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In an insulator-metal-insulator junction, inversion-symmetry breaking at the interfaces between the 3D metallic
film and the top and bottom insulating layers may give rise to a sizeable (Rashba-like) spin-orbit interaction. In this
paper we study the spin Hall and Edelstein effects produced by such an interface interaction through a quasiclassical
approach. We find that the spin Hall conductivity has a finite value even if spin-orbit interaction with impurities
in the bulk of the metallic film is neglected and disorder is properly taken into account. This is in sharp contrast
with the case of a strictly 2D metallic layer, in which case impurity scattering is known to completely suppress
Rashba-like contributions to the spin Hall conductivity. The non-vanishing of the latter has a profound influence
on the Edelstein effect, which we show to consist of two terms, the first with the standard form valid in an exactly
2D system, and a second arising from the presence of the third dimension.
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1. Introduction

In the last two decades spintronics has become a cen-
tral topic in condensed matter physics. In this context
spin-orbit coupling (SOC) has attracted a lot of atten-
tion, since it gives rise to numerous interesting transport
effects. Among them, the spin Hall effect (SHE) and
Edelstein effect (EE) stand out not the least because of
their potential technological importance. The spin Hall
effect consists in the appearance of a z-polarized spin
current flowing in the y-direction produced by an elec-
tric field in the z-direction. The Edelstein effect [1] con-
sists instead in the appearance of a y-spin polarization in
response to an applied electric field in the z-direction.

It is a well known result that the Spin Hall Conduc-
tivity (SHC) vanishes in the 2D Rashba model. However
it was recently pointed out that such vanishing does not
occur in models that are not strictly two-dimensional [2].
Furthermore, a new model in which a thin (but 3D)
metallic film without any bulk SOC is sandwiched be-
tween two different insulators lead to a large spin-Hall
angle [3, 4], and to a substantial modification of the stan-
dard Edelstein effect as well [4]. These phenomena can
be traced back to the Rashba-like SOC appearing at the
top and bottom metal-insulator contacts, where inversion
symmetry across the interfaces is broken. Thus, metals
without substantial bulk spin-orbit can yet host sizeable
spin-orbit induced effects.

In this paper we will study the spin Hall and Edelstein
effects in a insulator-metal-insulator junction by means
of the quasiclassical Eilenberger equation [5]. This ap-
proach has proven highly effective in revealing the hid-
den and non-trivial relationship existing between the spin
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Hall and Edelstein effects [5-7]. This relationship has
been further explored [4, 8], and we will see here that it
is not limited to 2D systems, but can be suitably gener-
alized to the presently explored 3D, asymmetrically con-
fined metallic film. The relationship itself can be formu-
lated by writing the Edelstein effect conductivity o®F as

7 s s
oFF — T (oHE _ o3 )
S0
where o$HE = er/(47h7y) is the direct (“drift”) spin

Hall conductivity generated by the driving electric field,
whereas oSHE is the full one, containing diffusion con-
tribution as well [4]. In the above, 7 is the momentum
scattering time, 75 the spin relaxation time and L, the
spin relaxation length.

It is known that in the Rashba model a general con-
straint from the equation of motions leads to oSHE = 0,
and the Edelstein Conductivity (EC) can be written as
oP¥ = —eNyar. However in a 3D system with inhomo-
geneous SOC such a constraint is absent [2], and indeed
we will find that in our metallic thin film a non zero SHC
exists, with important consequences for EC.

2. The model

Following Refs. [3, 4], we model the normal metallic
thin film via the following Hamiltonian
p

D Ve(e) + Ha+ U, ©)

where the first term represents the kinetic energy. The
finite thickness d of the metallic film is taken into account
by a confining potential

Ve =Vi0(z —24) + V_0(2- — 2), (3)
where Vi is the height of the potential barrier at z4 =
+d/2 and 6(z) is the Heaviside function. The Rashba
interfacial spin-orbit interaction in the x-y plane located
at z4 = £d/2 is described by

H =

(457)
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Hp = (4)

MNV_§(z—22) = NAVid(z — 24)
A (pyaz - pmoy)v

where Ay are the effective Compton wavelengths for the
two interfaces and o,,0y,0, the Pauli matrices. The
last term in Eq. (2) is the white-noise impurity potential,
taken with variance (U(r)U(r")) = (2rNo7) " 16(r — '),
where Ny = m/ 27h? is the two-dimensional density of
states and r = (z,y).

