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Topological insulators have surface states with a remarkable helical spin structure, with promising prospects
for applications in spintronics. Strategies for generating spin-polarized currents, such as the use of magnetic
contacts and photoinjection, have been the focus of extensive research. While several optical methods for
injecting currents have been explored, they have all focused on one-photon absorption. Here we consider the use
of both a fundamental optical field and its second harmonic, which allows the injection of spin-polarized carriers
and current by a nonlinear process involving quantum interference between one- and two-photon absorption.
General expressions are derived for the injection rates in a generic two-band system, including those for one-
and two-photon absorption processes as well as their interference. Results are given for carrier, spin density, and
current injection rates on the surface of topological insulators, for both linearly and circularly polarized light. We
identify the conditions that would be necessary for experimentally verifying these predictions.
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I. INTRODUCTION

Three-dimensional topological insulators are fascinating
materials, with a band gap in the bulk and protected midgap
states at their surfaces [1,2]. The surface electronic bands
are described by a single Dirac cone with a helical spin
structure, which is the equivalent of a dominant Rashba spin-
orbit coupling term in the Hamiltonian. This property leads
to a number of interesting features, including nonmagnetic
scattering, the magnetoelectric effect [3,4], and the formation
of Majorana fermions in the proximity of superconductors [5].
Due to the effective spin-orbit coupling, the spin and current
of the surface states are closely related [6], providing an
exciting opportunity for technological applications using spin-
polarized currents. There have already been several studies
using the proximity of a magnetic metal for injecting spin
polarization and current [7—10].

Another fruitful approach for manipulating currents in
materials involves optical excitation. The optical properties
of topological insulator surface states are very interesting
themselves, with features such as the injected current depend-
ing explicitly on the Berry phase [11,12]. The injection of
spin and current by one-photon absorption processes has been
studied in different circumstances [12—14]. In order to break
the rotational symmetry stemming from the Dirac cone—a
necessary step for generating a current—the use of an in-plane
magnetic field, the application of strain, and an oblique angle
of incidence have all been considered. Corrections due to
snowflake warping have been included; even a surprisingly
relevant contribution from the Zeeman coupling of the light
field has been identified [15]. Nonlinear effects due to the sec-
ond harmonic have also been considered [16—19], especially
in the treatment of pulses. However, the focus of even these
studies has been on one-photon absorption processes.

One of the most interesting techniques for optical injection
is coherent control, an example of which involves tuning
the interference of one- and two-photon absorption processes
to achieve a target response. This has been employed for
injecting carriers, spin polarization, currents, and spin currents
in semiconductors [20,21] and currents in graphene [22-24].
It has even been proposed that it could be used to inject
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a macroscopic Berry curvature in semiconductor quantum
wells [25]. Here we present predictions of the optical injection
of carrier density, spin polarization, charge current, and spin
current at the surface of a topological insulator. In order to
identify the fundamental properties of coherent control in
topological insulators, we use a Hamiltonian with a perfectly
symmetric Dirac cone, and we restrict the analysis to light
at normal incidence. This also helps to contrast the results of
coherent control with those obtained by other means. We keep
a o, mass term in the Hamiltonian in order to analyze the
dependence on the Berry phase, which has interesting effects
on the injection rates.

In Sec. II we present the method used for the calculation
of optical injection rates for an arbitrary quantity using
Fermi’s golden rule, considering one- and two-photon ab-
sorption processes as well as their interference. In Sec. III
we provide general expressions for the injection rates of
a generic two-band system, especially for carrier-density,
spin-density, charge-current, and spin-current operators. Since
two-band models can be used, as a first approximation, to
compute optical properties of a large number of materials,
the expressions derived there should be of use even beyond
their application to topological insulators. In Sec. IV we apply
the results of Sec. III to topological insulators. In Sec. V we
present the results for linearly and circularly polarized light,
referring to Appendixes A and B for details. In Sec. VI we
end with a discussion of interesting features in our results and
the possibilities for their experimental verification, including
estimates for the expected experimental results. Since the
experimental techniques required to confirm our results are
well established, we can expect that such experiments will
help advance the understanding and applications of topological
insulators.

