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1 Calculation of the spin vertex correction

Here, we give a more detailed account of the evaluation of the polarization S*(w),
Eq. (All) of the Article, in terms of the spin-spin and the spin-momentum
terms, X, Y, respectively, and the spin vertex correction ¥. The simultaneous
presence of the internal and external fields, a(p X e;) and by, resp., breaks
the symmetry in orbital space such that no closed analytical expression for the
integrals in Eq. (A10) and hence for X*” can be obtained in the general case.
However, the most important regime for EDSR is given by the regime where the
internal field is much smaller than the (perpendicular) static external magnetic
field, as in standard paramagnetic resonance (see also next section). Thus,
without any essential restriction we can concentrate on the regime with the
SOI being small compared to by, i.e. @ = app/2bg = 2/2wrT < 1. First, upon
inspection of Eq. (A11) we note that the contribution of Y to the polarization is
due to the momentum-part of the velocity and thus must vanish in the absence
of SOI. Thus, the leading order term in Eq. (All) coming from Y is at least
linear in @ (assuming analyticity). More precisely, with a calculation similar to
the one outlined below for X, we obtain for the spin-momentum diagram

«

=)

+0(e?), (1)
i.e. the same result as before for by = 0. Note that only odd powers in « appear
due to the symmetry constraints induced by the angular integration occurring
in Y. Thus, the expression Eq. (A5) is linear in the SOI « in leading order. In
order to expand the polarization Eq. (A5) in leading order in o o a it is therefore
sufficient to calculate the spin-spin diagram with setting « to zero and retaining
only the by dependence. This way, we obtain the spin vertex correction %(w)
which is singular at resonance, i.e. when w = wy, (Larmor frequency), reflecting
the presence of Rabi oscillations. This shows, however, that at resonance the
next-to-leading order contributions of the spin-spin diagram X = X o) + a’X (2)
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become relevant! for the matrix inversion and must be kept. Indeed, they
represent the dominant contribution in (w) = (1 — X () (w) — a?X(2)(w)) " if
the determinant of the first term 1 — X/q) vanishes. Obviously, at resonance
the dominant a-dependence of ¥ becomes 1/a?. Hence, we concentrate on the
evaluation of the spin-spin diagram up to order of a2, with X(2) characterizing
the behavior of the polarization around the resonance (where our analysis is
valid).
The spin-spin diagram is given by

X

C AEpT it 2m)2 (1+w—Q%—sB(Q)+ir/2)(1 — Q% —sB(Q) —ir/2)

(2)

expressed in terms of the dimensionless quantities? w = hw/Ep, r = h/EpT,
Q = q/pr, Bo = by/Er and the effective magnetic field

B(Q = 22 _ gy 4 20pyQ xe.) 3)
with modulus
B(Q) :Bo\/1+4a]§0~(Q X e;) + 4a2Q2. (4)

Here, Bo = By /By is the unit vector of the external field taken along the y-axis
such that the mixed product in Eq.(4) becomes By - (Q x e,) = —Q cos ¢.
Trace. In Eq.(2) we introduced the trace over spin states

T,(Q) = tr{c"(1+sB(Q) - o)o”(1+ s’ B(Q) - o)}

= 46" 5105, o 4 61705, ]

+ 4047050 B, (Q) + 6"°6" 7O B, (Q)] 50,

+ i€ Br(Q)5#705V 7056, o

+455'B,(Q)B,(Q)8" 70570 | (5)
where 6##0 = 1 — §#0 etc., and where summation over repeated indices is im-
plied. There are terms containing none, one, or two normalized magnetic fields
B(Q) = B(Q)/B(Q), which is relevant for the momentum integration. The
trace 7., (Q) and the direction of Bo determine the matrix structure of the

spin-spin diagram, i.e. which components X*#¥ are nonzero.
Momentum integration. The components X#* are obtained by the mo-

LAs a general property of linear SOI the first order in a vanishes due to the symmetry
in the angular integration. Indeed, we note that the angular dependence (in the integrals in
Eq. (A10)) comes from the magnetic field (Eq. (3)) where ¢ always occurs in terms of a
trigonometric function simultaneously with a factor a. Expanded in a the linear terms thus
vanish upon angular integration.

2In this Section 1 the capital letters B, Bg and B, By denote dimensionless magnetic fields
measured in units of the Fermi energy EF.

