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Spin tunneling in multilayer spintronic devices
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We introduce a spin tunneling theory across the interfaces of multilayer spintronic devices, e.g., spin valves
and magnetic random access memories, which integrates the microscopic Green’s function formalism for
electron propagation within the interfacial barrier with the macroscale spin-dependent Boltzmann theory, which
governs the spin accumulation in the adjacent contacts. This multiscale approach makes possible the detailed
studies of interfacial properties (e.g., height, shape, and spin asymmetry) required to achieve high spin injec-
tion via tunneling. Based on the calculated results, the optimal interfacial properties have been identified for

possible experimental verification.
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I. INTRODUCTION

Electron propagation through potential barriers, which are
induced either by interfacial roughness between adjacent lay-
ers, systematic doping of bulk layers with impurities, band
alignment between different layer materials, or external po-
tential applied locally, plays a crucial role in multilayer de-
vices, e.g., spin valve sensors,’ magnetic tunnel
junctions,®’ lateral spintronic devices,®!' and traditional
complementary metal oxide semiconductor transistors. In
fact, in semiconductor spintronic devices, the presence of
tunneling barriers can greatly enhance spin injection effi-
ciency from a ferromagnetic metal electrode into the semi-
conductor device.'””'* Even in conventional ferromagnetic
metal multilayers, spin-dependent scattering at the layer in-
terfaces, as opposed to scattering in the bulk, provides a sig-
nificant contribution to the giant magnetoresistance (MR)
effect.!>~17 Conversely, spin flip at the interfaces can result in
a large suppression of MR.'® More recently, basic under-
standing of the ballistic tunneling process through barriers!®
and rapid advances in nanofabrication techniques have im-
proved the capability of engineering interfacial barriers with
significantly better performance.?’

In this paper, we develop a multiscale spin transport
theory for the investigation of tunneling spin injection, which
is an important phenomenon for spintronic applications. Spin
current due to conduction electrons is a nonconserved quan-
tity and, thus, the efficiency with which it is transmitted from
a magnetic source layer to a usually nonmagnetic collector
layer is crucially determined by the physics of the electron
propagation and transmission through the interfacial barrier.
Therefore, the spin injection process warrants a detailed
analysis beyond the conventional macroscopic picture. Pre-
vious theoretical investigations of spin injection across a tun-
nel barrier are either based on the purely semiclassical spin
drift-diffusive approach!>?! (which treats the barrier as a
lump resistance element) or by focusing on the ballistic tun-
neling across the barrier region.?>?* In our work, we apply
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the effective mass Green’s function formalism?*2% to ana-
lyze the microscopic effects of the tunnel barrier potential on
the incident spin current. At the same time, the transmitted
spin current is also dependent on the spin accumulation and
resulting electrochemical potential at the two adjacent con-
tacts. The spin accumulation on the contacts can be deter-
mined by considering the semiclassical spin-dependent drift-
diffusive transport (based on the Boltzmann equation) within
the bulk of the contacts.!>29-32 Thus, the main focus of this
paper is to (1) introduce a self-consistent approach that com-
bines the microscopic Green’s function formalism within the
nanoscale barrier and the Boltzmann drift-diffusive model
within the macroscopic contacts and, (2) based on this
model, study the effects of barrier properties, e.g., potential
profile and geometry, on the tunneling transport in order to
optimize the tunneling spin injection for potential spintronic
applications.

The basic structure under consideration (shown in Fig. 1)
is a multilayer device comprising a bulk ferromagnetic (FM)
left layer acting as the spin injector, a thin interface (I), and
the bulk semiconductor (SC) right layer, which receives the
injected spin current. The interfacial barrier is located within
the semiconductor region. At equilibrium, the Fermi levels of
the SC and FM layers are equalized, but under an applied
electrical bias, a nonequilibrium electrochemical profile is
obtained, typically as shown in Fig. 1 (top). Note that in both
the FM and SC layers, there will be a split in the spin-up and
spin-down electrochemical potentials in the vicinity of the
interfacial barrier, resulting in spin accumulation. In most
previous works utilizing Green’s function analysis, the elec-
trochemical potentials adjacent to the barrier on both sides
are treated as a reservoir constant, i.e., independent of the
nature of electron propagation within the barrier. In the bulk
spin drift-diffusion approach, electron transport in the mag-
netic multilayers has been modeled based on purely passive
factors, such as device geometry, resistivity, and the different
spin diffusion lengths in its constituent layers. In our self-
consistent, multiscale approach, however, the spin-dependent
electrochemical potentials and the tunneling resistance
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FIG. 1. (Color online) (Top) Nonequilibrium distribution of

