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Two-photon indirect optical injection and two-color coherent control in bulk silicon
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Using an empirical pseudopotential description of electron states and an adiabatic bond charge model for
phonon states in bulk silicon, we theoretically investigate two-photon indirect optical injection of carriers and
spins and two-color coherent control of the motion of the injected carriers and spins. For two-photon indirect
carrier and spin injection, we identify the selection rules of band edge transitions, the injection in each conduction
band valley, and the injection from each phonon branch at 4 and 300 K. At4 K, the TA-phonon-assisted transitions
dominate the injection at low photon energies and the TO-phonon-assisted transitions at high photon energies.
At 300 K, the former dominates at all photon energies of interest. The carrier injection shows anisotropy and
linear-circular dichroism with respect to the light propagation direction. For light propagating along the (001)
direction, the carrier injection exhibits valley anisotropy, and the injection into the Z conduction band valley
is larger than that into the X and Y valleys. For ¢~ light propagating along the (001) ((111)) direction, the
degree of spin polarization gives a maximum value about 20% (6%) at 4 K and —10% (20%) at 300 K, and at
both temperature shows abundant structure near the injection edges due to contributions from different phonon
branches. For two-color coherent current injection with an incident optical field composed of a fundamental
frequency and its second harmonic, the response tensors of the electron (hole) charge and spin currents are
calculated at 4 and 300 K. We show the current control for three different polarization scenarios: For cocircularly
polarized beams, the direction of the charge current and the polarization direction of the spin current can be
controlled by a relative-phase parameter; for the collinearly and cross-linearly polarized beams, the current
amplitude can be controlled by that parameter. The spectral dependence of the maximum swarm velocity shows

that the direction of the charge current reverses under an increase in photon energy.
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I. INTRODUCTION

Silicon is adominant material in the microelectronics indus-
try. It has also attracted much attention in optoelectronics,'~
due to its low absorption at telecommunication wavelengths
near 1.55 um, and in spintronics,*% due to its long spin
transport length and spin relaxation time.””'* In both fields,
a full understanding of the optical properties in bulk silicon
is very important for further applications. Optical methods
can provide an effective way to generate carriers and spins
in semiconductors, to control'*'° their motions by the phase
coherence of different components of incident laser beams,
and to detect the properties of carriers and spins.!” Recently,
the direct detection of spin currents using second-order
nonlinear optical effects has been proposed'® and realized
experimentally.'”

Because silicon is an indirect gap semiconductor, with an
indirect gap E;, = 1.17 €V and a direct gap E, = 3.4 eV,
there is a degenerate indirect “¢”-photon optical transition
assisted by phonon emission or absorption at fhiw < E,. This
optical response is about two orders of magnitude weaker
than that in direct gap semiconductors. While the weak
response results in low loss, which is important in realizing
optoelectronics devices, it can make optical coherent control
less effective.

By using circularly polarized light, spin-polarized carriers
can be injected.!” Generally, one- and two-photon injection
are the most widely used schemes. For coherent current
control, the minimum requirements depend on the semicon-
ductor crystal structures: For low-symmetry semiconductor
structures with nonvanishing second-order nonlinearity, such
as the wurtzite structure,”! current can be injected by even
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a single-frequency laser beam; for high-symmetry semicon-
ductor structures with vanishing second-order nonlinearity but
nonvanishing third-order nonlinearity, such as the diamond
structures, current injection requires at least a two-color laser
pulse with one fundamental frequency and its £th harmonic
(“1+ ¢ effects). The control parameters are taken as a
relative-phase parameter between Cartesian components or
between the frequency components of the two-color laser
beams. However, most coherent-control studies to date have
focused on absorption across the direct gap,”>* even when
considering the indirect gap semiconductors;*> seldom has
coherent control by absorption across an indirect gap been
considered, 228 due to the weak optical response. For silicon,
which has the diamond structure and vanishing second-order
nonlinearity, it is only the second of the coherent-control
schemes mentioned above that is applicable.

For two-photon indirect optical carrier injection in bulk
silicon, most experimental studies have focused on the two-
photon absorption coefficient?*~3* and its anisotropy,**> which
is important in optoelectronics devices; theoretical studies®—38
are mostly based on the parabolic band approximation and on
a phenomenological electron-phonon interaction. For current
injection by coherent control, Costa et al.’’ and Spasenovié
et al.”® used terahertz radiation to detect “1 +2” injected
current in bulk silicon, and confirmed that the current can be
controlled by the phase parameter of the laser beams. Zhao and
Smirl?® measured the time and space evolution of the indirect
optically injected electrons and holes by phase-dependent
differential transmission techniques. Yet full band structure
investigations of the two-photon indirect optical injection of
spins and spin current are still lacking.
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Previously we studied the one-photon indirect optical
injection of carriers and spins*® and the spectral dependence
of the two-photon indirect absorption coefficients and their
phonon-resolved injection rates at 4 and 300 K.** In this
paper, we continue the study of the two-photon indirect
optical injection of carriers and spins, and consider as well
the coherent control of the injected charge and spin currents
by 1 + 2 effects. We present detailed results of two-photon
indirect carrier and spin injection under o~ light propagating
along the (001) and (111) directions; due to the symmetries
of bulk silicon, injection with o™ light has the same carrier
and spin injection as with o~ light, but with the opposite spin
polarization. The injection in each conduction band valley,
the anisotropy, and the linear-circular dichroism with respect
to the light propagation direction, the corresponding phonon-
resolved spectra, and the degree of spin polarization (DSP) are
discussed. We also consider the coherent control of the motion
of optically injected electrons and holes under particular two-
color optical fields: cocircularly polarized beams, collinearly
polarized beams, and cross-linearly polarized beams.

In optical absorption, the electron-hole interaction plays an
important role especially in determining the correct absorption
edges. First-principles studies*' of the direct gap optical
absorption show that the excitonic effect can greatly change
the line shape even for high photon energies in silicon. For
indirect one-*> and two-photon injection,’”-*® investigations
within the parabolic band approximation show that this neglect
does not change the absorption line shapes at energies more
than a few binding energies above the band gap; however,
a full band structure investigation is still lacking due to
difficulty in numerical calculation of the wave functions of the
electron-hole pair. In this paper, as a preliminary calculation,
we neglect the excitonic effect.

We organize the paper as follows. Two-photon indirect
carrier and spin injection are presented in Sec. II. In this
section, we first describe a perturbation model for two-photon
indirect optical injection, and then give the numerical results
under an empirical pseudopotential model for electronic states
and an adiabatic bond charge model for phonon states. In
Sec. III, we study the interference current injection under a
two-color laser beam and the coherent control. We conclude
in Sec. IV.

II. TWO-PHOTON INDIRECT CARRIER
AND SPIN INJECTION

A. Model for two-photon indirect injection

For an incident laser beam with electric field E(f) =
E,e ' 4 c.c, the two-photon optical injection rates of
electrons and their spins are generally written as

=g ESED (ECED),

§7 = cIomi Ll (£ L)' v
From these rates, the actual injected carrier density and spin
density can be calculated once the pulse duration is specified.
In this paper, superscripts indicate Cartesian coordinates, and
repeated superscripts are to be summed over. For bulk silicon,
the lowest conduction band has six equivalent valleys, which
are usually denoted as X, X, Y, Y, Z, Z. The two-photon indirect
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transitions have the same initial and final states as those of one-

photon indirect transitions.* The injection coefficients can be

written in the form A%< = Y, A%¢d with A%d identifying

the injection into the /th valley. Fermi’s golden rule gives
bed bed g

AP =3 e Aoz With
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The coefficient A{> | gives the contribution to the injection
by indirect optical transition between the conduction band ¢
and valence band v, with the assistance of an emitted (4)
or absorbed (—) phonon in the Ath mode; there are two
modes each for the transverse acoustic (TA) and optical (TO)
branches, and one mode each for the longitudinal acoustic
(LA) and optical (LO) branches. The operator A in Eq. 3)
stands for the identity operator in carrier injection and the
fth component of spin operator in spin injection. The optical
transition matrix elements are given as