II. RESPONSE TO LIGHT FIELDS

There are several methods for computing the response of
a system to external perturbations; one of the simplest and
most standard methods is Fermi’s golden rule. It is especially
suitable for coherent control calculations because it makes
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evident all the contributions stemming from one- and two-
photon processes and their interference. This is a feature not
shared by the Kubo formalism, for instance.

The calculation for the injection rates using Fermi’s golden
rule has been already well explained in previous studies [20].
However, it has been typically assumed that the fundamental
photon energy is below the band gap, as is the case for most
studies of semiconductors. Since we deal with systems that
are gapless, there will be an additional interference term [26].
And in order to make the notation clear we present the main
steps of the full calculation in the Supplemental Material [27].
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fromt = —oo. The associated electric field is given by E (¢) =
—c 19, A (t). We then compute the injection rate for the density
(M) of a quantity associated with a single-particle operator
M=, a;kMaﬂ,kaﬁ,k; here o and B are band indices. It
can be decomposed into contributions from one- and two-
photon absorption processes with an additional interference
term (M) = (M,) + (M,) + (M;), where

) = Z All’c(na))Eb(—na))Ec(na)),

n=1,2

\ (Ma) = ASU(@) E* () ES(—w) E () E* (), (1)
Below we only show the main results.
We consider two incident light fields corresponding to = Z Af?(‘,'fﬂ(a))Eb(—a))E"(—w)Ed(Za)) +c.c.,
the vector potential A (1) = ), A (wq) e @t withw, = n=1,2
+w,+2w, and € — 0" describes the turning on of the field with
J
Alfc(nw) = 75 Z (Mc’c,k(sv’v - v v, k(sc c)rl v’ w(k,co)[&(na) - wcv,k) + 8(”“) - wc’v’,k)]»
cv,c'v' k
b4
Ange(w) = ﬁ Z (Mc’c,kfsv’v - Mv’v,kac’c)rgfjsf’cv(k’w)[s(za) - a)cv,k) + 8(2(1) - a)c’v’,k)L (2)
cv,c'v' k
V4
Af)(cnd)(w) = ﬁ Z (Mc’c,ksv’v - v v, k(sc c)rlb(ig ' w(k,w)[cS(na) - wcv,k) + S(na) - wc’u’,k)]v
cv, vk
and III. TWO-BAND SYSTEMS
o2 Any Hermitian 2 x 2 matrix can be written as a linear
Flbcc’u’ ko) = oy BT combination of Pauli matrices ¢ and the identity op. So a
w . . . P
bed . y generic Hamiltonian for two bandsis H =), Ay 1 Hop
[ ck,0) = W 1 (@,0) Wi 1 (0,0), 3 where «, 8 = 1,2 are band indices, and
ie = .
Flifer ko) = foul Wity o) i = heowoo o by -0 ©
denotes the Hamiltonian at each lattice momentum k. The
Fﬁczf,c,v,,cv(k,w) Wbck(a) ) v? s eigenenergies are Epi = h(wy £ dy) where dy = |dy|, with
(+) = c and (—) = v representing the conduction and valence
where bands, respectively, so w., x = 2dy. The eigenstates satisfy
dy - oYy = £y, so when dy - o is diagonalized it is
Qb‘c w cn nv
cok(@a) = hzwzzw — Wy
bc cb (4)
ch k(wo“wﬂ) = ch,k(wa) + ch,k(wﬂ)'

In the above equations, v is the velocity operator, the indices
v and ¢ correspond respectively to valence and conduction
bands, hw, is the energy of electrons at band n, and w., =
. — wy; L is the unidimensional normalization length, and D
is the number of spatial dimensions of the system.

