PHYSICAL REVIEW B 100, 195415 (2019)

Spin-polarized currents driven by spin-dependent surface screening
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We demonstrate the mechanism of spin current generation in ultrathin ferromagnetic film by voltage-induced
interface magnetoelectric effect and provide a rigorous theoretical and numerical description of the phenomenon.
Surprisingly, for MgO-Cu-Co-MgO systems the spin-dependent screening in thin (less than 20 nm) Co film
produces spin accumulation 7 times higher than the accumulation induced by the bulk effect of spin-dependent
conductivity in thick Co films. An experimental approach to validate our numerical predictions is proposed.
The demonstrated effect opens routes to design highly miniaturized, voltage-controlled spintronic or magnonic
devices, while the developed model is a useful tool to study spin currents driven by surface screening.
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I. INTRODUCTION

The phenomenon of spin-dependent surface screening (SS)
leads to the charge-mediated magnetoelectric effect (ME),
which is the key mechanism for the electric control of mag-
netic properties in ultrathin multiferroic heterostructures [1,2].
The effect has been described first theoretically by Zhang
in 1999 [3] and then confirmed by ab initio calculations
[4-6]. It has been shown experimentally that SS may be
utilized to change the magnetization, anisotropy, or coercivity
of ultrathin ferromagnetic film [7-14], to induce magnetic
ordering transition [15,16], or even induce surface magnetism
in nonmagnetic materials [17]. In multiferroic tunnel junc-
tions SS provides significant contribution to the tunneling
resistance [18,19] and opens possibilities to manipulate the
spin polarization of tunneling electrons [20,21]. Owing to the
surface magnetic anisotropy that is controlled by SS, spin
waves may be excited parametrically or resonantly with the
ac voltage [22-26].

Spin-dependent surface screening changes the absolute
value of magnetization at the dielectric-ferromagnetic metal
(D-FM) interface, in contrast to, studied more extensively,
strain-driven ME effects [2,27-29], which rotate the magne-
tization direction. Although strain-driven ME remains signif-
icant for relatively thick layers, it suffers from ageing effects,
clamping, and integration problems with current technology.
Therefore, charge-mediated ME is a more promising mecha-
nism for applications in the nanoscale devices.

In this paper we present that the SS mechanism in
an ultrathin ferromagnetic layer leads to generation of the
spin-polarized current and spin accumulation in D-FM sys-
tems. Therefore it may be regarded as an alternative to the
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mechanism of current polarization in the conventional spin-
transfer torque magnetic random access memory (STT-
MRAMEs) [30], providing the possibility for further miniatur-
ization of spintronic devices.

We study the spin-dependent surface screening effect in
a D-FM-D system subjected to ac voltage. The change of
the voltage results in the change of the screening charges
at the insulator-ferromagnet interface. Since the screening is
spin dependent, we show that this leads to the appearance of
nonequilibrium spin density at the interface which generates
diffusive spin current. We explain this effect within the Stoner
band model and derive the term that describes SS in drift-
diffusive formalism. With this model we perform numerical
simulations and obtain the spin current with the contributions
from spin-dependent conductivity (SC) and SS for a MgO-Cu-
Co-MgO system. What is important is that the SS contribution
significantly prevails over the SC for systems with an ultrathin
Co layer. Finally, we propose the strategy to distinguish exper-
imentally between that two current polarization mechanisms.

The two considered systems are shown in Fig. 1. The
multilayers consist of two 2-nm-thick MgO films separated
by Co film of different thicknesses. In system A the Co layer
is separated from MgO by a 2-nm-thick nonmagnetic metal
(Cu) at both interfaces, while in system B it is separated from
MgO only from the top. Therefore, in system A there is no
D-FM interface, while in system B it is present. Consequently,
screening charges will appear in the ferromagnet only at the
bottom interface in system B when the voltage is applied to the
multilayer structure through bottom and top electrodes (e2 and
el, respectively). It is assumed that charge and spin transport
is only perpendicular to the layers along the x axis.