The Hamiltonian (2) (without disorder) can be diag-
onalized, though an explicit form for its eigenvalues can
only be obtained within perturbation theory — notice that
in the absence of interfacial spin-orbit such eigenvalues
reduce to the kinetic energy plus the infinite potential
well levels Egn? = h?712n?/(2md?). There are two natu-
ral length scales associated with the confining potential
dy = h/y/2mVy, and we base our perturbative treat-
ment on the assumption that di/d < 1. We also define
ay = )\ft/di. We work in the following with natural
units(h = 1 and ¢ = 1), and make an expansion to first
order in di/d and up to third order in ayp. Note that
Egay has the dimensions of a velocity, suggesting an
analogy with the typical Rashba coupling parameter «
of 2D systems. The eigenvalues of the Hamiltonian are

Enps = (5)
Egn? {1 - 2% + se1p + eap? + se:spﬂ ,
where
e; = 2(—1)"*! <d;ai_ + (—l)idd_ozi_> )
i=1,2,3. (6)

The eigenfunctions as well will depend on z, but this de-
pendence is not crucial for our present purpose and will
not be considered. We will also neglect inter-band effects,
which is appropriate as long as the inter-band spacing Ej
is larger than the intra-band spin-orbit splitting or the
disorder broadening [4].

3. The quasiclassical approach

It is useful to adopt an heuristic point of view and de-
velop the quasiclassical approach building on the analogy
with the well known 2D Rashba case. To this end we be-
gin by recalling the Eilenberger equation of motion for
the quasiclassical Green function §, which is a matrix in
Keldysh space. Following Eq. (13) of Ref. [5], § obeys
the equation

1 fps O 9 . . § B
Z (atgs+2 {m+6p(bs'a)aaxgs‘i’l[bs’aags]}) -

s=+

—1i [E, g] ’ (7)
where, in the 2D Rashba case, bs = a(ps x e) is the mo-
mentum dependent SOC and X is the self-energy matrix
in the Born approximation. Later on we will replace b
with the appropriate expression for the model discussed

in the previous section. The retarded component g (and
similarly the advanced one ¢g*) is written as a sum of the
contributions associated to the two spin-split Fermi sur-

faces gff = (1 F 9¢b) (% + %I; . 0'). The electrical field

is normally included in the quasiclassical equations of
motion by substituting d; — 95 — |e|Ed.. In the ab-
sence of the field the equilibrium Keldysh component is

g = 2tanh (%) g. By representing the matrices in the

eigenstates basis [6], the Keldysh component of Eq. (7)
reads

N pyNy —p N_ . A
pr (UF + O'z2N0m> + (Uzp:c - pry)aE
. 1
+iaplo., gl = —=(9 —(9)), (8)

-
where g has still a structure in spin space g = gpog +
22 9i0i and (g)o = (9o); (9)z = (9z), with

(9)y =D (Pgy) + P x (Dy:)

(9)= = =P X (Pgy) + P (PY2), (9)
where langle...) is the angular average over p. In this
basis the spin current, j;, and the spin polarization, s¥,
are expressed as

ii= 7 [ detosan) (10)
7= =50 [ detp,0,) ~ (a9 (1)

After projecting Eq. (8) on the Pauli matrix components
and solving the equations one finds