The A}“(w) and AJ{}(w) terms have usually been ignored
in the llterature since they vanish for systems with a gap
where the first harmonic falls below the band gap. The two
interference processes are shown in Fig. 1. The quantities for
which the injection rates will be computed are the densities
associated with the carriers (n), spin (S), charge current (J ),
and spin current {(Js). We denote the response coefficients
associated with the quantities (n), (S), (J.), and (Js),
respectively, by &, ¢, n, and u.

-~

FIG. 1. (Color online) One- and two-photon interference pro-
cesses illustrated on the helical Dirac cone. The one on the left has
energy hw and corresponds to (i)1, while the one on the right has
energy 2hw and corresponds to (i)2.
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represented by o, and there is a unitary matrix Uy that
performs the change of basis, dy -0 = Uo, U,i. Because
SU2) and SO(3) have the same algebra, we can write
Uro U, = (RiZ) - o, where Ry represents a rotation around
the axis #i; by an angle ¢y, so Uy = exp(—z—nk o), we
put iy = £ x dk/|z x di| and cos ¢ = 2 - dg. The triad & =
{fy, dk,nk x d «} forms an orthonormal basis, so an arbltrary
operator W - o can be easily written in the basis of eigenvectors
U ,I (@ - 0)Uy by decomposing @ in the triad E and performing
the rotation Ry.

A. Operators

We keep track of the injected carriers by computing the
density of electrons injected into the conduction band. The
corresponding number operator has matrix elements n,. = 1
and n,, = 0. We suppose that the components of the spin
operator are given by S = %& -0, and we decompose @ -
according to E, so

Ste = 5di - a.

5 (6)
s = —laa
vv 2 k a

are the matrix elements needed. Note that even though S¢.
and Sy, are matrix elements of the spin operator in the basis of
eigenstates, they are being expressed in terms of the parameters
of the Hamiltonian in its nondiagonal form of Eq. (5).

The matrix associated with the velocity operator is [28]

1
UZ = EakaHk = O @0y + edy - 0, (N

and decomposing it according to E gives the matrix elements
UZC = aku or + akudk,

vsv = 8/(“ O — 8kadk,
o . ®
v?v = dk(nk +1ng X dk) . (ak“dk)nk . (x — ly),
Ve, = di(iig — it x di) - (ud ity - (X + ).
It is also necessary to compute products of two velocity matrix
elements,
v? = dk[akadk ak’)dk + ldk (akadk X 8k”dk)] 9)

cv UC

The second term above is the Berry curvature; we can track
the contributions to optical properties that depend on it. The
charge current is expressed in terms of the velocity operator
by J. = ev.
: 1
We define the spin-current operator as J¢} = 3(S“v} +

vZS“), so for a system where S = %& -0 we have

a- ﬁk(akbdk) + dya - 8kbtA1k + (O oy )a - 3k

J¢ =h
S,cc )
5 . . 10
ab a- dk(akhdk) + dk& . 8kbdk - (8kbwk)iz . dk
JS w h 2 ’

which completes the list of necessary matrix elements. Based
on this, the coefficients used in Egs. (2)—(4) are computed and
shown explicitly in the Supplemental Material [29].
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IV. TOPOLOGICAL INSULATORS

When the photon energy is smaller than the bulk band gap
of a topological insulator, only the protected states localized
on their surfaces will contribute to the optical absorption and
injection.

The standard effective model describing the states on
the surface of a topological insulator has a 2 x 2 Hamilto-
nian [30,31] given by

Hy = W(Co + Dok*)og — hAo(2 x k) - 0 + hiA,o.,  (11)

including terms up to the second order in k. The Ao,
mass term is kept to keep track of how the Berry curvature
affects the optical response; it would correspond to an external
magnetic field along the Z direction, for instance. This

Hamiltonian corresponds to Eq. (5) with @y = Cp — Dk? and
di = Aoz x k) + A, 2, s0 iy = —k and
A2kP
ody = —>—,
di
(12)
~ —Agz xb) Al’d
dudy = —A0Exb) Ay s
d d;