II. DRIFT-DIFFUSION MODEL

The coupled charge-spin dynamics driven by the ac voltage
is considered on the base of the diffusive model [31,32]. The
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FIG. 1. The schematic of considered composites. In system A
there is no D-FM interface, while in system B the single D-FM
interface is present. With an ac voltage applied to system B, the spin
accumulation appears at the Co/MgO interface as a consequence
of the spin-dependent surface screening. The spin accumulation
diffuses to the bulk of the metallic multilayer.

free charge density current J; is described in the metal layers
by the equation

ony e 0s

Jf=0E—-D ™ +ﬁDMB o (1)
which includes contributions from electron drift driven by the
electric field E, diffusion driven by the gradient of free charge
density ny, and diffusive spin polarization representing the SC
contribution, respectively. Here, o is conductivity, D is the
diffusion constant, 8 is the spin asymmetry coefficient, up
is Bohr magneton, and e is the electron charge. In dielectric
layers the displacement current is described by the equation
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where €€, is the permittivity of the material. The conserva-
tion of free (i = f) and bound (i = b) charge density n; is
described by the continuity equation:
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Electric potential V is given by the Gauss law:
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FIG. 2. Schematic diagrams of s and d bands in Co (a) at electric
field £ = 0 and in equilibrium; (b) at E # 0 with equal band shift
—V,; (c) at E # 0 with screening exchange splitting V;. (d) Dynamic
nonequilibrium charges (with respect to equilibrium spin level sg)
An' and An' developing as a consequence of the dynamic exchange
splitting. In (e) the equilibrium state with the exchange splitting of
the screening charges is shown.

with the boundary conditions at the electrodes:
le:el =U= UO Sin(ZTFfof),
le:eZ =0, (5)

where fj is the frequency of the oscillating voltage U .
The spin current J; in the ferromagnetic material is mod-
eled by the equation [32]
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which describes spin current driven by the gradient of the spin
accumulation s (diffusion) and the spin-conductivity term.
The continuity equation for the spin accumulation s is

as dJg )
——— -+ @)

ot 0x Ti
which describes the rate of change of s due to the gradient of
the spin current, the spin-flip relaxation with the characteristic
time 7. f; is an additional source from spin-dependent surface
screening. The formula for f; is derived below. We use in the
following paragraphs n = ny.

III. SPIN-DEPENDENT POTENTIAL AS A SOURCE OF
THE NONEQUILIBRIUM SPIN DENSITY

We will consider the voltage-driven magnetization and
spin-density change in Co within the Stoner model [33]. Due
to the exchange splitting of the band d for the majority and
minority spins and partially filled minority subband [Fig. 2(a)]
there exists equilibrium spin density (magnetization) in the
bulk of the ferromagnet which is equal to the difference
between charge densities of the spin-up (1) and spin-down
({) subbands, m = ug(n® — n')/e. The voltage applied to the
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system shifts the potential of the bands at the D-FM inter-
faces [Fig. 2(b)], leading to the accumulation of the screen-
ing charge density n = Sng + 5n$ where dn)) is accumulated
screening charge in the subband p. Since the density of states
is different between subbands at the Fermi level (Ap = pt —
p¥ < 0 for Co), then screening charge changes the value of
the magnetization at the interface by émy = up ((Sng — Bn(l) )/e
[4].

Another important feature of the screening in the ferro-
magnet is that the changes in the band occupancy influence
the exchange splitting [5], i.e., the potential is spin dependent
[3,18]:

I
VP =V, —-(@n" —én7"), 8
e

where I is the exchange constant. Spin-dependent potential
(8) means that the subbands shift relative to each other by
V, =V — V¥ = —-2I8m [Fig. 2(c)]. From Egs. (5) and (11)
in Ref. [3] we get the relation between V; and screening charge
n = én' + 8n' in the linearized Thomas-Fermi model:
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e
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where p = p' + p¥. This shift has important consequences.
Since pt # p¥, the shift changes the equilibrium charge level
with respect to the Fermi level by Er — so [Fig. 2(d)], where
so = —e(VTpt +V¥p¥)/p is the spin equilibrium level. This
leads to the changes in equilibrium charge densities §n” # Snly
and potential V.. Therefore, the surface magnetization value
changes by §m # 6myg. Moreover, the screening length in fer-
romagnet Ap deviates from the conventional Thomas-Fermi

s =

(€))

value A = (&g/e? p)l/ % and thus the capacitance is reduced [3].
We can implement this effect to our numerical model where
the screening length is defined as A = (¢yD/c)"/? by dividing
drift term and multiplying diffusion term in Eq. (2) by y,, =
Ar/A =~ 1.1 for Co. However, we found that modification
of the screening length does not influence the effect of the
spin-polarized current generation which is considered here, so
it will be neglected from here forward.

