively. The anisotropy of relaxations decreases
with increasing temperature. Experimentally, the isotropy of
relaxations were discussed in Ref. [40]. We can represent the
relaxation tensors as A, = A, and A, = A, where A, = yaM;
and A, = yguphGy/(8¢?) with « and G, being the Gilbert
damping coefficient and the conductivity of FM system,
respectively. e is the electron charge. In contrast to the
Landau-Lifshitz-Gilbert equation, the LLBar equation does
not conserve the magnitude of the magnetization capturing
the magnetic relaxations in metals, especially the case for FM
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metal interfaces. This is necessary in our case to ensure that the
local magnetic order which is in equilibrium with the interface
region relaxes to the asymptotic bulk magnetization.

By introducing M = Mm into the LLBar equation, we infer
the following equation for the direction of magnetization [39]:

Jm 1
5, = ymXx He + VRJ_ 9)

with R = A, Her — )\.evzzHeff and R, = —m x (m x R). Here

Heff = Hgff +H™ (10)
is the effective magnetic field, in which HY; follows from the
functional derivative of the free-energy density via [41]

HY; = —8F0/6M,

Fo = —K(sin® 6 cos? ¢ sin® 0, + cos® 6 cos® 6,)
K . .
ey sin 26 sin 26, cos ¢

an

K is the uniaxial magnetocrystalline anisotropy energy, Kj
is the magnetic surface anisotropy contribution which is
significant for relatively thin magnetic films and favors a
magnetization out of the xy plane. quf denotes the demag-
netizing field contribution, which favors a magnetization in
plane. M - B is the Zeemann interaction and 6, is the tilted
angle of the easy axis from the z direction.

Clearly, the nonuniform effective field H™ due to the s-d
interaction with the exponentially decaying spiral spins would
give rise to a nonlocal damping of the magnetization dynamics.
Considering that the contribution of the induced spin density
to the spatial distribution of local ferromagnetic moments is
small, we have

(V2s1) =202 ((s0)es — (s7)&y).

— (Ks/dpm — 110M?/2) cos® 0 — M - B.

(12)
Without loss of generality one can take (sf) = (si) = \/Li(s ).
It is also convenient to redefine some dimensionless pa-
rameters which are dpy = Lf\F—M, f=1tyT ~ 28t GHz, and

_ Jsa orM Am : ..
Ja = NP g with the FE spontaneous polarization Ps. In

the following Jy4 is taken as an adjustable parameter in view
of ferroelectric tuning of magnetoelectric field H™®.

IV. NUMERICAL RESULTS AND DISCUSSIONS

For the surface anisotropy K ~ 1073 J/m? and puoM?/2 ~
1.3 x 10° J/m? of Co sample [36], the dominant contribution
of the anisotropic term (K /dpv — ,quS2/2) in Eq. (11) has the
form either K/dgy or — /LOMSZ /2 depending on the thickness
dpm, 1.e., the magnetization will be either normal to the FM
interface (6, = 0) or in the interface plane (6, = 7 /2).

Case I. Normal FM magnetization with 8, = 0: The free
energy density is

K _ MO]VIS2
2 9
(13)

Fo=—Kegcos’0 —M-B, Ker=K; +

dpm
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which leads to

2K

H), = cos ¢, (14)

S

without an applied magnetic field B. The LLBar equation reads
then

L e _aKeff

Z_4 in 26, 15
o7 «/5 I M. sin (15)
.0 ve Ker .
fg— = ——_H™ 26 16
sin 57 7 T+ M. sin (16)
with y§ =1 -200 Jer + S = y* o

Clearly, under a weak interfacial ME field, the condition
H™ = 2 % Kef
vy M
can be satisfied; the polar angle 6 ends up processionally in
the equilibrium state [cf. Fig. 2(a) with 36 /37 = 0]. Otherwise,
the strong transversal field H" results in a magnetization flip
over the normal €, direction [Fig. 2(b)]. Considering that the
ME field depends linearly on the applied electric field and
the reciprocal of FM thickness, one would expect a transition
from the magnetization procession around the z axis (for a
small electric field E and/or relatively thick FM layers) to
the magnetization flip over the normal direction (for a strong
electric field and/or ultrathin FM film) at the critical points, as
demonstrated in Figs. 2(c) and 2(d).

Case II. In-plane magnetization with 68, = 7 /2: Disregard-
ing the surface anisotropy (K/dpy < poM?2/2) for a thick
FM film, the effective magnetic field reads

Hgff = 2K /M;sin 0 cos ¢p&, — puoMscos0é, + B

sin 260 (17)

(18)

and the magnetization favors an in-plane &, axis, which means
¢(0) = 0 with the external magnetic field B = 0. Upon some
simplifications the LLBar equation reads

0  yi woM; . Ky . 2
— = HTe sin 26 — sin 260 cos
97 ﬁ 1 +a B +a Ms ¢

K
— ﬁl sinf sin2¢ + aBcosf cos¢p — Bsing, (19)

S

ad ¢ M K
sin@if: V_Hme Ho Ssin29—ot—lsint9sin2¢

a2t 2 M,

K
- ﬁlsin%’coszq& — Bcos@cos¢p —aBsing.
S

(20)

