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Quantum interference control of carriers and currents in zinc blende semiconductors
based on nonlinear absorption processes
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Quantum interference between optical absorption processes can excite carriers with a polarized distribution
in the Brillouin zone depending on properties of the incident optical fields. The polarized distribution of carriers
introduces a current that can be controlled by the phases and polarizations of the incident optical fields. Here we
study the quantum interference of two- and three-photon absorption processes in AlGaAs. We present theoretical
predictions for carrier and current injection rates considering different frequencies, phases, and polarizations of
the incident fields. We also discuss the important features that result from only nonlinear optical processes being
involved, which leads, for instance, to a sharper distribution of carriers in the Brillouin zone.
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I. INTRODUCTION

Quantum interference between different optical processes
arises when two optical beams of different frequencies can
lead to the same transition. It has been used to study photoion-
ization of molecular systems [1-6] and asymmetric photoe-
jection in semiconductors [7-11]. In a crystal, amplitudes for
different optical processes leading to electron-hole excitations
can interfere constructively in some regions of the Brillouin
zone (BZ) and destructively in others. By controlling the
polarizations and phases of the incident fields, it is possible
to excite carriers in selected localized regions of the BZ.
Such quantum interference control (QulC), using one- and
two-photon absorption processes (1 4 2 QulC), has been used
for current injection in semiconductors [12—-14], graphene
[15-17], topological insulators [18-20], and transition-metal
dichalcogenides [21-23], as well as spin current injection in
semiconductors [24-28]. It has also been theoretically investi-
gated for current injection in graphene nanoribbons [29], spin
currents in topological insulators [18], and spin and valley
currents [30] in transition-metal dichalcogenides [21,23].

In crystalline materials, every instance of QulC studied to
date has involved one- and two-photon absorption processes,
partly because phase-related optical fields of frequencies w
and 2w can be conveniently achieved by second-harmonic
generation, while fractional ratios of the frequencies are
harder to obtain. Currents injected via 1+ 2 QulC have
been exploited to determine parameters of the optical fields
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responsible for their injection [31-33]. This method has found
application in the measurement [34,35] and stabilization of
the carrier-envelope phase of a train of octave-spanning laser
pulses [36-38]. However, phase-coherent frequency combs
can also be used to study more general M + N QulC, es-
pecially for fractional ratios N/M < 2 that only require a
narrower frequency range of the comb. Thus the use of optical
frequency combs for QulC experiments presents an oppor-
tunity to separately study several nonlinear optical processes
in semiconductors, which cannot easily be done using simple
harmonic generation, as it only produces frequencies that are
integer multiples.

In this paper we present a theoretical study of QulC with
two- and three-photon processes in AlGaAs. The injection
rates of 1 + 2 QulC correspond to divergences in the third-
order electric susceptibility x®, while the injection rates of
2 4 3 QulIC correspond to divergences in the fifth-order elec-
tric susceptibility x ). Although sophisticated calculations
of x® have been performed for similar analyses in 1 + 2
QulC [39—-41], here we use a Fermi golden rule approach in
the perturbative regime, as it allows us to focus only on the
nonresonant process in which we are interested and to ignore
many other nonresonant processes described by x . Such an
approach has served as the basis for further studies of 1 4 2
QulC [12,16], and in this paper we follow it to provide a first
step in elucidating 2 + 3 QulC as well. We derive expressions
for the optical injection coefficients at the initial time when the
fields are incident and evaluate them for different stoichiome-
tries of AlGaAs using a 30-band k - p model. We compute all
the symmetry-allowed injection coefficients corresponding to
different polarizations of the incident fields and analyze their
frequency dependence over a range where the injection of car-
riers that do not contribute to the current is suppressed. That is,
considering three-photon absorption of photons at energy hiw
and two-photon absorption of photons at energy 3hw/2, we
require 27w to be less than the band gap. The alloy AlGaAs
is an ideal material for 2 + 3 QulC, as its stoichiometry can
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be chosen to yield a band gap appropriate for the available
laser wavelengths. Experiments demonstrating 2 4+ 3 QulC of
photocurrents in AlIGaAs are being reported in another paper
[42].

As would be expected, there are qualitative differences
between 2 + 3 QulC and 1 + 2 QuIC. For instance, there is a
change of sign in the current injection coefficient for different
frequencies, which is due to an interplay between intraband
and interband processes contributing to three-photon absorp-
tion. We also find that 2 4+ 3 QulC leads to sharper distri-
butions of carriers in the BZ than 1 + 2 QulC. The sharper
distribution of carriers leads to a higher swarm velocity, which
is a desirable feature for photocurrents, and it also opens the
possibility of exciting carriers in semiconductors in a tailored
fashion.