This allows us to compute the optical injection coefficients.
Since in the basis of Eq. (11) the spin operator is represented
by §¢ = —a o, from Egs. (6), (8), and (10) we can identify
the matrlx elements of the operators of interest:
hRA0k™* + hAwZ - a

dx ’

SZC—SSI}ZM'&](:

Ve, — Vs = 20pady = 245K 13
ce ™ Vop = 20ped = — —, (13)
k
N 2hDkP[Agk™ + A2 - @
Jgh = I, = e - dy = SO T e
k

They satisfy the relations
hA,  RA

SZ_SZ =_=_m cc — )
cc v di i (n Myy)
2A0Z X S
v = —%X, (14)
2hDok” A hDyA
zb zb 0 m 08 m
‘IS,CL' - JS,vv = dk = A2 (U(l?,c - va)’
0

where the second equation is the identity explored by Raghu
et al. [6]; the first states that the Z component of the spin
density S° merely corresponds to the spin polarization of the
injected carriers, and the third identifies the Z component of
the spin current J¢ as entirely due to the spin polarization of
the charge current. Both spin density and current are nonzero
only in the presence of the o, mass A,,. It should be noted
that the spin current is typically not a conserved quantity,
and indeed it is not conserved at the surface of topological
insulators. Nevertheless, we still compute its optical injection
rate because, depending on the experimental technique, the
spin separation to which it leads might be detected (or tunneled
to another material) before the spins relax [32,33].

The equations necessary for computing the optical injection
coefficients are shown in the Supplemental Material [34]. The
expressions for the various coefficients that follow from these
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TABLE I. Values of the parameters used for the plots.

Ao (m/s) Do (m*/s) hA, V) |E@) (V/m) |EQw)|(V/m)

5x10°  7x107* 1.5x 1072 1 x 10* 72

expressions are the main results of this paper and are detailed
in Appendix B.

V. RESULTS

For the system we are considering, one- and two-photon
absorption processes inject scalar quantities while interference
processes inject vectorial ones. We confirm within our model
that carriers are injected by one- and two-photon absorption
processes, but not from the interference between them. Con-
versely, charge current is injected solely from the interference
processes and not from the one- and two-photon absorption
processes. However, there are additional peculiarities for the
spin density and spin current injection.

Due to relations (14), the in-plane spin density follows the
charge current injection, stemming only from the interference
processes; the out-of-plane spin density only has contributions
from the one- and two-photon absorption processes. It simply
corresponds to the spin polarization of the injected carriers,
which is proportional to the o, mass term in the Hamiltonian.

A similar situation holds for the spin current. The spin
current of the Z component of spin follows the charge current
and simply amounts to the net spin polarization of the carriers
of the current; it is obtained from the interference terms. On
the other hand, the in-plane spin current is a result of the
Dirac cone with chiral spins; it does not require a net spin
polarization generated by a o, mass term. It is obtained from
one- and two-photon absorption and has no contribution from
interference processes.

Below we present the injection rates for the quantities
of interest, considering linear and circular polarizations. In
Appendix A we show the general expressions for the optical
injection coefficients, and in Appendix B we present the
explicit form of the coefficients related to linear and circular
polarizations of the incident light, which are referred to below.

The values of the parameters Ay, Dy, and A, =
wpgB/(2h) used for the plots or specific estimates are given
in Table I; they correspond to the parameters of Bi,Tes for an
applied magnetic field around 10 T [30].

We consider field amplitudes of E, = 10* V/m for the
fundamental and E,, = 72 V/m for the second harmonic,
which are indicative of the largest field intensities allowed
within the perturbative regime. These values depend on the
expressions for the injected carrier density, so we explain how
they are obtained in Sec. VI.