Since screening charge and thus V; [Eq. (9)] is time de-
pendent under the ac voltage, the change of the shift between
subbands AV; is the source of nonequilibrium spin density
As o< AVs. From Fig. 2(d) we see that with respect to s,

As = HB(Ant = AnY)
e

= BB evt — st — EE(—evt — )0t
e e

= — 2upAVip' p¥/pe. (10)
Taking the time derivatives we get from Eqs. (9) and (10),
ds  4lptpt A 9 9
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In equilibrium the final change of magnetization ém =
wup(8n®’ — 8n¥)/e is a consequence of uniform potential shift
of the bands and their relative exchange splitting [Fig. 2(e)].

Equations (2)—(7) with the source term f; given by Eq. (11)
are solved numerically by the finite-element method in COM-
SOL MULTIPHYSICS with time-varying voltage applied to the
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FIG. 3. Spatial distribution of (a) spin accumulation s and
(b) spin current J; through the thickness of the Cu-Co bilayer
in the system B with separated contributions from spin-dependent
conductivity (SC) and spin-dependent surface screening (SS). The
vertical dash-dotted line indicates the Cu/Co interface.

electrodes with amplitude Uy =8 V and frequency fy =
200 MHz. The equations are implemented with the currents
defined as a flux, thus assuring their continuity at interfaces
and zero value at outer boundaries. The relative permittivity
is €, = 10 for MgO and ¢, = 1 for metals. We assume the
conductivity of metals o = 1.2 x 107 S/m and the diffusion
constant D = 4 x 107> m?/s. The spin asymmetry coefficient
for Co is B = 0.5 [32], and the spin-flip relaxation time is
T = 0.9 ps [32]. This corresponds to the spin relaxation
length of 60 nm, i.e., much larger than the electron mean
free path, satisfying the diffusive limit [31,34,35]. The mag-
netoelectric coefficient calculated from Eq. (11) with I =
1.25eV, pt =0.18eV™!, pt =0.7eV! [3]is y, = —0.25.
We assume also the magnetization of Co film lies in the plane
of the film.

IV. RESULTS

A. The peculiarities of spin transport driven by spin-dependent
screening and spin-dependent conductivity

Figure 3 shows the calculated spatial distribution of spin
accumulation s and spin current J; (for system B and thickness
of Co film Ly =51 nm) at the moment when they reach
maximum values, i.e., when V crosses zero value and charge
current flows in the +x direction. We separated the contri-
butions which originate from SC and SS. Since g > 0, then
T_ > 14, i.e., the relaxation time for spin down is longer
than for spin up, and for the current driven by the spin-
dependent conductivity there is more spin-down electrons
flowing than spin-up electrons. Consequently, J; has negative
sign [Fig. 3(b), blue line] and its maximum is at the center of
Cu/Co bilayer. Within the distance proportional to the spin-
diffusion length (L, = 60 nm for Co), from the ferromagnet
surfaces there builds up a negative spin accumulation gradient
[Fig. 3(a), blue line] that stands against the SC term [compare
Eq. (6)] [36]. In the Cu layer there is a weak exponential decay
of s from the Cu-Co interface.

For the current driven by the spin-dependent surface
screening, the outflow of negative charges from the F-D
interface generates negative spin accumulation since y; < 0
[Fig. 3(a), red line]. The resulting spin accumulation gradient
induces spin current in the direction +x [Fig. 3(b), red line].
The maximum value of J; is at the D-FM interface.
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FIG. 4. (a) Spin accumulation and (b) spin current in the Cu
layer in dependence on the thickness of the Co layer for system A
and system B. The insets show the same dependences but with the
extended scale.

The results presented above demonstrate that the spin
current driven by SS is a consequence of the spin accumu-
lation gradient buildup. This is in contrast to the SC-polarized
current, where the spin accumulation gradient is a result of
this current and stands against it.

The effects from SS and SC sum up to give a resultant
spin accumulation and spin current (black lines in Fig. 3).
In Co (B > 0, y; < 0) they add up destructively, and for a
Co thickness of 51 nm discussed above, that contribution
balances out at the Cu layer as shown at the left-hand side
of the dash-dotted line in Fig. 3(b).