. FE p+Ny —p_N_
yan) = - 35 (204 PR (12)
R 1,
(Py9y) = 57— (Dy9z) (13)
2b07‘
. p+ Ny —p-N-
(agi) = 7 (4 PN PNS )
1
= 2pgr Pude): (14)
In the Rashba case we have
prNy —p_N_
S Ngm = 2 (15)

yielding the well known cancellation of the SHC between
the contribution from the bare bubble, 2c, and the vertex
corrections (pyNi —p_N_)/(2Nom) (see also Eq. (B3)
of Ref. [5]). The above form for the two contributions
suggest how to straightforwardly extend the approach to
our model. Hence, heuristically we make the following
substitutions

o — 6np+2_ Enp— _ E0n2(61 +€3p%n) (16)
p

p+Ny —p_N_

W — E0n2 (_261 - 463]9%7”) . (17)

The above heuristic substitution can be proven rigorously
by projecting Eq. (7) on each subband with eigenvalue
enps and integrating over z the corresponding eigenfunc-
tions. Full details of the derivation will be presented
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elsewhere. By inserting the substitutions (16)—(17) into
(12)-(14) j; and s¥ read

Ne 2

-z € €3PFn
— — | — | F 18
=2 () (18)

ne
sY = — E eNoT Eon’

2 263
<e1 + 3esp%,, + G Boni (o & egp%n)),z) E, (19)
where n. is the number of occupied bands, and
p%,/2m = p — Egn?, the Fermi momenta for each sub-
band. This is in agreement with the results obtained by
a diagrammatic evaluation of the Kubo formula [4].

4. Discussion of the results

First of all we notice that both conductivities,
Egs. (18)—(19), are expressed as sums of single subbands
contributions. By identifying Ly, = pr,/2m|b|] and
7s/7 = 2(1 + (27]b])?)/(27]b])?, these quantities satisfy
Eq. (1) for each subband. So with this result we should
conclude that Eq. (1) is valid also in models with Rashba
type spin-orbit coupling that are not strictly 2D.

Another important conclusion from Eq. (1) is the ap-
pearance of an “anomalous” term in the EC due to the
existence of a non-vanishing SHC.

There are two interesting physical situations that we
are able to describe with this model. The first one
consists on an insulator-metal-vacuum junction, where
Ar =0, Vi —00; A=A, V_ =V. In this case we get

e 2e Nyt Egn)\2 w2V
EE 0 0
7 Z d ( 87'2E8’n4> (20)
Ne

SHE € 2 4
oSHE — En: 2 2mp VAL (21)
There are some experimental studies of metal-metal-
vacuum junctions that show giant spin-orbit coupling [9].
If we have an insulator instead of a metal we expect bet-
ter spin-transport coefficients (bigger gap, V)

The second situation is the junction with the same
spin-orbit coupling at the interfaces (A = A_ or e; = 0),
but different gap (V_ # V). In this case we obtain a
surprising result for both conductivities:

n

Ne

SHE €
-y £ 22
o - (22)
n
o |
EE
= Nor— |3+ — | . 23
=D e OTpFn< 2<2Tb|>2> (23)

n

The result (22) for the SHC looks universal, i.e. does not
depend on the strength of the SOC, as the one in the
strictly 2D Rashba model [10] without disorder. How-
ever, this universality is not the result of ignoring vertex
corrections, which are included in the quasiclassical ap-
proach, but rather of the independent subband approx-
imation, which has its domain of validity. Indeed, the
above result is not valid in the region where V, — V_,
where inter-band contributions become important.

5. Conclusions

In this paper we have calculated the Edelstein and spin
Hall conductivities for a thin metallic film sandwiched
by two different insulators. We have done it using the
Eilenberger equations of motion. We have seen that the
non-vanishing of the SHC is a direct consequence of the
non strictly two-dimensional behavior of the spin-orbit
coupling. This dependence on the z component is the
biggest difference with the 2D Rashba model. We have
also proved that this non vanishing SHC gives rise to an
anomalous term in the EC, which scales with the inverse
of the scattering time and a “normal” one proportional to
it. We have also proved the relation between the SHE and
the EE if we move away from strictly two-dimensional
spin-orbit interactions.
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