electrochemical potential across the multilayer structure under elec-
trical bias. (Bottom) Magnified diagram of the interfacial barrier of
thickness w=2.5 nm, which is spatially discretized into n=35 planar
sections for the Green’s function analysis. u;; (ug;) indicates the
spin-up electrochemical potential at the boundaries of the barrier,
i.e., at A and B. Ep; (Epg) is the equilibrium Fermi level of the left
(right) contacts. E indicates the conductance band of the semicon-
ductor. For clarity, only the spin-up potentials are drawn.

across the barrier are solved self-consistently by combining
the microscopic Green’s function model within the barrier
and the drift-diffusive model in the contacts, as illustrated
schematically in Fig. 2. The calculation begins by assuming
initial values of the charge current density (j,=jp;+jp;) and
interface resistance (Ry). Based on the spin-dependent drift-
diffusion equations, the spatial distribution of the electro-
chemical profile within both the FM and SC leads can be
determined. Subsequently, the evaluated electrochemical po-
tential values at sites immediately adjacent to the barrier are
input as variables in the Green’s function calculation of elec-
tron transmission through the barrier. The microscopic model
within the barrier constitutes a parallel scheme to determine
the current density (j,) and the interfacial resistance (Rp).
The calculation cycle is repeated until the current densities j,
and j,, and hence the corresponding interfacial resistances Ry
and Ry, converge. In this way, we will have unified the mi-
croscopic Green’s function and macroscopic drift-diffusion
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FIG. 2. Self-consistent calculation scheme for interfacial resis-
tance and current density, which is iterated until the current density
converges.
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models within and outside the barrier, respectively, and ob-
tained the effective tunneling resistance value which is con-
sistent with both models.

Thus, the nonequilibrium potentials at the leads are
coupled to the Green’s function calculation for transport
within the barrier. One consequence of this self-consistent
approach is that the effective barrier resistance as seen by the
spin-up and spin-down electrons becomes a dynamical quan-
tity which depends on external factors such as the applied
bias, instead of a static parameter which is solely dependent
on the intrinsic barrier properties. The resulting spin injec-
tion efficiency in the multilayer will be a function of external
parameters, e.g., the applied voltage bias or current
density,>3* in agreement with recent experimental observa-
tions. Thus, our model can incorporate spin transport effects
that may have been neglected by previous models. The
analysis of these effects, such as the increase in spin asym-
metry of tunneling conductance with increasing barrier
height and barrier potential spin asymmetry, may potentially
guide experimental efforts to engineer interfacial barriers for
optimal spin injection.

II. THEORY
A. Green’s function formalism

The interfacial (I) central region of the three-region de-
vice of Fig. 1, of thickness w=2.5 nm, is discretized into n
planar sections. The number of discrete sections is chosen to
be n=5 such that the width of each section a=(w/n)
=0.5nm is smaller than the Fermi wave vector A
=~ 1.5 nm, thus ensuring accuracy of the tight-binding
Green’s function calculations. The left FM and the right SC
regions are both treated as semi-infinite in width. Following
the tight-binding lattice formalism, the matrix representation
of the Schrodinger equation can be expressed as

E+in-H, € 0 Gt G 0
“ E-H.  F G G¢ G |=1,
0 RC  E+in-Hy|| 0 GR¢ GR

(1)

where E+in—H| pis an M X M infinite matrix that describes
the left (right) contact from site 0 (6) onward to the left
(right), 7€ (77€) is the coupling matrix between the left
(right) contacts to the central region and has dimensions of
M X5, and 7°F (7°F) is the transpose of the coupling matrix
of dimensions of 5X M, ie., 7°L=(7)T and 7R=(FRO)T,
The central region is described by E—H, a 5X5 matrix
representing the discrete sites 1-5 of the central region. Ma-
trix multiplication results in