A. Linear polarizations

The one- and two-photon processes do not depend on the
relative orientation of the fundamental E(w) = E,¢'? &, and
second harmonic EQRw) = E,,e'"é,, fields, where E,, and
E,, are real. Therefore, we show here the results for the
injection coefficients A; and A,, while the results for A;()
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and A;«) are displayed for the special cases of parallel and
perpendicular polarizations.
The carrier-density injection rate is given by

(1) = (@EL + £ Qw)E3,,
(15)
(2) = & (w)ES,

and the Z component of the spin-density injection rate is given
by

2hA,,

- 1
(si) = [éf"‘ () E, + Z6 2w ng} ,

(83) = M%s;m (w) E2. (16)
This result simply corresponds to the net polarization of the
injected carriers. .
~The charge-current injection rate vanishes; (Ji') =
(Jg) =0,
The spin-current injection rate is

() = 37 G x &) - @ - DY ™ (no) E2,
n=1,2
+ Z é”“’ : &(2 X énw) . I;MT)%X (nw) E;%w’
n=1,2
iab . ! . (I7)
(ng) = (2 X énw) ‘ a(éna) : b)M; (C()) Ea)

8y a2 xe,) by (0)E},
where the first term in each equation gives a spin current

independent of the applied field polarization and is due the
helical spin structure.

1. Parallel orientations

Only the interference processes depend on the rela-
tive orientation of the E (w) and E (2w). Here the fields
are E (w) = E, e’ ¢, and E Qw) = Ep,e'?”é,. The relative
phase parameter is A6 = 6, — 26;.

The charge-current injection rate is given by

(Ji) = —2e,Im[n} 1" (@) + 3} (@)] sin (AQ) E_ Es,.
(18)

Due to Eg. (14), the in-plane spin density and the spin Z current
injection rates are given in terms of (J;(w)) by

(8i) = TAge” (Ji),
hDyA (19)
%4 _ 08 m T
(JS,t)_ A%e <J1>’

and the spin current merely corresponds to the magnetization
of the carriers of the charge current.

The direction of the polarization vector provides control of
the angle of the injected vectorial quantities, while the relative
phase parameter of the light beams can control only their
magnitude and orientation.
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2. Perpendicular orientations

Here we have E (w) = E,e'?é, and E Qw) = E»,e'"&,,
with &, =2 x é,. The relative phase parameter is again
AO =06, —20,.

The charge-current injection rate is given by

() = =282, - aIm[iY @) + 0l @) ] sin(A0) E2Ea,
+ 22, - aRe[5)" @) + 1" (@]
x cos (AB) E2Ey,, (20)

and the spin density and current follow Eq. (19). From
Egs. (B6) and (B7) in Appendix B we can identify two
different contributions to the injection: one that is related to
the Berry curvature and thus depends on A,,, and another that
is independent of A,,. Again the direction of the polarization
vector provides control of the angle of the injected vectorial
quantities. The relative phase can still control their magnitude
and orientation, but it can also switch between the two
regimes: the first where the photoinjection stems from the
Berry curvature, and the second where it does not.

B. Circular polarizations

For circular polarizations E () = E,e'? P, and E Qo) =
Exwe®p., where 7,7, = £1 and p, = (& £i)) /N2, 50
P, P, =0and p, - p_=Taswellas p_ x p, =iZ. The
relative phase parameter is still A@ = 6, — 26;. Again the one-
and two-photon processes do not depend on the relative helicity
of the E (w) and E (2w) fields and are presented first.

The carrier-density injection rate is now given by

() = & T (@ E2 + &1 Qw) E3,,
1)
(2) = & T (w) EL.

The spin-density injection is still given by Eq. (16), and for
the spin current we have

(Jih) =2i@xb)-2 ) ui ™t (no) By,
n=1,2
: . (22)
(J5) =2ia x b) - 2, 7T (w) ED.
Circularly polarized light does not break rotational symmetry;
therefore, the second term of Eq. (17) is not present.

1. Equal helicities

The interference processes depend on the relative helicity
of the two fields. We first consider the fields with the same
helicity, E (w) = E, e p. and E Qw) = E,,e'®” p..