W;Izﬁk - 1<i)22 [ Mfkrﬁku§)~vgmkvvrbilﬁkv
' 2\hw A (a)nvkL. - Za)) (wmvkv - 0))
U?ﬁk,. Mﬁkcrhkv:kvgwkl,
(wcnk[ - w) (wmvkl, - w)
vgflk( Ugrhk( M'ﬂkrﬁkv A

(a)Cl‘lkC - (1)) ((,()kar — 2(,())

]+{a <~ b}, @&

where ¢ = |e|. Here k. and k, are the electron and hole wave
vectors, respectively; ¢ = {c,0.}, ¢’ = {c,0.}, and ¥ = {v,0,}
are full band indices with o, ¢/, and o, being the spin
indices; 77 and m are band indices for intermediate states; |Ck,)
and ., are the electron states and its energy, respectively;
and w,,, (k) is defined as hwy,,(k) = &,x — &nx. The phonon
energy is given by 7€, for wave vector g and mode A, the
equilibrium phonon numberis Ny, and Ng;+ = Ngj + % + %
The velocity matrix elements are v;;(k) = (nk|v|mk) with
the velocity operator = d H,/d p, and H, is the unperturbed
electron Hamiltonian. The electron-phonon interaction is
written as H” = ", H"(q)(ag: + aT_qA) with ag; standing
for the phonon annihilation operator. Its matrix elements are
Mﬁkt.rﬁku)\ = <ﬁkc|H:p(kc - kv)|ﬁ1kv)

The injection coefficient £¢°? is a fourth-order tensor
and ¢/““* is a fifth-order pseudotensor. Both of them are

symmetric on exchange of indices a and b and on exchange

of indices ¢ and d. They have the properties (£¢7°¢)* = gcdab
and (¢/“"**y* = ¢/’ Furthermore, time-reversal symmetry
giVCS é_—;zbcd — (%-[gbcd)* and ;lfade — _(é,[__fabcd)*' In bulk sil-

icon, each conduction band valley has Cg4, symmetry. Under

this symmetry, Sgb “d has six nonzero independent components,
XXXX __ £YYYY XXYY __ & YyXx 27XX __ &ZZYY
z TSz o Sz TSz o Sz TSz o>
Xyxy XZXZ yzyz 7222 (5)
VA ) sZ = E T éz 9
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Cg abed 4150 has six nonzero independent components,
éxyxx — _{éxyyy, ;éyZXZ — _ éxzyz’
é_;yzyy — _C%XZXX i géyzxx — _é,%'xzyy i (6)
é_éxzxy — _é_%'yzxy i é_;zzyz — _C%ZMZ-

The injection coefficients A% can be obtained by a proper
rotation operation that transforms the Z valley to the /th valley.
Using inversion and time-reversal symmetries, all £%°? are
identified as real numbers, and all /¢ are pure imaginary

numbers; A‘}ﬁﬁj‘; . shares the same symmetry properties as

Adbed | while A4 belongs to the higher-symmetry group O,
and has fewer nonzero independent components,

é:xxxx — Syyyy — é:ZZZZ’

EX.ny — %-X.XZZ — Eyyzz — E)’)’X.X — %-ZZXX — Ezzyy’ (7)

%.xyxy — é.xzxz — é-yzyz

and
;Z)C}’XX — _{zyxyy — é—,VZXZZ
— _;yxzxx — é_xyzyy — _;xzyzz’ (8)
é.xxzxy — _{XyXXZ — é-yxy_\'z
— _;yzyyx — é-zyzxz — _;zzxyz

All these components are related to the nonzero injection
coefficients in the Z valley by

sxxxx — 4é§xxx + 2‘?;222, Sxxyy — 45;@:}: + zégxyy’
éxyxy — 4%.;1,(1 + 2é;yxy’ é.xxzxy — 4§;xzx}’ + 2€§y1x17 (9)
é-zxyxx — 2§§xyxx + 2€§ZZ}’Z + 2{;”"))).

With all these coefficients, the injection rates for laser pulses
with any polarization and propagation directions can be
evaluated. In the Appendix, we give in detail the carrier
and spin injection rates for circularly polarized light with
any propagation direction, and the carrier injection rates for
linearly polarized light with any polarization and propagation
directions. In the following, we focus on light propagating
along the (001) and (111) directions.

B. Results

For quantitative calculations of the two-photon indirect
injection rates, a full band structure description of the electron
and phonon states is necessary. Here we use an empirical
pseudopotential model*** for electron states and an adiabatic
bond charge model*® for phonon states. All the parameters
used in the empirical pseudopotential model and the adiabatic
bond charge model are the same as those in the calculation
of one-photon optical spin injection.** From the empirical
pseudopotential model, the calculated direct band gap is
E, = 3.43 eV and the indirect band gap is E;, = 1.17 €V; the

band edge for the conduction band is located at k? = 0.85 rx
and for the valence bands at the I' point, kg = 0. From
the adiabatic bond charge model, the energies for phonons
with wave vector k? are 19 (TA), 43 (LA), 53 (LO), and 57
(TO) meV. Within the pseudopotential scheme we determine
the electron-phonon interaction and then evaluate the matrix
elements H,”(g) using the calculated electron and phonon
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FIG. 1. (Color online) Spectra of £4°*? at 4 K (thick black curves)
and 300 K (thin red curves).

wave functions. With all these quantities calculated, the two-
photon indirect gap transition matrix elements in Eq. (4) are
calculated using the lowest 30 electron bands as intermediate
states to ensure convergence. The injection coefficients given
in Eq. (3) are evaluated using an improved linear analytic
tetrahedral method.>”

In our calculation, the valence bands include heavy-hole
(HH), light-hole (LH), and spin split-off (SO) bands; the
conduction bands include the lowest two conduction bands.
Our results are shown in Fig. 1 for the spectra of nonzero
abed and in Fig. 2 for the spectra of nonzero

components of £
components of £J“*“ at 4 and 300 K. The full two-photon
indirect gap injection rates in Eq. (1) can be identified for any
polarization of the electric field using Eq. (9). Comparing the
injection rates given in Egs. (2) and (3) with the one-photon
indirect optical injection rates,”® we find that these two
formulas differ only in the transition matrix elements given in
Eq. (3). Therefore they show similar temperature dependence,
which is mainly determined by the phonon number, and
similar contributions from each valence band, which is mainly
determined by the joint density of states.

In a previous paper,’’ we discussed in detail the photon
energy, temperature, and phonon branch dependence of the
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FIG. 2. (Color online) Spectra of 2Im[¢;“*“'] at 4 K (thick black
curves) and 300 K (thin red curves).
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total carrier injection coefficients £, £¥97Y ) and £,
Here the £47“? in Fig. 1 show similar properties: For excess
photon energies 2w — E;, of interest, £5°** first increases
with increasing photon energy and then slightly decreases; all
the other components increase monotonically. In contrast, all
the components of {f “h“j, given in Fig. 2, show a complicated
photon energy dependence. All injection rates at 300 K are
larger than those at 4 K due to the larger phonon populations.

To better understand these results, we first consider the
properties of transitions around the band edges. Then we turn
to the injection rates of carriers and spins, and the DSP under
o~ light propagating along two different directions.