(E+in-H,)G* + 7#°G¢ =0,

(E+in—Hgp)GRC + R¢GC =0. (2)

The above equations can be expressed as GLC=-gl7¢GC
and GRC=—gRRCGC, where G*C and GRC are semi-infinite
M X5, and g& and g® are the M XM Green’s function
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matrices of (E+in—H;)™" and (E+in—Hy)~' for the isolated
left and right contacts, respectively. From Eq. (1), we also
obtained the matrix equation (E—H)G+7EGEC+ 7°RGRC
=1. Substituting the above expressions for G/¢ and GR¢, we
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Green’s function matrix for the central region can be ex-
pressed by Ge=(E—Hq-3F-38)"1 where 3! and 3% are
the 5 X5 self-energy matrices due to adjacent sites on the
contacts to the left and right of the central region. The ex-

obtained (E—Ho—7tgtr*C— 7 RGRAROVG=1. Thus, the  plicit form of G is given by
J
E_HCI _tLg()tL t 0 0 0 -1
t E-He, t 0 0
G¢= 0 t E-Hg, t 0 , (3)
0 0 t  E-Hg 1
0 0 0 1t E_HC5_th6tR
|
where H¢;=(2t+U,) for j=1,...,5, with U, being the local- dk//
ized potential at the lattice site j, t=%%/2ma?, i.e., the energy Jo=— (ff = fRT(E). (5)
coupling constant between adjacent discrete sites, and a is
the distance between them. The Green’s function g, (g¢) is The final current expression is
for site 0 (6) on the left (right) contact, and they are respec- 5 T [+
tively the components of matrices g-(g%). Before the inverse = % j dET(E)(F - F9), (6)
matrix of Eq. (3) can be evaluated, we require the explicit h 0

expression for the self-energies of t; gof; and 1zg¢fg, Where #;
and fp are matrix components of 7 and 7%, respectively.
These may be, (1) in the simplest case, assigned empirical
constant values®, (2) numerically calculated by renormaliza-
tion method,?®3¢ or (3) analytically derived from the surface
Green’s function of a semi-infinite lead. In the one-
dimensional single mode form, as an approximation, the flat-
potential analytic Green’s function for the semi-infinite left
and right leads is given by goe=—(1/1)exp(ik; ra), where
ky g=\2m(E=V, g)/i=72m(E- pu; g+Ep g)/ T, With Ep; g
the equilibrium Fermi level of the left and right contacts,
g the nonequilibrium electrochemical potential incident
on the left and right side of the barrier, and Vj the energy
quantity as described in Fig. 1. To calculate the current per-
pendicular to the multilayer plane at a particular site, we
consider the ballistic spin current expression of Eq. (4),
which could be developed from Caroli et al.,*

(=2 — (f7 = fR) (T G15TS5 G55

4)

where T =ifl (gh—g%), [ss=ir3s(gh—g%) (with subscripts r
and a referring to the retarded and advanced Green’s func-
tions, respectively), A is the device cross sectional area, o is
the index for spin up and spin down, and f}=1/[1
+exp(E—uf p)/kT] is the Fermi occupation probability.
Since the nonequilibrium Green’s function applies only to
the interfacial potential in the SC region and assuming that
the SC material has a uniform effective mass over the trans-
verse x-y plane, T(E)=(I'{,G2I'%;G5Y) will be independent
of k. Thus, current can be calculated as

where F7 p=In[1+exp(uj x—E)/kT].