B. Separation of spin accumulation sources

To clearly distinguish between SC- and SS-generated spin
currents we can compare samples where SS would be absent
(system A) and samples where SS are present (system B).
Moreover, spin-dependent conductivity is a phenomenon that
acts in the bulk of the FM material, while the spin-dependent
surface screening is an interface effect. Thus, in a thick ferro-
magnetic layer SC shall dominate while SS should manifest
itself in thin ferromagnetic layers.

To prove this, we consider the values of spin accumulation
and spin current in the top Cu layer, in dependence on the
thickness of Co layer. The black lines in Fig. 4 show s
and J; calculated for the system A. Since there is no D-FM
interface, the spin polarization of the current is a result of
spin-dependent conductivity only. For a thin Co layer (Lp <
2L4r) the spin accumulation counteracts the spin current sig-
nificantly. For thickness larger than 2L, the influence of
the interfacial accumulation loses its significance, and the
values of s and J; saturate with increasing thickness of Co
films (see insets in Fig. 4), reaching maximum value of
105 A/s in Cu (and the value of J; ~ —BJ; = 7000 A/s in
the bulk of Co layer).

The red lines in Fig. 4 show s and J; for system B.
Because of the D-FM interface, there are contributions both
from SC and SS to the spin transport. Spin-dependent con-
ductivity dominates for Lp > Lys. If the distance from the
D-FM interface to the Cu layer is less than 2L, the currents
induced by spin-dependent surface screening start to play
a significant role and the values of s and J; deviate from

those for system A. At Ly = 51 nm SS balances out the SC
contribution in Cu, and for Ly < 51 nm the spin current driven
by SS dominates. The maximum values obtained for Lg = 2
nm are s = 650 mA/m and J; = 730 A/s, which are 7 times
higher than those obtained for thick Co films with dominating
spin-dependent conductivity.

The presented dependences of s and J; on Ly give us a
simple tool to distinguish between SS- and SC-driven currents
experimentally. If the SS contribution is absent in the system,
then s — 0 and J; — 0 as Ly — O (when Lr < Lgy). If the
SS contribution is nonzero, s and J; tend to nonzero values
as L — 0 for Ly < Lys. It is rather crucial to choose a
ferromagnet with a relatively long spin-diffusion length like
Co, since the effect is hard to resolve for Ly > L.

The proposed systems and the method of extraction of
SS-driven spin accumulation is suitable to be verified by x-ray
magnetic circular dichroism (XMCD) [37,38], where the mea-
surement of spin accumulation dynamics is element-specific
and thus may be constrained to the signal from Cu layer.
The time-resolved XMCD experiment can distinguish the spin
accumulation in the Cu layer generated by the spin-dependent
surface screening from that generated by the spin-dependent
conductivity, taking into account the dependence of the value
of spin accumulation on the Co layer thickness. One then
needs the series of samples of different Co layer thicknesses.
The spin accumulation will tend to zero in a Cu layer with
decreasing Co layer thickness if the spin-dependent surface
screening is absent like in system A [black line in Fig. 4(a)].
The spin accumulation will tend to a nonzero value in the Cu
layer if the spin-dependent surface screening is present like in
system B [red line in Fig. 4(a)].

V. SUMMARY

In summary, the mechanism of spin current generation by
the spin-dependent surface screening effect has been proposed
and described within the Stoner model. The mechanism has
been implemented to the drift-diffusion model. Then the
specific dielectric-ferromagnetic heterostructures have been
considered numerically to show the properties of SS-driven
spin currents. We found the spin accumulation and the spin
polarization of the current driven by spin-dependent surface
screening is 7 times higher for a 2-nm-thick Co layer than
those obtained by spin-dependent conductivity for relatively
thick Co layers, e.g., like those used in STT-MRAMs. Since
the strength of the effect depends on the density of the
screening charge at the dielectric-ferromagnet interface, it can
be enhanced with the use of dielectrics or magnetodielectrics
of high permittivity [39]. Furthermore, it can be linearly tuned
by the change of frequency or amplitude of the ac voltage. The
mechanism of SS-driven spin currents can find broad appli-
cations in spintronics and magnonics, in particular, through
amplifying spin waves through spin currents induced after
application of the ac voltage to the multilayered structure.
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