1. Transitions near band edges

One can try to simplify the description of the indirect
two-photon injection around the band edges using the high
symmetry at the band edge. We symmetrize the indirect
two-photon injection rates as

_ 271
M=% L w Z Foke = o Rk
k.el
k,, L et
Fabed
— h@) Nk, — e p AL bk (10)

Here ‘Al}bcclgvk v =2p, A c(PC,k (P, ,kl,),\//\/‘ml; P, are the
N, symmetry operations in Cy, that keep the Ith valley
unchanged, while P, are the A, symmetry operations in Oy;
and ), . indicates summation over all modes in the rth
branch. Around the band edge, it is a good approximation
to take the mediated phonon energy 71 €2k, —«, ), and the phonon
number N, g, to be constant and equal to their band edge
values o, = hQY and Ny, = N, respectively. Then the
injection rates are approximately

2w _
bed 0 0 bed
'A(;;ccvti = 7 Z 8(SckL-_<9vk,, =+ hQr - ha))Nri'A(;;ch(.ukvr s
k.el
k,

(11)

with

fabcd bed

At;;ctkcvkvt = Z "47 cCIcL.U(Pl.k,,))L' (12)

P et

Here the symmetrized expression A‘,”’f,f ok, I Eq. (11) avoids
the ambiguity in calculating the band edge values of Ag,ffffk“ .
which is induced by the degeneracy of the heavy- and light-

hole bands at the I'" points. This can be clearly shown by

TABLE 1. Band edge value of W4

. Here M is a matrix with matrix elements [M"/ ]y, = (1 —
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o ab = Trab Trba = .
rewriting Wz’ o, . = (ckC|ch( ket chkavﬂvkv) with the

operator
ch cvky A
1 2 1
= (%) | B ke — k) —
2\ w H, — ey, — 2how
Al 1 ab Al 1
X D —07 — 0
H, — ey, — @ &k, — H, —how
x H?(k, — k, e L L
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1 1
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keeping the intermediate states appearing in Eq. (4) implicit.
Then, similar to the corresponding results for one-photon
indirect optical transition,> we have

Z A?;bcckdgv/k?r ’ 3)

v'=LH,HH

fabcd fabcd
A ;ckO9HHKO T A ;ckOLHKO T

which is unambiguous for any choice of heavy- and light-hole
states at the valence band edge. We analyze the nonzero matrix

elements of /1‘1”’6 ,C,Z)vknr using the symmetries of the crystal.

For a given symmetry operation, the transformation of W4
is determined by H,”, %, and 9”; a direct symmetry analysis

for ngfgakgx is possible with the electron state |5k8) and the

hole state |17k8>. However, because of very weak spin-orbit
coupling in silicon, this process can be greatly simplified by
dropping spin-orbit coupling terms in H,”, 9, and ©°, and thus
in Wc“lz vk, Without spin-orbit coupling, the valence states at
I' are chosen with the symmetry properties of {X = yz,) =
zx,Z = xy}; the phonon states are chosen with the symmetry
{x,y} for the TA and TO branches, {z} for the LA branch, and
{x? — y?} for the LO branch; without losing generality, the
conduction band edge states are taken to lie in the Z valley,
which has the symmetry of {z}. All matrix elements are listed
in Table I. In total there are 15 nonzero quantities for the band
edge values. From the table, the selection rules depend strongly
on the phonon states.

With spin-orbit coupling, the valence bands are split into
HH (12, &+ 2)), LH (|2, £ 1)), and SO (|3, + 1)) bands, and
the conduction bands are twofold-spin-degenerate bands |z 1)
and |z | ). The indirect optical matrix elements in these states
can be easily obtained by linear combination of the terms
in Table I, and the band edge transition probabilities can be
identified by Al = A%5%,, , with k{ being the band edge
wave vector in the Z vallLeyY Similar to the corresponding

81'1')(6,'1(8.,'1 + 5,’[8.,'1() + 6,~_,~8,~k8,~1. There are

ckQvkdn"
in total 15 parameters {W;,i =1, ...,10} for the TA, LA, and LO phonon branches and {W/,i =1, ...,5} for the TO phonon branch.
TA and TO LA LO
(l'llc%vkgr X y z x2 - y2
|X> Wl(’)MIZ Wz(’)Mll + Wé’)M22 + Wi/)M” W6M23 W8M13
|y> Wz(/)MZZ + WB(’)MH + Wi’)M33 Wl(’)Ml2 W6M|3 W8M23
1Z) W m» W' M Wy M Wo(M'! + M?) + WioM»

235204-4



TWO-PHOTON INDIRECT OPTICAL INJECTION AND ...

abcd

TABLE II. Independent nonzero components of éz;cHHr.

T
£ e TA and TO LA LO
g AW+ 1wy 0 HLAk
& Re[W;"(W,")"] 0 SIWoP?
WP+ Wy 0 IWows
& SwP 31w, 0
£y S $IWsP? =
5 WP 0 $IWiol?

term for one-photon absorption,* A% has the following

properties: (i) £ gbffr are the same for v = HH, LH, and SO;
(i) 3, &7y’ = 0and £k, = L7

We list A‘Zgﬁmr in Table II for carrier injection and in
Table III for spin injection. Generally, these nonzero transition
probabilities can be used in Eq. (11) to approximate the
A‘,’f’f,iukﬂ around the band edge values, which results in the
simple formula

A %va(hww?iﬂ??ﬁ, (14)

the analog of which is widely used in the qualitative analysis
of one-photon direct and indirect injection even for injection
away from the band edge. Here J.,(hw) is the joint density
of states, Jo,(hw) = Y 4 cr4, 8(Eck, — €k, THQ) —Tiw). In
Fig. 3(a), we give the local properties of &3%3" (. . around
band edges (k°,kY); its rapid variation away from the band
edge shows that the simple formula (14) may fail. Garcia
and Kalyanaraman® found that the corresponding formula
for two-photon absorption should be replaced by

0
=) Cn)d:Fn(zrl_w7 imk) (15)

nit Eig Eig

Here the two-photon absorption coefficient g is related to
our calculated quantity £*** by B = 2hw&****/(2ngcep)?,
ng is the refractive index, c¢ is the speed of light, € is
the vacuum permittivity, F,(x,y) =(x —y — 1)24n /x°, and
Qg = o, is the frequency of phonons mediated in the band
edge transitions. According to the parity difference between
the band edge hole and electron states, the transitions are

TABLE III. Independent nonzero components of Ezj‘iﬁ"ﬁr
T

¢S ceite TA and TO LA LO
Ezzxyxx —%Wl(,)(W:;(O _ W2(’>)* 0 0
gy 0 —5IWel? HLe
g Lwdwyye 0 — LW We
v Lwdwyy 0 —Lwwy
—gxzxy éWS(/)(Wl(/))* _§W6 Wi 0
g LWy 0 W
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FIG. 3. (Color online) (a) Values of €55 1y, ra) at 2fiw = Ej
along different directions: Dashed black curve, (k? + ké,k?,); solid
red curve, (k? + k3,k?); and dotted blue curve, (k%,k? + k%). (b)
Photon energy dependence of (2iw)®& 2‘;;{0 e for different phonon
branches. Here a = 5.431 Ais the lattice constant.

divided into allowed-allowed (a-a), allowed-forbidden (a- f),
and forbidden-forbidden ( f-f) processes, which correspond
to the n = 0, 1, and 2 terms in Eq. (15), respectively; such a
classification is based on whether the band edge values of the
matrix elements of v* and v® in Eq. (4) are zero (forbidden)
or nonzero (allowed) for different parities of the intermediate
states. In deriving Eq. (15), the dependence Cz,izik 5 X (hw)™®
must be used. Dinu® argued instead that & Cz,ff)kA x (hw)™?
for some processes. Here we can numerically study this
dependence, and the result is plotted in Fig. 3(b); it shows
that 0> and w~% dependences are both important, at least for
the TA phonon branch.

The simple formula (14) corresponds only to the a-a
process. In obtaining results for the other two processes, the
first and second derivatives with respect to k. and k, of
W;‘f:,k( ok, are necessary. This results in a more complicated
symmetry analysis that we do not consider here.