© 2006 Nature Publishing Group



Im Q@ A

X Qy G xQ

XQQ XQg ReQ

-1t

Figure 1: View of the poles Q; of the retarded and advanced Green functions
in the complex plane (cf. Eq. (6) ). The contour C; of the momentum integral
(Eq. (7)) running from 0 to +o0c is shown.

mentum integration in Eq. (2) where the poles Q; of the denominator yield the
main contribution. Assuming that Fr represents the largest energy scale such
that w, r, and By are small compared to one, the poles are located essentially at
|Q| ~ 1 (cf. the denominator in Eq. (2)) with corrections O(w, By, r). Making
use of a < 1 we expand the denominator of the integrand in Eq. (2) in a up to
second order. From this we obtain the following four poles

B
Q1:+1+k‘1+ig, k’l:%—570+Boascosg0—a233()sin2<p
B
Q2:—1+k27ig , k:2:7%+570+B0a5cosga+a25Bosin2ga
B
Qs :+1+k3—ig , ks :—5'70+Boas’cos<,0—a28’Bosin2ap
B
Qs=+14+ky+ zg , ky = 5’70 + Byas' cos ¢ 4+ a%s'Bysin® ¢ . (6)

These poles are approximately of order one with a small correction k; and a small
imaginary part r/2 = h/2Ep7, thus showing that the above approximation for
small a is self-consistent. Decomposing into linear factors the spin-spin diagram
can be recast into the form

N = dQQTIQ)
X = S 2% @-an..@-avee D
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where (...), denotes integration over the polar angle (normalized by 27), and
cp =1+ a*By(s + s')sin’ p.

Note that the Q-dependence of 1/B(Q) in TV, for a # 0 generates addi-
tional singularities at Q5,6 = exp (+i¢)/2a when analytically continued into
the complex plane away from the real axis. The application of complex contour
integration is thus non-trivial. A direct calculation, however, carried out by
decomposing the denominator in Eq.(7) into partial fractions shows that these
poles do not contribute to X within the accuracy O(w, By, 7).

The subsequent angular integrations become simple when expanding in the
small parameter a. In this way, we obtain the components X*# and via the
matrix inversion ¥ = (1 — X)~! the spin vertex correction in Eq. (A12) of the
paper. In particular, the vertex components

(wrT)?+ (A= DA+ 22913
(wpT)? — (WT)2 + 22y
wrT + 2913
i) — @n)? + a7

211 —

213 _ 7231 _

with the complex damping function

30— 1A — (wr)2A(6A — 1) — (wrr)*

w) = A2 + (wpr)?)? ®)

characterizing the linewidth and the functions

B 7/\[(&)[17')2 —\?]
1i(w,wr) = [(wpT)? + 22

2&)[/7')\2
W,WL) = ——————575 10
713( ) L) [(wLT)2 n )\2]2 ( )
are relevant for the subsequent calculation of the spin polarization and spin
Hall current. The frequency dependence and resonance behaviour of the spin
polarization and current are discussed in the main text.

2 Regime of validity

We now give a summary of the parameters controlling the regime of validity of
the present theory.

A first constraint ensures the validity of the linear response approach. For
this, we give a heuristic argument based on the analogy to conventional ESR[1]
expressed by Eq. (A2) of the paper. For this case, we consider the Bloch
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equations

§1 =18 % (Bo+ i), - 2
S8 = v[S x (Bo + Bl(t))]3 — i—z
§% = 7[S x (B + By (1)), - % (11)

describing magnetic moments subject to a constant magnetic field Bg||lea and
a circularly polarized field By (t) perpendicular to it, which oscillates with fre-
quency w. The familiar steady state solutions in the rotating frame for the
longitudinal component S? and the transverse components S* and S, respec-
tively are

2 1+ Aw?TZ
U1+ Aw?T? + T Tow?
Su _g Aww1T22

U1+ Aw?T? + T Tow?
wng

S =S, )
q 1 + Aw2T22 + TlTQW%

(12)

where w1 = vB1, wr = 7By, and Aw = wp — w.

The resulting transverse polarization close to resonance is, thus, proportional
to wi/[(w—wr)?+w?(Ty/Ts) +1/T3] with the phenomenological relaxation rate
1/T». Thus, two relaxation terms are present, viz. the ’external’ damping given
by 1/T2 and an intrinsic term w?(7T /T») given by the driving rf field itself.