The charge-current injection rate is given by

(J#) = 2[a” cos(A) + a* sin(A)]
X il (@) + 0y T (@IE Ey.  (23)

The spin density and current follow Eq. (19).
The relative phase displacement between the two light
beams can now control the direction of the injected quantities.
Especially for frequencies near the gap, the injection rates
for different helicities T depend strongly on the chirality of the
electronic states, identified by A,,/ |A,,|. The helicity of the
incident light has no effect for vanishing A,,.
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2. Opposite helicities

Here we have E(w)=E,p, and E Qw)=
E,,e'% p_,. The injection rates from interference all
vanish for the four operators of interest.

VI. DISCUSSION

In order to determine the validity of our calculations for
the optical injection rates, we have to consider the fraction
of the injected carrier population relative to the total number
of states in the range of energies covered by the laser pulse.
The duration of the pulse, 7, sets the minimum frequency
broadening of the laser pulse Aw = 2?”, which in turn—via
the dispersion relation, which we assume is Ey = hAgk here
for simplicity—determines the area of the Brillouin zone that

can be populated by carriers: a = 2wk Ak, where k = Aﬂo and

Ak = j—i’. The number of states available in this area of the

. . . 2 . .
Brillouin zone is a/a;, where a; = (252) is the area occupied

by one state. The maximum amplitudes of the laser fields are
restricted by the condition that the number of injected carriers
with additional energy 2hw is at most 5% of the total number
of carrier states in the allowed energy range:

(6 Qo) B3, + 6™ (@) EA)TL* <005 4)
ai

We then estimate the amplitudes by imposing the additional
condition & 2w) E3, = & (w) E*, which gives optimal
interference between the absorption processes [20]. Finally,
the field amplitudes are limited by

1.6H*w?
AXT?

4A%(eE,)"

2 _
(eEz) = =

(25)

For pulses lasting 1 ns with a frequency of 30 meV, the field am-
plitudes found are E,, = 1 x 10* V/m for the fundamental and
E,, = 72 V/m for the second harmonic, which correspond to
laser intensities of 9.9 W/cm? and 0.65 mW /cm?, respectively.
We use these values for all fiw in Figs. 2—4, although for hw <
30 meV smaller amplitudes would be required to guarantee
Eq. (24) and could be found by using Eq. (25). Our estimates
on the limit of perturbation theory neglect any relaxation
of the injected carriers. Its presence will allow the use of

(@ x10°
2
—~15
‘w
7, ]
Y
0 0
0 005 01 015 0 005 01 015

hw(eV) hw(eV)

FIG. 2. (Color online) (a) Carrier-density injection rates from
one- and two-photon absorption processes at total energy 2hw.
(b) Carrier-density injection rates for linear (é, = X) and circular
(r = £1) polarizations of the incident fields.
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(@ x10° (b) x10"
TTY
_<JS/> 4
18 _<]'y:r> 0
- Js > 3
I [
i 10 E )
7~ 7~
5 T
— 7 =41
—r=-1
00 0.05 0.1 0.15 GO 0.05 0.1 0.15

hw(eV) hw(eV)

FIG. 3. (Color online) Planar spin current density injection rates
for (a) linear polarizations along the % direction and (b) circular
polarizations.

higher-energy laser pulses to compensate for the relaxation, at
least partially, without leaving the perturbative regime.

In the absence of the o, mass term, the carrier and charge-
current injection rates are very similar to the ones found for
graphene [23], except for the adjustments due to having only
one Dirac cone and a smaller Fermi velocity. However, even in
this case there is also injection of the transverse spin following
the same form of the injected current, a signature characteristic
of topological insulators. The magnitude of these injected
quantities is also of the same order as the values for graphene,
where the current injected by the processes discussed here
has already been measured [22]. The carrier relaxation time is
also longer for the surface of topological insulators than for
graphene [35].

Another distinctive trait shared with graphene is the
relatively low average velocity of the injected carriers when
compared to semiconductors. This is due to the one-photon
absorption at the fundamental frequency, forbidden in semi-
conductors because of the band gap. This gives rise to the
extra interference process with total energy fiw, which usually
partially cancels the injected current stemming from the
interference process with total energy 2hw.