2. Injection for o~ light propagating along (001) and (111)
For o~ light propagating along the directions (001) and
(111), the electric field E%) can be written, respectively, as

ES)OI) = i‘ — ij’EOa
V2 (16)
g _ 2i% +(V3-y— 3+ i)ﬁE

W 0

where (k) denotes (001) or (111). The injection rates of
carriers and spins then are

. k 4 C ;I} 4
it = 61l Bolts  Stowe = MBS a7

Here & ,<k) and ¢ ,f %) are the injection coefficients of carriers and
spins, respectively, in the Ith valley. They can be expressed
by the nonzero components of £4¢¢ and ¢J“*. defined
in Egs. (5) and (6). The resulting ’ expressions are listed in
Table IV. The DSP is defined as D = §7 /(f11/2). For (001)
light, the injected spin in each valley and the total spin are all
parallel to the light propagation direction, i.e., the (001) direc-
tion. The carrier and spin injection rates show valley anisotropy
between the Z valley and the X and Y valleys. For (111) light,
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TABLE IV. The carrier indirect two-photon injection coefficients & ;’}) and the spin indirect two-photon injection coefficients Cl‘”(’b in the
I'th valley for o~ light propagating along directions (k) = (001) and (111).

(]}> I gl(k> g.lx;(k> ])‘:(k) é.lz;(k)
(001) X i(g;ﬁ + %-;xxx) _ %Sézxx + i_-éxzx 0 0 Im[cgzz)r‘z + é.;yzyy]
Y E)((om) 0 0 §§;<001>
7 %%-%xxx _ %s;”‘ + gg.\"x)' 0 0 ZIm[;_éxyxx]
Total %sxxxx _ %Sxxyy + éxyxy 0 0 2Im[g—zxyxx]
(111> X Sélll) sz;(lll) é,g;(lll) é,;;(lll)
Y Eélll) ;é;uu) Cé;ml) g_,zv;(lll)
P A G} St yzyy XXZEY xzzy2 (111 Zxyxx Zyzxz
z % Lo e TRImIE™ 2 R g g SR 4 g
Total %(%-xxxx _ ‘,;_-xxyy + 4%-xyxy) %Im[{”wﬂ + é-xxzxy] ;—x;(lll) g—x;(lll)

the injected carriers are the same for every valley, and the total
spin polarization is still along the direction of the electric field,
i.e., the (111) direction. But the injected spins in each valley
have different spin polarization: The two transverse directions
in each valley have the same injection rates, which are different
from those in the longitudinal direction of the valley.

3. Carrier injection under o~ light propagating
along (001) and (111)

We plot the photon energy dependence of the total carrier
injection coefficients for (001) and (111) light at 4 and 300 K
in Fig. 4(a). As we found earlier in a preliminary study,*’
the injection coefficients increase rapidly with increasing
temperature. The injection for (111) light is larger than that
for (001) light, demonstrating the anisotropy of the injection
depending on the light propagation direction. In agreement
with Hutchings and Wherrett’s notation*’ for direct gap two-
photon injection, this anisotropy can be characterized by two
parameters, the anisotropy o and the linear-circular dichroism
8, which are given as

B EXXXX _ DEXYXY _ £XXYY

o= grxxx ’

_ 2§xYXy + Sxx)'_\"
Zé-xxxx :

In the isotropic limit, ¢ = 0 and § = %% /£¥¥** 48 We plot
o and § in Fig. 4(b). Note that the anisotropy shows a
much stronger temperature dependence than the linear-circular
dichroism. In contrast to ¢ in direct gap two-photon injection,
which clearly shows the onset of the transition from the
spin-split-off band to the conduction band by the presence
of a cusp, it is hard to identity the contribution from the
spin-split-off band in indirect gap injection. This is because
the energy dependence at the onset of indirect absorption is
proportional to (hw — Eig)z, given by the a-a process, instead
of proportional to (hw — E g)l/ 2 for direct absorption.

Now we turn to the carrier injection into each valley.
For (111) light, all valleys are equivalent, and the injection
coefficient in each valley is 1/6 of the total. There is no valley
anisotropy in this case. For (001) light, the valleys can be
divided into two sets: {Z,Z} and {X,X,Y,Y}, and the injection
is the same for all valleys within each set. We plot the spectra

(18)

S}CX}CX

§ =

of injection rates &,(00” in the I = Z and X valleys at 4 and

300 K in Fig. 5. The spectrum in each valley has a shape
similar to the total, and the injection in the Z valley is larger
than that in the X valley. The valley anisotropy arises because
of the anisotropic effective electron mass in the conduction
bands, which leads to different matrix elements appearing in
(4) for the different Cartesian components of velocity. For the
Z valley, the effective mass along the z direction is heavier than
that along the x and y directions,?® which results in a smaller z
component of the interband velocity matrix elements.* From
Table IV, we find that the z components of the electron and
hole velocities appear only in the injection rates in the X and
Y valleys, and result in their smaller injection rates.

Figure 6 gives the phonon-resolved spectra in the X
valley for (111) light. Similar to our previous results,*’
we find here that the LA-phonon-assisted process gives the
smallest contribution, while the TA- and TO-phonon-assisted
processes dominate: At low temperature, the TA-phonon-
assisted process dominates at low photon energy, and the
TO-phonon-assisted process dominates at high photon energy;
with increasing temperature, the TA-phonon-assisted process
becomes more and more important due to the small TA phonon
energy, and dominates for photon energy less than E;, at 300 K.
The phonon-resolved injection rates in each valley for (001)
light show similar behavior.

()
I . S 0
0 03 06 09 1.2 0 03 06 09 12
2hw — Ej, (eV) 2hw — Ej, (eV)

—0.5

FIG. 4. (Color online) (a) Spectra of total carrier injection rates
& at 4 and 300 K for o~ light propagating along the (001) and (111)
directions. (b) Anisotropy o and linear-circular dichroism § at 4 (thick
black curves) and 300 K (thin red curves).
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FIG. 5. (Color online) Spectra of carrier injection rates & 1(001) in

the / = Z and X valleys at 4 (thick black curves) and 300 K (thin red
curves).

4. Spin injection under o~ light propagating
along (001) and (111)

In Fig. 7 we show the spectra of the spin injection rates
¢® and the D/ for o~ light propagating along the (001) and
(111) directions at 4 and 300 K. The total spin polarizations
are all parallel to the light propagation direction. When the
photon energy is higher than the injection edge, which is
Ei; +1QS, at4 Kor E;, — hQ at 300 K, the spin injection
rates first increase with photon energy from zero to maximum
values, then decrease, and then change direction at high
photon energies. This is different from the behavior of indirect
one-photon spin injection, in which the spin injection rates
always increase with photon energy. The difference can be
attributed to the complicated transition amplitude W in Eq. (4).
The fine structure of the injection rates around the band edge
are clearly shown by the DSP spectra in Fig. 7(b). The DSP
depends strongly on the laser propagation direction and the
temperature. For (001) light, the maximum DSP can reach
about 20% at 4 K and —10% at 300 K; for (111) light, the

0.16 = . . .

< 0.12

0.08

€ (10* s~ imv—*

0.04

0 03 06 09 12
2hw — Eig (GV)

FIG. 6. (Color online) Phonon-resolved spectra of carrier injec-
tion rates &1 at 4 (thick black curves) and 300 K (thin red curves).
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Im[¢] (10 s7'mV~*)
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11) - -
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D(%)
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2hw — E;y (eV)

FIG. 7. (Color online) Spectra of (a) spin injection rates ¢ and
(b) the DSP D at 4 (thick black curves) and 300 K (thin red
curves). (Solid curves) E | (001), (dashed curves) E || (111). The
spin polarization direction is parallel to E. The labeled energies are
271(1)],3 - E;g = _Q%Ov_QLAy_QTAa and 2;!0)% - Eig = QTA-

maximum DSP is only 6% at 4 K but 20% at 300 K. Around
the injection edges, the DSP show more detailed structures at
300 K than 4 K. In Fig. 7(b), we label the injection edge for
phonon branches by dotted vertical lines: hw1, iw,, and hws; for
the TO, LO, and TA phonon absorption process, respectively;
I identifies the TA phonon emission process. As in the
corresponding results for indirect one-photon spin injection,
the fine structures arising here come from the contributions of
different phonon branches.