Similarly, the same intrinsic mechanism should be expected if the driving
field B; is generated by a SOI-mediated bias like in the case considered in the
paper. We thus anticipate a total spin relaxation rate of the form3 «/wl%c + 12
with Rabi frequency wr = eEpa/hwy, derived at resonance from Eq. (A2).
Here, Ey denotes the amplitude of the electric field E(t) = Ege, cos(wt) and
I is given by Eq. (A7). However, the Rabi frequency occurring in the rate
Vw% + T2, being E-field dependent, must be negligible for a polarization S°
which is calculated in linear response with respect to E(¢). This imposes the
self-consistent condition

h@EO

PrwLT

1
wpl <« < 2« 14— 13
R P ( T (wmm) (13)

for the validity of the linear response approach. A more systematic approach
for estimating the validity of the linear response regime requires an explicit
evaluation of the non-linear response, which, however, is beyond the scope of
the present work.

3assuming Ty = T for simplicity
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Secondly, in order to carry out the momentum integrals in Eq.(2) we intro-
duced a condition limiting the SOI strength

apr

= oL < 1. (14)
This constraint not only simplified our analysis but also defines the most inter-
esting regime for EDSR. Indeed, in order to have a pronounced resonance, the
width of the resonance peak needs to be smaller than the resonance frequency,
i.e. T' < wp, which is equivalent to appax < hwy, (see Eq. (AT)). For self-
consistency we need to assume x < 1 (see the text before Eq. (A6)), and thus
we see that ¢ < 1 ensures I' < wy,.

In this context we note the somewhat counterintuitive fact that the height of
the resonance decreases with increasing SOI, see Eq. (A6). Indeed, on one hand
the polarization is proportional to « via the driving rf field, and thus increases
with increasing SOI. On the other hand, at resonance the polarization becomes
proportional to 1/T" (due to disorder) which gives then rise to a suppression
factor 1/a2. Thus, in total the polarization decrease as 1/« with increasing SOI
at resonance.

Our last constraints
bo hw R

EF ’ EF ’ EFT
correspond to the physically relevant situation where the Fermi energy Ep is
the largest energy in the system. Further, the condition = 2app7/h < 1 does
not restrict the validity of Egs. (A12) and (A13) but permits us to represent
Eq. (A6) in terms of two Lorentzians. In the case wr & 1, however, it becomes
equivalent to the inequality (14).

<1 (15)

3 Numerical estimates

To illustrate the predicted effects we now evaluate the polarization explicitly
using typical GaAs parameters (cf. table 1), thereby making sure that we stay
within the range of validity of our approximations. With a typical sheet density
ng = p%/2mh* = 4x10" m—2, effective mass m* = 0.067 m,, and a high mobility
scattering time 7 = 2 x 107! s taken from [2] we can estimate the maximum
polarization P as the ratio of the peak polarization per unit area and the sheet
density

3 Em* 1 1
p = Omes _ B0 =il 1+————) . @6
N2 (27hna)?2a71 /1 + w272 2(1 + w2r2)

In order to stay within the condition (14) we choose a small Rashba - parameter
a = 107" eVm and find z = 0.1. Assuming a realistic microwave frequency
w =50 x10% s7! corresponding to wr = 1 and a voltage amplitude of V' = 0.1 V
over a sample length of [ = 600 pm we find an electric field Ey = 166 Vm ™!
and a polarization of

P=10"". (17)
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Description Parameter Value

sheet density no 4 x 10" em™2

effective mass m* 0.067 m,

scattering time T 2x 107 s

frequency f=w/2m 8 GHz

Larmor frequency f=fo=wr/2n | 8 GHz

Rashba Parameter «a 10712 eVem

electric field E 1.66 Vem ™!

polarization P 10~4

SOI vs. scattering x 0.1

spin relaxation rate I'/2n 0.05 GHz

resonance shift dw/2m 0.01 GHz

Rabi frequency wgr/2m 0.012 GHz
validity conditions

linear response wr/T 0.27

relative SOI strength a=app/hwy, 0.05

Table 1: Numerical estimates

Note that the size of the chosen E—field satisfies the linear response condition
(13) (and poses no severe limitation for a real experiment).

The corresponding number of excess spins Ny — N| in a laser spot of size
S5um x dum is 200. This number is measurable with state-of-the-art optical
detection techniques such as Faraday rotation[3].