Several particular features are found in the presence of
the Berry phase inducing the A, o, term, especially for
circular polarizations of the optical fields, when an interesting
interplay between the helicity t of the incident fields and the
chirality A,/ |A,,| of the Dirac cone can greatly suppress or
enhance optical injection. In order to observe these features

PHYSICAL REVIEW B 89, 205113 (2014)

a combination of high magnetic field and low temperature
is necessary, because the Zeeman coupling hA,, = uggB/2
needs to be above temperature kg 7. We estimate that 77 K and
6 T should be enough for Bi, Te;. For a pronounced effect, the
photon energy should not be much larger than the Zeeman gap.
Reasonable photon energies for the fundamental field would
not be much larger than iw = 30 meV, which can be achieved
with quantum cascade lasers.

When lasers of similar intensity are considered, the
predicted magnitude of the injected currents obtained from
coherent control seem to be considerably larger than the
values found by other approaches, such as applying an in-
plane magnetic field or using oblique incidence. Therefore,
it can play a crucial role in the quest for harnessing the
exotic properties of topological insulators for spintronics
applications.
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APPENDIX A: GENERAL EXPRESSIONS FOR THE
OPTICAL INJECTION COEFFICIENTS

In order to express the optical injection coefficients, it is
helpful to introduce the following quantities:

b do kk’  a-b
)k T 2
wbed do kkPkekd
T e
_abe-d+a-eb-dta-db-o AD
8
aeder [ 4O kK" KKKk
¢ ) 2n ko

Z a-be-de-f

— 48 '

pairings

Intermediate steps are shown in the Supplemental Mate-
rial [36], which give the following results.

(@) x10° (b) x10° ()  x10
1\;\ T i i 12 N 2.5 1
il ; —¢ —7r=+1
—<J7;(1>> 1 _ —_——
. H \ X g 10 €2w 1 . 2
T4 || —<Ji7(2)> 1 D
P , -8 T 15
20 (%) = 6 <
2 |\ = = 1
~ ‘ ~_ 4 ~
~— S~ ~—"
1 L ) 05
O AN e c— L L 0 0
0 0.05 0.1 0.15 0 005 01 015 0 005 01 015
hw(eV) hiw(eV) hw(eV)

FIG. 4. (Color online) Current-density injection rates for (a) linear polarizations with parallel orientations, (b) linear polarizations with
perpendicular orientations, showing the components of the current along the &, and é,,, directions, and (c) circular polarizations.
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1. One- and two-photon absorption

The carrier-density coefficients are

1}n(a)) = _®(60—2Am)6‘2 [? <1 + 4A%n> _l.Amz (f) X é)]’

2R’ w?
O(w — A,)e*A? A2 (b-de-e+@b-e)-d A2
bede _ 0 m bede m
& (‘“)—T It 2 B
Apfe-edxb)-5+b-edxe)-2+e-dexb)-24+d-b@exe) 2
il . (A2)
4
The charge-current coefficients vanish: 7¢* (w) = n$°°4¢ (w) =
The spin-density coefficients can be written in terms of the carrler—density ones as
abc 2hA (Z a) c abcde hAm(ﬁ[l) cde
(P (@) = =5 (@), " (@) = 5" (), (A3)