To better understand these fine structures, we plot the spin
injection in each valley and the contribution from each phonon
branch for (001) light in Fig. 8. Figure 8(a) gives the spin
injection rates in the X and Z valleys at 4 and 300 K, in which
the valley anisotropy is prominent. Again, due to the anisotropy
in electron velocity, the injection rate in the Z valley is much
larger than that in the X valley. Figure 8(d) gives the detailed
structure of the DSP around the band edge. The maximum
DSP is about 36% at 4 K and —20% at 300 K in the X valley,
and about 10% in the Z valley for both temperatures. However,
the spin injection rates are very close in these two valleys near
the injection edge in Fig. 7(a), so the difference between these
maximum values can only come from the difference of the
carrier injection rates, which are much smaller in the X valley
than in the Z valley (see Fig. 5).

The phonon-resolved spin injection rates in the X and Z
valleys are plotted in Figs. 8(b) and 8(c) at 4 K. In the X
valley, the TA phonon branch dominates at low photon energy,
and the TO phonon branch dominates at high photon energy.
In the Z valley, the TA and LO phonon branches have similar
contributions and dominate at low photon energy. Near the
band edge, the spins injected from the TO- and TA-phonon-
assisted processes have opposite spin polarization directions
in the X valley, but the same in the Z valley. Figures 8(e)
and 8(f) give the corresponding DSPs. Almost all processes
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FIG. 8. (Color online) Spectra of (a) spin injection rates {,(00”

in the / = X valley (solid curves) and the [/ = Z valley (dashed
curve) at 4 (thick black curves) and 300 K (thin red curves), (b),(c)
phonon-branch-resolved spin injection rates in the X and Z valleys
at 4 K, and (d),(f) the corresponding DSPs of (a)—(c).The labeled

energies are 2fi| , = Q9 and Q,, respectively.

contribute nonzero DSP. In the Z valley, the spin injection
rates are given by Im[¢,> " ] as shown in Table IV. At the band
edges, the carrier and sﬁin injection amplitudes of the LA- and
LO-phonon-assisted processes are all zero, which means these
a-a processes inject no carriers. As one moves away from the
band edges, carriers and spins can be injected by a- f and f- f
processes, which results in a nonzero DSP. In the X valley,
the spin injection rates are given by Im[¢,5"* + ¢527"]. From
the results in Table III, we see that the LA-phonon-assisted
process gives zero spin injection amplitude at the band edge,
but its DSP is not zero because the a-f and f-f processes
dominate over the a-a process. Similar results also exist in
two-photon direct injection.>

In Figs. 8(e) and 8(f), we plot only the DSPs for the phonon
emission processes; the corresponding injection edges are
given by 7iw!. From the calculation of the indirect one-photon
injection, we know that the DSPs induced by the phonon
absorption process and the phonon emission process have a
similar shape, but the injection edge shifts from %] to fiw;.
At 4 K, the injection edge is dominated by the TA phonon
emission process (which begins at w}), and it is dominated
by the TO and LO phonon absorption process (begins at fiw;)
at 300 K, followed by the LA phonon absorption process at
hw, and the TA phonon absorption process at iws. Therefore,
the coaction of the TO and LO phonon absorption processes
gives a negative DSP and results in the sharp increase between
the photon energies iw; and hiw; in Fig. 8(c); then the LA and
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0.3

-20 ! —

-0.1 0 33 01 0.2 0.3
FIG. 9. (Color online) Spectra of (a) spin injection rates C?“m
and (d) D?“m for the a = z (solid curves) and x,y (dashed curves)
spin components at 4 (thick black curves) and 300 K (thin red
curves). Phonon-resolved (b),(c) spin injection rates ;;’il " and (e),(H)
D?;(rm) for the z (black thick curves) and x,y (blue thin curves) spin

components at 4 K.

TA phonon absorption processes give positive DSPs, so the
total DSP decreases sharply after iw,.

Figure 9 gives the details of the spin injection for the o~
light propagating along the (111) direction. The analysis is
similar to that in the (001) case.

III. TWO-COLOR CHARGE AND SPIN
CURRENT INJECTION

Now we study the motions of optically injected carriers
and spins. While a single-color light source can inject net
current into a particular valley,’'>? due to the O;, symmetry
there is no net charge or spin current injection from either
either one-photon or two-photon absorption of a single-color
light source. We calculate 1 + 2 injection effects here and
only consider the total charge and spin current induced. For
a two-color optical field E(t) = E, e + Ej,e ?* +c.c,
the carrier density injection rate is

n=¢E"ES (E5) +EPUECEL(ESED),  (19)

where éi“b are one-photon indirect injection coefficients® and
£9b¢d are the two-photon injection coefficients studied in the
previous sections. The interference between w and 2w beams
injects charge and spin currents with injection rates

pd dabc b pe\*

T = 0 B3, (ELES) +cc., 0)

> fd dfab b %
Komy = “e(h[; ‘ES,(ECES)" +c.c.
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The injection coefficients 7%} and M%ta)bc

form Beb¢ =Y, . B¢ with

are written in the

B = 2;: Z 8(eck, — vk, £NQk,—k,1 — 2hw)

ck.,vk,
X N,k ot BR e (1)
B =1 > (Ckcl(v'k,|B|vk,)|ck)
0.0/;0,0)
T ok, L) Whe k. k ,\(a))]*. (22)

Here T ;4 is the one-photon indirect optical transition
amplitude.® By taking B as J¢ = —etd, Ji = etd, R} =

(6,78 + 8/ 8%), and K¢ = h(vhdsh + 87 57), we obtain
the injection rates for electron and hole charge and spin cur-

rents, with n?¢ = pect and pdfebe = ek For diamond
structure crystals, the nonzero components are
XXXX XXYy __ ,XXZZ XyxXy __ . XZXZ
UM Y =n (23)
and
ZXXX, — Zyyyx ZXyxx __ Zyxyy
P = =B = —pu,
xXyyy __ Iyxxx IxXyiz __ yxzizg
P = = = —pE, (24)
Xy __ yzxz Xy __ Zyxz
PR = P Y =

All other nonzero components can be obtained by cyclic

permutations of the Cartesian indices. The phonon-resolved

tensors nj&%‘x 4 and uf(fh’;f’f . share the same symmetry proper-

ties as the total injection tensors nd&)c and /Lg(j;la)bc respectively.

Using time-reversal symmetry, in the independent particle
approximation which we adopt here, all 7%*¢ are pure
imaginary numbers and all % > are real numbers. We show
the calculated spectra of each component of the charge current
in Fig. 10 and of the spin current in Fig. 11. The current
injection coefficients nf(‘}lb)c and Mf{h‘;bc have the same symmetry
properties as that of the two-color direct current injection
across the direct gap of germanium.>

From the calculation, both the charge and the spin currents
for injected electrons are larger than those for injected holes.
One contributing factor is that the electron moves faster than
the hole due to the smaller effective mass. But for the spin
current, another factor is that the average spin expectation

1 T T T T ()AG T T T T
08 g . me —
LYY J A ZTTYY /]
I S U o ]
T 04 L S USRS p
=02 o
£ 0
0.2 | (a) Electron (b) Hole
-0.4 1 1 1 1 02 ! ! ! !
0 03 06 09 0 03 06 09
2hw — By (eV)

FIG. 10. (Color online) Spectra of Im[n/%*¢] for electron (a) and
hole (b) at 4 (thick black curves) and 300 K (thin red curves).
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FIG. 11. (Color online) Spectra of 14/4> for electron (a) and hole
(b) at 4 (thick black curves) and 300 K (thin red curves)

value over the HH and LH bands is smaller than that in the
conduction bands.

We consider the indirect current injection coefficients for
two-color laser beams propagating along the z direction with
the electric field components taken as E, = E,e!®é, and
E», = Es,e'%@,,. Here E, and E,, are real and positive
field amplitudes, &, and é,, are polarization vectors, ¢, and
¢»,, are their phases, and A¢p = 2¢,, — ¢, is the relative-phase
parameter that is used to control the current. In the following,
we give the current injection for different configurations of the
laser beams.