The outline of this paper is the following: In Sec. II we
present a method to compute the optical injection rates for
a generic material. In Sec. III we describe the model used
for AlGaAs. In Sec. IV we present our results for carrier and
current injection from two- and three-photon absorption (2PA
and 3PA) processes in AlGaAs. We also discuss the efficiency
of the current injection by analyzing the swarm velocity and
computing the optimal laser intensities. In Sec. V we discuss
the implications of our results and present our conclusions.
We list the independent components of the optical injection
tensors for zinc blende lattice symmetry in the Appendix.

II. OPTICAL INJECTION RATES

In this paper, we restrict ourselves to computing the optical
injection rates at the initial time when the fields are incident.
We neglect scattering processes, carrier acceleration in the
BZ, and several other effects that later influence the dynamics
of the injected carriers. We thus use a Fermi golden rule
approach [14,18] as it is adequate for computing transition
rates. Other approaches based on solving equations of motion
[39—41] for the system have been used for 1 4+ 2 QulC, and
they can be straightforwardly extended to 2 4+ 3 QulIC.

Assuming the independent particle approximation, we con-
sider a system described by a Hamiltonian H, in the absence
of any external perturbation, so the full Hamiltonian () in
the presence of the external perturbation Ve (t) is H(t) =
Ho + Vext(t), where in the basis of eigenstates of H,,

Ho = Z hwnkajlkankv (D
nk

Ve (1) =Y ab Vot )t )
mnk

where |nk) = azk|vac) indicates a Bloch state corresponding
to band n, with crystal momentum k and energy fiwu. In
the interaction picture, the creation and annihilation fermion
operators are a,, (1) = al'ke"‘”"’ and a,(t) = ae ", the ex-
ternal perturbation operator is Vi(t) = e0!/"V, (t)e=™Mot/h,
the time-evolution operator can be expanded as

00 tg
U(t):l—i—Z/ %VI(;N).../
N=1Y"%

—0Q

5]

d
i—gvml), 3)

and the terms of each order in V., can be obtained from the
previous one by

todt .
) = [ TS Lyt Vo)

mnk

X e (N UN—1 (N ), 4

where W = W — wue and Uy(t) = 1. We are interested
in the excitation of an electron from a valence band v to a
conduction band ¢ due to the external field. This excited state
is |cvk) = azkavk|gs), where |gs) is the eigenstate of H with
filled valence bands. The state of the system is described by

[¥) = U@)|gs)
= yolgs) + Y Ve (t)lcvk) + -+, )
cvk
where the coefficient
Yeuk(t) = {cvk|U(t)|gs) (6)

indicates the degree to which the system has been excited into
the |cvk) state, so they allow us to compute injection rates. We
point out that the y,.x(¢) coefficients are related to a single-
particle density matrix p,(t) = (wlalk(t)ank(t)W), which
could be used for computing x©, but that is a much more
complicated calculation, and it includes several nonresonant
effects that are not the focus of our study. Thus we use a
simpler parametrization for the states of the system in terms
of Yevk (t )

For a full Hamiltonian H(¢) that follows from a Hamilto-
nian for a single particle of the form

1
H & pit) = 5 (p = eA(t))*
+ Ho(x, p — eA(t)) + Yu(x), (7

where x and p are position and momentum operators, Hsg is
the spin-orbit term, and ¥, (x) is the lattice potential energy.
Here we neglect a contribution to the interaction that is solely
a function of time (~[A(r)]%), for it will not lead to any
transitions, and we work in a gauge where the electric field
E (1), assumed to be independent of position, is fully described
by the vector potential A(z). We point out that for a general
A dependent on the position, neglecting the [A]* term in the
Hamiltonian would be problematic. The interaction term in
the Hamiltonian takes the form 7. (t) = —ev - A(t), where
e = —|e| is the charge of the electron and v = —e~'9.7/0A
is the velocity operator. Indeed, the interaction is of the form
we consider for any unperturbed Hamiltonian for a single
particle that is, at most, quadratic in the momentum.
We take the vector potential to be

A(t) = ZAaefi(waJrie)t - Z a)LEaefi(waJr[g)t’ @)

with w, = *w, £3w/2; here € — 0T describes turning on
the field from ¢t = —oo. The y.x(¢) coefficients can be ex-
panded as yc(xc)(t) = (cvk|Uy(t)|gs) following the expansion
(4) of U(t) for an incident optical field, so we can write the
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coefficients y C(Zc) (t) as