We can further quantify the peak width I and the frequency shift jw. Making
use of Egs. (A7) and (A8) of the main text we find

I'=03x10%s7!
dw = 0.06 x 10% s71. (18)

As a further characterization of the resonance we estimate the Rabi frequency
wg, given by the amplitude of bi(t) in Eq. (A2). Assuming a bias E(t) =
Epe, cos(wt) we find

eFya

WR = =0.08 x 109 s71, (19)

w

4

evaluated at resonance® wy = w with the parameters given above. A summary

4corresponding to a magnetic field B ~ 1 T for |g| = 0.44
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of the above calculation and a check of the constraints Egs. (14,13) is given in
table 1.

4 Spin Hall current and polarization

We show now that the obtained polarization (magnetization/ug) S* can be
related to the spin current (defined below) via an exact relation. More generally,
we consider the spin density operator

pi(x) = 3 {0, 5(x— %)), (20)

defined as the (symmetrized) product of the spin with the particle density op-
erator d(x — X) where X is the position operator. Integrating over space (ho-
mogeneous limit) and taking expectation values we get the spin polarization
St = [d*x < p'(x) >. The spin current density associated with p? is defined in
the usual way[4, 5, 6, 7, 8, 9, 10]

Ji60) = 5%, 310} 1)

in terms of the current operator jj(x,t) = £{6(z — X),v;} where, in con-
trast to the linear response treatment of the paper, the velocity operator vy =
i/h[H,z;) = (pr — (e/c)Ar)/m + a(o X e,); contains the kinetic momentum
including the (homogenous) vector potential A.

The two operators p’ and ji are related via the Heisenberg equation of
motion

d yl
S ox,t) = 18, 7] (22)

given by the Hamiltonian Eq. (Al). Analogous to [9] where the Rashba- and
Dresselhaus SOI has been considered it forms an exact operator identity

CP ) + V30 0) = =TS0, t) = 2 [P )bos — 2, )bog] (23)
E ) 4V P00 1) = 230, 1) — 2 [0c boe — ' (1),
CP ) + VP00 1) = 257 [0, ) + 206, )

2

- i [p (X t)b(] Y p2(X7 t)b(],:v] )
for the case of an additional static magnetic field with components by ;, ¢ =
x,y, z, which holds independently of the impurity potential as p' commutes
with the position operator.

In deriving Eq. (23) the definition of ji arises naturally as a divergence term
of a current associated with the spin density. Together with the time derivative
p' it forms the left-hand side of a continuity equation. The right hand side,
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however, is nonzero and describes the dynamics of the spin due to the external
magnetic field by and the internal SOI field. The definition of Eq.(21) as a ’spin
current’ is thus ambiguous[11, 12] and it is not clear to what extent the quantity
Eq. (21) can be identified with actual spin transport, i.e. with spin polarized
currents which are experimentally accessible[13].

In spite of the above concerns we note that in the homogeneous limit the
spin Hall current can be expressed entirely in terms of the polarization. Namely,
going over to the spin Hall current I} = [ d*x < ji(x) > such that the gradient
in Eq.(23) vanishes we find the expectation value of the spin Hall current given
by

I3 w) = Q(fm [iwS* (w) + w53 (w)]

%EQ(W) [iwr <1 —xt (1 - %)) —wpTE (1 - %) ] (24)

[This relation can be obtained directly from the Heisenberg equation of motion
do!/dt = i[H,o'], and by noting that I? = 03p,.] Since S® vanishes for w = 0
it is obvious from Eq. (24) that there is no spin Hall current in the dc limit
w — 0 for a homogenous infinite sample[6, 9, 10]. This means a generalization
of the argument given in [9, 10] to the case of a finite magnetic field. For
finite frequencies, however, Eq. (24) predicts a non-vanishing oscillating spin
current expressed in terms of the polarization components perpendicular to the
applied electric rf field. With the results for S* inserted we find the ac spin Hall
conductivity evaluated at resonance (w = wy,) as

_ I3h/2 e dwrT
W TR, Anl+2\wr)

3,res —

(25)

We emphasize that this relation provides a direct link between the experimen-
tally accessible polarization and the spin current. For w7 > 1 this becomes
3,res

e
Tav T gy

(26)

giving a universal value for the spin current at resonance. It is quite remarkable
that the same result, Eq. (26), can be obtained when inserting the solutions S*
obtained from the Bloch equations Eq. (11) close at resonance into Eq. (24).
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