A. Cocircularly polarized beams

For two circularly polarized beams propagating along the z
direction, the electric fields are &,,, = 6* and &, = ¢°' with
s; = £ identifying the handedness and °* = (& + isy)/v/2.
The indirect gap current injection coefficients are

y )y 3 E2 E2a) N
Jewy = S1Im[17§(’;f§x - 77:3;3; + 2slsz’7§(§z})y]w7msl,
, (25)
K _ xXyyy zXyzz xXz7yz EwEZw ~a ab
e(h) = [“e(h) = Moy T S182M ) ] NG mg 2
E? Py %3
ZXyyy 7xv ZXXXYy W Aq A b
[Me(h) ) e S182 M o) ] NG z”mYl

with mg, = s1% sin A¢ + y cos A¢. Both the direction of the
charge and spin currents and the polarization of the spin current
can be controlled by the relative-phase parameter A¢ and the
light polarization s;. The charge current flows only in the x-y
plane, and the calculated 77, is negligible. For the oppositely
circularly polarized beams, the x component of the charge
current remains unchanged, but the y component reverses. The
spin current flows in the x-y plane with spin polarization along
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the x axis or flows along the z direction with spin polarization
along the x or y direction.

B. Cross-linearly polarized beams

For two z propagating cross-linearly polarized beams, E,
along the % direction and E,, along the y direction, the
injection current rates are given as

Jey = 21m[nj(’;f)y]E3)E2w $sin Ag,

26
Kehy = 2 28— i ) LB cos hg.
In this scenario, the charge current and the spin current are
injected with /2 phase difference. Therefore, by tuning
the relative-phase parameter A¢, a pure charge current or
pure spin current can be injected. The charge current flows
along the second-harmonic polarization axis, and its amplitude
is determined by n**”, which is zero under the parabolic
band approximation. In our full band structure calculation,
it is nonzero due to the band warping, but very small
compared to other tensor components. The spin current has
two components, one involving flow along the x direction with
the z spin polarization, and the other involving flow along the
z direction with the x spin polarization.

C. Collinearly polarized beams

For two z-propagating beams, both polarized along the x
direction, the injection current rates are given as

J ey = 2Im[ 0253 | EZ Eaw® sin A,
>ab XYYy s aaab aa by 2 (27)
Kooy = 21y (3927 = 2°Y7)E Eyycos Ag .

This scenario also gives the phase difference between the
charge current and the spin current as /2, so as for cross-
linearly polarized beams pure charge current injection or pure
spin current injection can also be realized by choosing a
suitable relative-phase parameter A¢. Our results give the
relative-phase-parameter dependence of the injected current
as sin A¢, which is in good agreement with the experimental
results?’ around zero probe delay. To understand the indirect
current injection better, we compare the indirect with the direct
current injection. Because of the lack of reports of direct gap
injection in silicon in the literature, our results are compared
with the direct current injection in bulk germanium.? For
charge currents injected across the indirect gap in silicon, the
electron and hole currents have opposite directions at high
photon energies, but they can be the same at low energies; for
charge currents injected across the direct gap in germanium,
they always have the same direction. For the spin current,
the injected spin current is not so small compared to other
components, especially at 300 K, while it is negligibly small
in direct gap current injection in germanium because of the
complete lack of helicity of the incident light.

In this configuration, a good characterization of the charge
current is the swarm velocity, which is defined as the average
velocity per injected carriers forming this current, v} =
J')‘/esr'z, with 71 taken from Eq. (19). Here e; = —e is used
for electrons and e; = e for holes. When A¢ is a multiple of
/2 and the indirect one-photon charge injection rate equals
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FIG. 12. (Color online) Maximal swarm velocity vy .. for the

injected electrons (solid curves) and holes (dashed curves) at 4 (thick
black curves) and 300 K (thin red curves).

the indirect two-photon charge injection rate, the maximum
swarm velocity is

_ Im[ 7 (w)]
ey JEXF Qe (w)

We show the maximum swarm velocity in Fig. 12 for the
injected electrons and holes at 4 and 300 K. The behavior
of the swarm velocity can be divided into two regions: (i)
For photon energies in 2w — E;; £ 0.25 eV, the maximum
swarm velocities are along the x direction for injected electrons
and holes, and both magnitudes increase with increasing
photon energy. Compared to the maximum swarm velocity
in bulk germanium, which is on the order of 10° km/s,
the velocity here is about one order of magnitude smaller
due to the larger conduction band effective mass in silicon.
(ii) For photon energies 2hiw — E;s < 0.2 eV, the swarm
velocities show fine structures. In particular, all currents
experience directional changes except for the electron swarm
velocity at 4 K. Analogously to indirect one- and two-photon
charge and spin injection, these fine structures are induced
by the different phonon branches, which are clearly shown
in the phonon-resolved maximal swarm velocity in Fig. 13.
At 300 K, the injection edge is given by the TO and LO
phonon absorption processes, both of which give negative
velocities for injected electrons and positive velocities for
holes around the injection edge. At 4 K, the injection edge
is given by the TA phonon emission process, whose direction
is opposite to that of the band edge current at 300 K. Therefore,
the sign change of the injected current is induced by the
contributions from different phonon branches. At high photon
energies, the injected velocities are almost independent of the
temperature. This is similar to the temperature dependence
of the DSP of the one-photon indirect injection:* The only
temperature dependence in the injection rates lies in the
phonon number, which is the same for the denominator and
numerator in Eq. (28) for a given phonon branch. For high
photon energies, an average phonon number can be used as a
good approximation, and the swarm velocities, given by the
ratio in Eq. (28), are almost temperature independent.

vf,max(w)

(28)
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FIG. 13. (Color online) Phonon-resolved maximal swarm veloc-
ity for the injected (a) electrons and (b) holes at 4 (thick black curves)
and 300 K (thin red curves).

IV. CONCLUSION

In conclusion, we have performed a full band structure
calculation of two-photon indirect carrier and spin injection
and two-color indirect current injection, in bulk silicon. We
presented the spectral dependence for all components of the
response tensors at 4 and 300 K, with which the injection under
any laser beams can be extracted. All injection rates increase
with increasing temperature due to the strong electron-phonon
interaction at high temperature. We discussed in detail the
injection under different polarized light beams.

For two-photon indirect optical carrier and spin injections,
we considered the injection under o~ light propagating along
the (001) and (111) directions. For (001) light, the injection
ratesin the X and Y valleys are the same, but different from that
in the Z valley; for the (111) light, the injections into all valleys
are equivalent. For carrier injection, injections for these two
light propagation axes differ slightly. The calculated injection
anisotropy and the linear-circular dichroism characterize the
nonparabolic band effect in the full band structure calculation.
For the (001) light, the injection in the Z valley is much
larger than that in the X and Y valleys and gives the valley
anisotropy, which is induced by the velocity anisotropy in
the conduction band. At 4 K, the TA-phonon-assisted process
dominates at low photon energies and the TO-phonon-assisted
process dominates at high photon energies. At 300 K,
the TA-phonon-assisted process dominates for all photon
energies.

For two-photon indirect gap spin injection, the total injected
spins orient parallel to the light propagation direction for the
two directions considered. The spin injection rates increase
from the injection edge to a maximum value with increasing
photon energy and then decrease. The DSP strongly depends
on the temperature around the injection edge. For (001) light,
the injected spins in each valley are still along the z direction,
but the spin injection rates in the X and Z valleys are different.
The maximum DSP of total spins is 20% at 4 K and —10%
at 300 K; the DSP can reach about 40% at 4 K and —20% at
300 K in the X valley, and at both temperatures becomes 10%
in the Z valley. For (111) light, the spins in each valley orient
to a direction different from the light propagating direction.
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In the Z valley, the x and y (transverse) components have the
same injection rates, which are different from that for the z
(longitudinal) component. The maximum DSPs of the total
spins are 6% at 4 K and 20% at 300 K, while that of the
z component spin in the Z valley is about 5% at 4 K and
20% at 300 K and becomes 25% and —8% for the x and y
components. All these features are induced by the interplay of
different phonon-branch-assisted processes.