B. Boltzmann drift-diffusive model

The Green’s function calculations described in the previ-
ous section require the electrochemical potential values of
o, pq, and ) at the left (right) boundaries between the
central region and the semi-infinite FM (SC) contacts. These
have to be determined by evaluating the electrochemical po-
tential profile within the bulk FM and SC leads using the
macroscopic spin drift-diffusion theory based on the Boltz-
mann equation In this model, the spin accumulation
Api(x)=p T(x) - Wi L(x) (i=L,R is the lead index) assumes the
following spatial distribution:

Api(x) =A; exp()\ ) + B; exp( i) (7)

l L
which is the solution to the spin diffusion equation
PAwl dx*=Au/N?, with \ being the spin relaxation length.
Although Apu is a steady-state value, it is sustained by the
spin-polarized currents (i.e.. j; and j) in the system. When
these currents are removed, Ax will decay to zero due to
spin relaxation. Additionally, the individual potentials
M1, also obey the drift equation given by jy(
==0()(duy()y/ dx), where the subscripts T and | refer to the
up and down spin orientations, and o (y=(1 = a)oy/2 is the
spin-dependent conductivity (with « being the material’s in-
trinsic spin polarization of conductivity and oy its spin-
independent conductivity). The coefficients A; and B; in Eq.
(7) are obtained by applying the appropriate boundary
conditions,'® e.g., spin current continuity and potential dis-
continuity due to the interfacial barrier resistance. The poten-
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FIG. 3. (Color online) Left axis: Spin-up and spin-down resis-
tances as a function of interfacial barrier height U. The difference of
resistances becomes increasingly more divergent with U. Right
axis: Tunneling spin injection ratio vy increases with U due to the
increasingly spin-asymmetric resistances. Inset: Spin-up and spin-
down resistances (left axis) and spin injection ratio (right axis) as a
function of spin asymmetry 7 of barrier potential, with Uy fixed at
0.2 eV.

tial discontinuity at the interface due to the interfacial resis-
tance is described by the following equation: —eJgR]=pup
—uy, where R is the areal spin-dependent interfacial resis-
tance experienced by electrons at the interface. The electro-
chemical potential ug, at the interfaces and R; are solved
self-consistently by combining the microscopic Green’s
function model within the barrier and the Boltzmann drift-
diffusive model in the contacts, as illustrated schematically
in Fig. 2. Having solved Eq. (7), we have thus determined
the electrochemical potential values at the contact-central re-
gion boundaries. These are then input into the next iteration
of Green’s function calculations, thus completing the self-
consistent calculation cycle.

III. RESULTS AND DISCUSSION

Based on the above self-consistent scheme, we calculate
the resistances R; and R, as experienced by the spin-up and
spin-down electrons, respectively, and the spin injection ra-
tio, defined as y=(j;—j,)/(j;+j,) at x=w. Unless otherwise
stated, we assume the following parameter values in our
calculations:’ 40 j=10% A/cm?,  resistivity  (prys Psc)
=(1077,10%) Q@ m, intrinsic spin polarization ratio
(apm> ase) =(0.4,0.0), effective mass (m:M , m:C)
=(1,0.067)m,, and  Fermi  energy (Eppy.Epsc)
=(10,0.05) eV. Figure 3 shows that both the magnitude
(R;+R)) and spin asymmetry (R;—R)) of the interfacial bar-
rier resistance increase with interfacial barrier height U, even
when the barrier height is spin independent (i.e., 7=0).
While the former is a well-established fact, the latter is a
rather unexpected result arising out of the self-consistent,
multiscale calculations. This is because the semiclassical
spin drift-diffusive models predict high spin injection only in
the presence of spin-asymmetric tunnel barriers.'? The diver-
gence between the Ry and R| with increasing barrier height
naturally leads to a higher spin injection ratio, as by the y
curve of Fig. 3. Additionally, as shown in the inset of Fig. 3,
the divergence between the spin-up and spin-down resis-
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FIG. 4. (Color online) Spin injection ratio y as a function of
barrier height U and barrier geometry as characterized by Ag. The
barriers considered have zero spin asymmetry (7=0) and the same
area under their respective potential curve.

tances also increases with increasing spin asymmetry =z
=(U,-U)/(U;+U)) of the barrier potential, thus enhancing
the spin injection ratio through the barrier. It is worth noting
that the increase of spin injection ratio with increasingly di-
vergent spin resistance is consistent with previous theoretical
results.!? Since it has been previously predicted that spin
injection efficiency may be improved by increasing the spin
asymmetry of the tunneling barrier potential, considerable
experimental efforts have been focused on engineering suit-
able tunneling barrier with a large spin-split property. Our
calculations, however, suggest that high spin injection effi-
ciency may also be achieved by engineering a suitably high
barrier potential, without necessarily having to enhance its
spin-split property, which is a more challenging proposition
in practical tunnel barriers. Thus, the fact that the spin asym-
metry of barrier resistance is sensitive to the barrier height is
a useful result of our work. Further, it is instructive to con-
duct a systematic study of how the divergence between the
spin-up and spin-down resistances is influenced by specific
tunnel barrier profiles and thickness.