which is a consequence of Eq. (14).
And the spin-current coefficients are

ot gy — ©@ = 28,)EDy (| 485\ [ % a)-b@-d) ptexamed (1 _ 472, VCEIOR bdx &) -2
! 4A0h w? 2 w? 10 ’
abcdef( - 40 (0 — Am)e4DOA0 | Ai 2 w(zxa)bdfe e+ (p(zxa)bcfa e+ (p(zxa)hdeé . j‘ + (p(zxa)bcea . ‘;‘
N ot w? 4
2 4 2\ 2 A
_ (p(zxa)bcdef 1— Am + l4® (CL) B Am)e DOAO ﬁ 1 — ﬁ
w? ot ) w?
y (p(zxa)bdf(é X&)%+ (p(zxa)bcf(é x (Ai) .5 +¢(z><a)bde(]' x )2 +(p(z><a)bce(}' x 3) .7
4 ’
giving spin currents with only in-plane components of spin, which is independent of the A,, o, mass term.
2. Interference processes
The carrier-density coefficients vanish: & }EZ‘)I (w) = 0. The charge-current coefficients are
yed () — i0(—28metA7 (- 4AL [[@ db-¢—2a-e)b-d Lot (1 — 4A2
Min) 41303 »? 2 ¢ w?
_2Am|:21 d@xb)-z—2a-&d x b) z“
+1 )
w 2
(AS5)

wbed iO@@—A)e*AY (- AL\ ([[@-&b-d+@-be-d | .. (, AL
nl(Z) ( ) 2B3w3 1 D) 2(:0 1
)

due to Eq. (14), the spin-density coefficients can be written in APPENDIX B: OPTICAL INJECTION COEFFICIENTS FOR

terms of the ones for the charge current as LINEAR AND CIRCULAR POLARIZATIONS
h The coefficients used in Sec. V for one- and two-photon
abed _ (zxa)bcd P
Liw (@) = 2eAq ity (@), (A6) absorption processes are
and the spin-current coefficients can also be written in terms
of the ones for the charge current as () = O (w—2A,,) e < 4A2
hDoA,% - @ 8h2w w? )’
wips () = + s (@), (A7) . X | (BD)
0 O (o) = O(w— Ay)e*Aj l—ﬁ I+ 3A;,
which finishes the list of optical injection coefficients. 2 4h4wd w? w? )’
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and
Xyxx ) (a) - 2Am) €2D0 4Ar2n 3 Ai
wy T (w) = -+ —,
8hAg w? 4 w?
XXX C (w_ZAm) ezDO 4A31 1 3Ar2n
ny T (w) = — — -—+—F,
ShA() w2 4 a)z
2
rx O (w— Ay)e*DyAg A2 A2
XYyXXXX — 1 _ _m 1 _m
Ha (@) ARt o + o2 )’
2
VXXXXX () = _®(w_Am)94D0A0 I_A_f,, 1+5Afn
2 413 * 1) w? )’
(B2)
for linear polarization.
For circular polarization we have
_ O (w—2A,)e? 28,0\
T,+T _ m m
) () = T e 1+t " ,
(B3)
o O(w-—Ay) et A2 A2 Ay
++ _ 0 m
& o= s ) Uy )
and
T ()
i0 (w —2A,,) e*Dy 4A2 28, \°
= 1— l+7—— ) ,
16hA, w? 1)
(B4)

o ()

_i®(w— Ay)e*DoAg A2\’ .Y 2
B 2R3 w* ’

also  uTTT (w) =—p T (w)
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The interference coefficients are

- —i® (0—2A,)* A2 [ 4A2 1242
My (@) = 323w? 1- w2 I+—=,
XXXX i0@—Ay) €4A% Ai 3Ar2n
; - 1—=2m) (1422 ),
M) (@) YR pea) A G
(BS)
and
w0 _O@=2A,)e*AF (1 4AL Ay
Micy 2R3w3 w? w’
(B6)

o O(w— A,)e*A2 A2\ A,
ni(z)y (a)) = - 1

2h3w3

also

i0(w—2A,,)e* A2
U;}(l)y () = 0

4N 4A2
1— — 5— =)

323 w3
. 2
yxxy =0 (w— Ap)e*Al B A_fn
M) (w) = 8P} 1 P , B7)
and
N 0 (0 —2A,,) e A 472
Ny (@) = 4303 lr-—
1) w
1 An\?
X Z -1+ T? , (B8)
. 2
R _ l@(a)—Am)e4A% _A_fn ﬂ
Ty (@)= 4R3 w3 w? I+r w )’

from which the other injection coefficients are obtained.
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