For light propagating along the (001) direction, the injected
carriers or spins break the symmetry between the X and Z
valleys. Such a valley anisotropy of injected carriers could
be probed experimentally, for example, in a pump-probe
scenario where the probe beam propagates either parallel or
perpendicular to the pump beam.

For coherent control, we calculated two-color indirect
charge and spin current injection under three different po-
larization configurations of the two-color beams propagating
along the z direction. For cocircularly polarized beams, the
direction of the injected charge current is in the x-y plane;
the spin current flows in the x-y plane with a z-oriented
spin polarization, or flows along the z direction with the
spin orientation in the x-y plane; the current direction or
the spin polarization in the x-y plane can be controlled by
a relative-phase parameter. For collinearly and cross-linearly
polarized beams, the directions of the charge current, the
spin current, and the spin polarization are orthogonal to each
other. In these two cases, a pure spin current or a pure charge
current can be obtained by choosing a suitable relative-phase
parameter. We calculated the maximum swarm velocity for the
charge current as a function of photon energy, and found that
the maximum swarm velocities undergo a sign change near
the band edge, which is induced by the contributions from
different phonon branches.

ACKNOWLEDGMENTS

This work was supported by the Natural Sciences and
Engineering Research Council of Canada. J.R. acknowledges
support from FQRNT.

APPENDIX: DEPENDENCE OF THE INJECTION RATES
ON THE LIGHT PROPAGATION DIRECTION

For a circularly polarized laser pulse propagating along the
direction 1, the electric field can be expressed as

Ey
E, = —=(, +ish3) (AD)
w \/§
with
sin @ cos ¢ sin ¢
iy = | sinfsing |, fir,=| —cos¢ |, #fz =i x iy,
cos 6 0
(A2)
here s =41 identifies the helicity. In the Z
valley the carrier injection rates can be written
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as

1 XV
iy = Ej [g(l +cos® 0)* (57 — &7 4 26,7
1 ,
+ g(sin2 0 cos2¢)*(£5°F — &, — 28,7
1 XX
+ Z sin49( ézzz + SZ Yy zsézxx)

+ sin® (1 + cos® e)ggm} (A3)

and the spin injection rates as
S, = Eés{ — (cos® 0 + 1) cos OIm[ ;" |2
— 25sin® 0 cos OIm[¢5"**]z — sin’ OIm[¢; |

! Xy Xyzxx XXzXx
+ Zg1(9’¢) sinfIm[ — 3" 4+ 037 42057

— sin® 6 sinOIm[ £ |

— (3 4 cos 20) sin OIm[ £, |} } (A4)

with A5 = £ x fi; and

21(0,¢) = (sin” 0 sind¢)it, + [4 + sin’ H(cos 4¢ — 1)]i}.
(AS)

For an arbitrary propagating direction (6,¢), the direction of
the spin polarization is not always along #;. In this case, we
consider the magnitude of the DSP of the carriers injected
into the Z valley |Dz| = |S,|/(n1zh/2). We plot in Fig. 14 the
(0,¢) dependence of | D 7| at the edge of each phonon emission
process in the Z valley, which shows strong anisotropy of the
light propagation direction. The maximum |D,| can reach
45% at (0,¢) ~ (7/2,0.27) for the TA phonon emission
process, 20% at ~ (;r/2,0.17) for the LA phonon, 45% at
0 ~ m /4 for the LO phonon, and 13% at 6 ~ 0.2 for the TO
phonon.
The total carrier injection rates are

= EgE™" [1 —8— % sin’ O(sin® ¢ cos’ ¢ sin” 6 +cos> 0)],
(A6)

with § and o defined in Egs. (18). The total spin injection rates
are

S= Egs{ — 2Im[¢ ¥ A,y

1
4 SInBg(8,9)lm[g = — 207 } (A7)
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FIG. 14. (Color online) Light propagation dependence of | Dz| at
the edge of each phonon emission process in the Z valley. (a) TA,
(b) LA, (c) LO, and (d) TO phonon.

with
g2(0,¢) = sinf(1 4+ 7cos> O — sin” 6 cos 4t
— (sin” O sin4¢p)it, — cos O(3 — 7 cos* O

+ sin® 6 cos 4¢)is. (A8)

From the above expressions, the two-photon carrier and spin
injection rates show strong anisotropy depending on the light
propagation direction. For the spin injection, the direction of
the injected spin polarization usually differs from the light
propagation direction, but it reverses as the light helicity
changes.

For the linearly polarized laser pulse, we also found that the
total carrier injection rates strongly depend on the polarization

direction. For the electric field
E, = Ey(ity sina + itz cos o), (A9)

with « for the polarization direction, the total carrier injection
rates are given by

n=Eg5 L —[1— f0.9.0)l0),  (Al0)
with
f0,0,8) = (cos¢sina — cosf sin¢>cosoz)4
+ (sin ¢ sin & + cos @ cos ¢ cos o)

+ sin* 6 cos* a. (A11)

“Present address: Department of Physics, University of Konstanz,
D-78457 Konstanz, Germany.

'D. J. Lockwood and L. Pavesi, Topics Appl. Phys. 94, 1
(2004).

2R. Soref, IEEE J. Sel. Top. Quantum Electron. 12, 1678 (2006).

3M. Lipson, J. Lightwave Technol. 23, 4222 (2005).

1. Zutié, J. Fabian, and S. Das Sarma, Rev. Mod. Phys. 76, 323
(2004).

235204-12


http://dx.doi.org/10.1007/978-3-540-39913-1_1
http://dx.doi.org/10.1007/978-3-540-39913-1_1
http://dx.doi.org/10.1109/JSTQE.2006.883151
http://dx.doi.org/10.1109/JLT.2005.858225
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1103/RevModPhys.76.323

TWO-PHOTON INDIRECT OPTICAL INJECTION AND ...

3J. Fabian, A. M.-Abiague, C. Ertler, P. Stano, and I. Zutié, Acta
Phys. Slov. 57, 565 (2007).

®M. W. Wu, J. H. Jiang, and M. Q. Weng, Phys. Rep. 493, 61 (2010).

1. Appelbaum, B. Huang, and D. J. Monsma, Nature (London) 447,
295 (2007).

8B. Huang, D. J. Monsma, and I. Appelbaum, Phys. Rev. Lett. 99,
177209 (2007).

°B. T. Jonker, G. Kioseoglou, A. T. Hanbicki, C. H. Li, and P. E.
Thompson, Nat. Phys. 3, 542 (2007).

19D. J. Lépine, Phys. Rev. B 2, 2429 (1970).

1P, Mavropoulos, Phys. Rev. B 78, 054446 (2008).

12P, Zhang and M. W. Wu, Phys. Rev. B 79, 075303 (2009).

3P, K. Li and H. Dery, Phys. Rev. Lett. 105, 037204 (2010).

4H. M. van Driel, J. E. Sipe, and A. L. Smirl, Phys. Status Solidi B
243, 2278 (2006).

SH. M. van Driel and J. E. Sipe, in Ultrafast Phenomena in
Semiconductors, edited by K.-T. Tsen (Springer, New York, 2001),
pp- 261-306.

1H. M. van Driel and J. E. Sipe, in Encyclopedia of Modern Optics,
edited by B. Guenther (Elsevier, Oxford, 2005), pp. 137-143.

17F. Meier and B. Zakharchenya, Optical Orientation (North-Holland,
Amsterdam, 1984).

18], Wang, B.-F. Zhu, and R.-B. Liu, Phys. Rev. Lett. 104, 256601
(2010).

9L. K. Werake and H. Zhao, Nat. Phys. 6, 875 (2010).

2Physics of Group IV Elements and ITI-V Compounds, Vol. 17a of
Landolt-Bornstein: Numerical Data and Functional Relationships
in Science and Technology—New Series, Group III, edited by
O. Madelung, M. Schultz, and H. Weiss (Springer-Verlag, Berlin,
1982).