We consider three types of barrier potentials: (1) exponen-
tially increasing (in going from the FM to the SC layer), (2)
exponentially decreasing, and (3) square profiles. These bar-
rier profiles are visually depicted in the inset of Fig. 4. For a
quantitative description of the barrier profile, we introduce a
variable Ag=(U,/U), which is the ratio of the barrier poten-
tial at x=0 (U,) to the height of an equivalent square barrier
(U). Barriers of the same thickness w can be considered
equivalent when the area under their respective barrier po-
tentials are equal. This is because for barriers with identical
w, the area under the barrier represents the average potential
experienced by the tunneling electron while traversing across
the barrier. By keeping the area under the barrier constant,
we thus have Ag<1 (Ax>1) for the exponentially increas-
ing (decreasing) potentials and Ag=1 for the square barrier.
We first consider the effect of barrier height for three repre-
sentative barrier potentials with specific A; values of 0.22,
1.0, and 2.37, respectively. For all three barrier shapes, the
spin injection ratio increases monotonically with the barrier
height U but to a varying extent depending on the barrier
geometry (see Fig. 4). Barriers with an exponentially de-
creasing (increasing) slope exhibit the least (greatest) sensi-
tivity to increase in barrier height. Next, we analyze the ef-
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fect of barrier geometry (i.e., Ag) on spin injection. As seen
from the inset of Fig. 4, there is a substantial decrease in the
spin injection ratio with increasing Ag. This is because the
effective tunneling resistance of an exponentially decreasing
barrier (i.e., with Ag>1) is lower than that of an exponen-
tially increasing barrier (with Agx<<1). This translates to a
lower spin injection efficiency, since (as shown in Fig. 3)
spin injection generally increases with increasing resistance
of the interfacial barrier. While a higher U improves the spin
injection ratio 7y, the rate of increase in 7y is suppressed at
large Ay values. It should be noted that barriers with Az=2
have a profile similar to that of a Schottky barrier. Thus, our
analysis indicates that a Schottky effect at a FM metal-
semiconductor interface is detrimental to achieving high spin
injection efficiency, compared to the more squarelike insulat-
ing (e.g., oxide) barrier potential of the same tunneling resis-
tance.

In conclusion, we have studied the tunneling spin injec-
tion process through an interfacial barrier by means of a
self-consistent analysis, which combines the nanoscale
Green’s function model of tunneling transport within the bar-
rier and the macroscale drift-diffusive model in the contacts.
The calculated results show that spin injection efficiency in-
creases with barrier height, as well as barrier asymmetry. The
former trend is not obvious and has not been formally pre-
dicted previously. Our model also predicts a strong depen-
dence of the spin injection ratio on the barrier profile. In
general, an exponentially increasing interfacial barrier be-
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tween a FM metal and a SC contact yields a higher ratio
compared to a Schottky-like exponentially decreasing bar-
rier. This suggests that a pronounced Schottky effect should
be avoided in order to achieve a high spin injection ratio.
Our calculated results provide a guide to the engineering
(e.g., via doping) and biasing of interfacial barriers in order
to obtain the optimal barrier height and profile for tunneling
spin injection. Finally, beyond the specific study of the influ-
ence of barrier profile on spin transport, our self-consistent
model also presents several general advantages compared to
the purely spin drift-diffusive model. For instance, (a) the
barrier resistance, and hence spin injection, is treated as a
dynamic quantity, which is coupled to external parameters
such as the applied voltage, and (b) microscopic spin trans-
port (e.g., due to local potential variations) and the effects of
interactions (electron-electron, electron-phonon, etc.) can be
included systematically within the Green’s function frame-
work, the latter by inclusion of additional terms to the self-
energy apart from that due to the leads, 35K,
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