In the absence of an external magnetic field B, the magnetiza-
tion dynamics is determined by three parameters: o, H", and
K /M. First, let us ignore the damping terms for small Gilbert
damping coefficient «; the weak ME field H™ satisfies % =

and % = 0, resulting in a relocation of the magnetization with
an equilibrium tilted angle in the vicinity of x axis, as shown in
Fig. 3(a). However, when H'™ is stronger than the anisotropic
field K| /M, and the demagnetization field 1o Mj, no solutions
exist for 06/97 = 0 at all time; the magnetization possesses
a z-axial flip mode in the whole spin space [cf. Fig. 3(b)]
similar to the case of normal FM magnetization. On the other

hand, after accounting for terms containing « in the LLBar
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FIG. 2. Dynamics of the normal magnetization. The polar angle 6 vs dimensionless time 7 for different ME field (a) J,q = 0.005 and
(b) Jyq = 0.03, respectively. Panels (c) and (d) demonstrate the thickness and electric-field dependence of §6,,,x = Omax — 0(0), where 6(0)
and 6Oy, are respectively the initial value [6(0) = 0] and the maximum value of the polar angle during the time evolution of magnetization.
80max = 7 indicates a magnetization flip over the normal &, direction. Here, @ = 0.1, egg = 1000, and K¢ ~ K.

equations, we would have additional magnetization rotation
around the z axis [Fig. 3(c)]. Further insight into the detailed
characterization of magnetization dynamics is delivered by
numerics for a varying strength of the ME field Jyy and the
uniaxial anisotropy K;/M; in Fig. 4 with o« = 0.1. There
are two new phases, the z-axial flip mode and the z-axial
rotational mode, which were unobserved in the FM systems in
the absence of interface ME interaction. With decreasing the
damping «, the area of the z-axial rotational mode shrinks and
vanishes eventually. By applying an external magnetic field B
along the x direction, only slight modifications are found in
the phase diagram. However, the initial azimuthal angle ¢(0)
deviates from the easy axis with a rotating magnetic field B in
the xy interface plane. Considering the LLBar equations with
the initial condition 8(¢t = 0) = /2, we have

le

0 v
or

=0 ~

2
(@)

<

2y

H 4 — LS} sin 2¢(0)
1 1‘4S

z

with a small damping «. As the dynamic equation is sensitive to
the initial azimuthal angle ¢(0), the calculations show that the
magnetization dynamics may change between the processional
mode around the x axis and the z-axial flip or z-axial rotational
mode, depending on the initial value of ¢(0).
Phenomenologically, such z-axial flip mode and z-axial
rotational mode are exhibited as a precessional motion of the
magnetization with a negative damping, as shown in the exper-
imental observation for polycrystalline CoZr/plumbum mag-
nesium niobate—plumbum titanate (PMN-PT) heterostructures
[5], where an emergence of positive-to-negative transition of
magnetic permeability was observed by applying external elec-
tric field. There is also some analogy between these nonequi-
librium switching behaviors in FM/FE heterostructures and
the negative damping phenomenon in trilayer FM/normal-
metal/FM structures, in which the supplying energy is thought
to be provided by injecting spin polarized electrons from

(©)

FIG. 3. Dynamics of the in-plane magnetization for different interface ME field and anisotropic field: (a) J = 0.03 and 2K, /M;=0.6T,
(b) Jig = 0.03 and 2K, /M, = 0.3 T, and (c) J,q = 0.015 and 2K, /M, = 0.1 T, respectively. Here dpyy = 1 and o = 0.1.
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FIG. 4. Phase diagrams of the in-plane magnetization dynamics
with @« = 0.1, dgy = 1, and B = 0: (a) the localized precessional
mode, (b) the z-axial flip mode, and (c) the z-axial rotational mode,
respectively. The characterization of the dynamic behavior of the
magnetization in three different phases is illustrated in Fig. 3. Insets
show the corresponding time evolution of the magnetization in each
phase.

an adjacent FM layer, magnetized in the opposite direction
compared to the FM layer under consideration [42,43].

V. CONCLUSION AND OUTLOOK

The above theoretical considerations along with numerical
simulations for specific FE/FM composites endorse that the
magnetization dynamics can be controlled by an electric
field of moderate strength. The excitations triggered by the
electric field are transferred to the spin system via the
interface spiral-mediated magnetoelectric coupling and may
result in a magnetization switching. This direct electric-field
control of the magnetization switching offers a qualitatively
different way to manipulate magnetic devices swiftly and
with low-power write capability. On the other hand, even

PHYSICAL REVIEW B 96, 054444 (2017)

FE FE
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&= M | &= EFMI_ v

substrate

FIG. 5. Schematic structure diagram of the FE/FM multilayer
system with enhanced magnetoelectric effect. The arrows mark the
directions of the FE polarization P and the FM magnetization M,
respectively.

though the spin-mediated magnetoelectric coupling has a
much longer range than the surface localized charge-mediated
FE/FM coupling, its range is still limited by the spin-diffusion
length which is material dependent but yet is in the range
of several tens of nanometers. Hence, the full power of the
predicted effect is expected for multilayer systems such as
those schematically shown in Fig. 5: Starting from a bilayer
structure with a thick FE interfaced with a FM layer, which
has a thickness in the range of the spin-diffusion length, we
suggest to cap this structure with a spacer layer, for instance an
(oxide) insulator. Repeating the whole structure as proposed
in Fig. 5 allows for a simple serial extension from a double
to multilayer structure while enhancing the influence of the
magnetoelectric coupling.
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