2IN. Laman, A. L. Shkrebtii, J. E. Sipe, and H. M. van Driel, Appl.
Phys. Lett. 75, 2581 (1999).

22E, J. Loren, B. A. Ruzicka, L. K. Werake, H. Zhao, H. M. van Driel,
and A. L. Smirl, Appl. Phys. Lett. 95, 092107 (2009).

ZR. D. R. Bhat and J. E. Sipe, Phys. Rev. Lett. 85, 5432 (2000).

2A. Najmaie, R. D. R. Bhat, and J. E. Sipe, Phys. Rev. B 68, 165348
(2003).

%3], Rioux and J. E. Sipe, Phys. Rev. B 81, 155215 (2010).

26H. Zhao and A. L. Smirl, Appl. Phys. Lett. 97, 212106 (2010).

271, Costa, M. Betz, M. Spasenovic, A. D. Bristow, and H. M. van
Driel, Nat. Phys. 3, 632 (2007).

M. Spasenovié, M. Betz, L. Costa, and H. M. van Driel, Phys. Rev.
B 77, 085201 (2008).

PHYSICAL REVIEW B 84, 235204 (2011)

2], F. Reintjes and J. C. McGroddy, Phys. Rev. Lett. 30, 901 (1973).

H. Tsang, C. S. Wong, T. K. Liang, 1. E. Day, S. W. Roberts,
A. Harpin, J. Drake, and M. Asghari, Appl. Phys. Lett. 80, 416
(2002).

3'M. Dinu, F. Quochi, and H. Garcia, Appl. Phys. Lett. 82, 2954
(2003).

2A. D. Bristow, N. Rotenberg, and H. M. van Driel, Appl. Phys. Lett.
90, 191104 (2007).

37, Zhang, Q. Lin, G. Piredda, R. W. Boyd, G. P. Agrawal, and P. M.
Fauchet, Appl. Phys. Lett. 91, 071113 (2007).

Q. Lin, J. Zhang, G. Piredda, R. W. Boyd, P. M. Fauchet, and G. P.
Agrawal, Appl. Phys. Lett. 91, 021111 (2007).

3M. Dinu, IEEE J. Quantum Electron. 39, 1498 (2003).

3H. Garcia and R. Kalyanaraman, J. Phys. B 39, 2737 (2006).

¥ A. R. Hassan, Phys. Status Solidi B 184, 519 (1994).

38A. R. Hassan, Phys. Status Solidi B 186, 303 (1994).

3]. L. Cheng, J. Rioux, J. Fabian, and J. E. Sipe, Phys. Rev. B 83,
165211 (2011).

40J. L. Cheng, J. Rioux, and J. E. Sipe, Appl. Phys. Lett. 98, 131101
(2011).

“IM. Rohlfing and S. G. Louie, Phys. Rev. B 62, 4927 (2000).

#2R. J. Elliott, Phys. Rev. 108, 1384 (1957).

#3J.R. Chelikowsky and M. L. Cohen, Phys. Rev. B 10, 5095 (1974).

#J. R. Chelikowsky and M. L. Cohen, Phys. Rev. B 14, 556
(1976).

43G. Weisz, Phys. Rev. 149, 504 (1966).

46W. Weber, Phys. Rev. B 15, 4789 (1977).

YID. C. Hutchings and B. S. Wherrett, Phys. Rev. B 49, 2418
(1994).

“D. C. Hutchings and B. S. Wherrett, Opt. Mater. 3, 53 (1994).

“The effective mass along the i th direction in the conduction band can
be calculated from [mjk]fi' =2 Z,#C |U1ick|2/(81k — &)+ 1/myg
with m the free electron mass. In bulk silicon, the longitudinal
conduction band effective mass is about 0.9m, with m, being the
free electron mass, and the transverse one is only 0.2m, (Ref. 20).
Thus the interband velocity matrix elements along the longitudinal
direction are qualitatively smaller than those in the transverse one.

0R. D. R. Bhat, P. Nemec, Y. Kerachian, H. M. van Driel, J. E. Sipe,
and A. L. Smirl, Phys. Rev. B 71, 035209 (2005).

51S. A. Tarasenko and E. L. Ivchenko, JETP Lett. 81, 231 (2005).

52J. Karch, S. A. Tarasenko, E. L. Ivchenko, J. Kamann, P. Olbrich,
M. Utz, Z. D. Kvon, and S. D. Ganichev, Phys. Rev. B 83, 121312
(2011).

235204-13


http://dx.doi.org/10.2478/v10155-010-0086-8
http://dx.doi.org/10.2478/v10155-010-0086-8
http://dx.doi.org/10.1016/j.physrep.2010.04.002
http://dx.doi.org/10.1038/nature05803
http://dx.doi.org/10.1038/nature05803
http://dx.doi.org/10.1103/PhysRevLett.99.177209
http://dx.doi.org/10.1103/PhysRevLett.99.177209
http://dx.doi.org/10.1038/nphys673
http://dx.doi.org/10.1103/PhysRevB.2.2429
http://dx.doi.org/10.1103/PhysRevB.78.054446
http://dx.doi.org/10.1103/PhysRevB.79.075303
http://dx.doi.org/10.1103/PhysRevLett.105.037204
http://dx.doi.org/10.1002/pssb.200668021
http://dx.doi.org/10.1002/pssb.200668021
http://dx.doi.org/10.1103/PhysRevLett.104.256601
http://dx.doi.org/10.1103/PhysRevLett.104.256601
http://dx.doi.org/10.1038/nphys1742
http://dx.doi.org/10.1063/1.125084
http://dx.doi.org/10.1063/1.125084
http://dx.doi.org/10.1063/1.3222869
http://dx.doi.org/10.1103/PhysRevLett.85.5432
http://dx.doi.org/10.1103/PhysRevB.68.165348
http://dx.doi.org/10.1103/PhysRevB.68.165348
http://dx.doi.org/10.1103/PhysRevB.81.155215
http://dx.doi.org/10.1063/1.3518719
http://dx.doi.org/10.1038/nphys674
http://dx.doi.org/10.1103/PhysRevB.77.085201
http://dx.doi.org/10.1103/PhysRevB.77.085201
http://dx.doi.org/10.1103/PhysRevLett.30.901
http://dx.doi.org/10.1063/1.1435801
http://dx.doi.org/10.1063/1.1435801
http://dx.doi.org/10.1063/1.1571665
http://dx.doi.org/10.1063/1.1571665
http://dx.doi.org/10.1063/1.2737359
http://dx.doi.org/10.1063/1.2737359
http://dx.doi.org/10.1063/1.2768632
http://dx.doi.org/10.1063/1.2750523
http://dx.doi.org/10.1109/JQE.2003.818277
http://dx.doi.org/10.1088/0953-4075/39/12/009
http://dx.doi.org/10.1002/pssb.2221840225
http://dx.doi.org/10.1002/pssb.2221860125
http://dx.doi.org/10.1103/PhysRevB.83.165211
http://dx.doi.org/10.1103/PhysRevB.83.165211
http://dx.doi.org/10.1063/1.3570654
http://dx.doi.org/10.1063/1.3570654
http://dx.doi.org/10.1103/PhysRevB.62.4927
http://dx.doi.org/10.1103/PhysRev.108.1384
http://dx.doi.org/10.1103/PhysRevB.10.5095
http://dx.doi.org/10.1103/PhysRevB.14.556
http://dx.doi.org/10.1103/PhysRevB.14.556
http://dx.doi.org/10.1103/PhysRev.149.504
http://dx.doi.org/10.1103/PhysRevB.15.4789
http://dx.doi.org/10.1103/PhysRevB.49.2418
http://dx.doi.org/10.1103/PhysRevB.49.2418
http://dx.doi.org/10.1016/0925-3467(94)90029-9
http://dx.doi.org/10.1103/PhysRevB.71.035209
http://dx.doi.org/10.1134/1.1921322
http://dx.doi.org/10.1103/PhysRevB.83.121312
http://dx.doi.org/10.1103/PhysRevB.83.121312