. ) o~ (=i

k) =Ry ———, 9
J/cvk( ) cvk Qn — Ok + i€ ©
where Qy = w; + - -+ + wy. The coefficients %’gk) involve
the electric field amplitudes E, according to

(N) _ pWN)a-b b
X R4 (Was -y wp)EG -+ - Eg,

cvk T Tcvk

where repeated indices are summed; here superscripts refer
to Cartesian indices and subscripts refer to incident frequency

components. For the lower orders we have

(1)a _ ie
Rcvk (o) = Z fiw Uguk’
o

o
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—e
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(10) o wg — We'vk o wg — Wev'k
(11)
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|
-3 a b d d b
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RCUk (a)()ta wg, wé) - 3 -
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b d d b a
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(a)ot - wv/c/k)(wé - wc’vk) ((1)5 - a)cu’k)(wa - a)v’c’k)

e

The expectation value of the density (M) of a generic quantity associated with an operator M = Za;k(t)ankank(t) can
mnk
be computed from Eq. (5), and it will have terms independent of, linear on, and quadratic on y,(¢). The independent term

corresponds to the expectation value (M) in the absence of perturbations. The linear terms have accompanying e*'®=#! factors;
thus they are fast oscillating, and we ignore them as we are interested in computing injection rates. The quadratic term in y,x ()

then gives us the injection rates, and it is

1 A .
AM) =75 D ACVKIMcvk) Y7 (6 Ve (£)e v et

cvc'v'k

1 . »
- ﬁ Z My ekSyy — My pibere) chv’k(t)chk(t)elwd”,htg lwmk[a

cuc'v'k

where L is a normalization length, D is the spatial dimension
of the system, and A(M) = (M) — (M), indicates the change
to the expectation value (M) due to the perturbation [23].
Since we are interested in the nonoscillatory response of
the system, we focus on the Qy = Qy = Q contributions to
Eq. (13). To compute the injection rate d (M) /dt associated
with Eq. (13), it is important to realize that

d . .
E [V:v/k @) Veur (t )elwﬂv/kte lww“] |t—>0,e—>0

B AN x 2€

cv'k <7 cvk

B % (R — vk — 1€)(R — wcuk + i€)

e—0

=" AN FAN) 28R — oc)
NN

where the sums over N and N’ are restricted to the cases
when Qy = Qu = Q. The fact that the %’CU:,C) coefficients
are always accompanied by §(2 — wqx) in the expression
for the response allows for substitutions 3%®w — w.x = 0 that
were used to write RS}}:’M in a simpler way in Eq. (12). The
resonance described by Eq. (14) corresponds to a divergence
in the electric susceptibility x©, which also describes many

. (14

Wk =Wk

13)

(

nonresonant effects that we are ignoring in this paper, as they
are much weaker in comparison to resonant ones.

The injection rate of the density of a generic quantity (M)
can be obtained by taking a time derivative of Eq. (13). Using

Eq. (14) and the dependence of %’iNv ;c*z%’gk) given by Eq. (10),
we can write the injection rate of (M) due to the interference
of an N'-photon process with an N-photon process in terms of
a coefficient,

%(M} — Mabd...,pqw(Q)EgaEfﬂEfa ---EPEJ---4cc.,
(15)
where there are N’ frequency labels («, 8,3, ...) and N fre-
quency labels (p, o, ...) and Qy = Qy = Q. The injection
rate coefficient u®?-P(Q) is assembled from the matrix
elements M, in Eq. (13) and coefficients R™)""" in Eq. (14).

Taking the continuous-momentum limit, we have

dk
abd--- ,pq-- —
w (2) _271/ 3y E

cuc'v’

X (Mc’ckgv/v -

v'vk 50’0 )Swka:wr’v’k

x RO )R §(Q — we). (16)

cvk
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FIG. 1. Depiction of 2 + 3 QulC showing the destructive (left)
and constructive (right) interference in different regions of the Bril-
louin zone.

We will use instances of ¢ -P4 () for carrier and current
density in this paper.

Quantum interference of two- and three-photon processes

The processes of 3PA with frequency @ and 2PA with
frequency 3w/2 can interfere since the total frequency for
each of them is 2 = 3w, as illustrated in Fig. 1. For such
processes the frequencies are all equal in Egs. (11) and
(12) for the coefficients joi and R;j;{, and symmetrizing
their components leads to some simplifications. Using wg =
Weyk — Wy and w, = wg = 3w/21in Eq. (11), the second-order
coefficient simplifies to

3w 3w —4¢? ve P
R(2)ab<_’ _) — cmk “mvk , 17
wk \ 272 9R% w? ; (32 — o) an

and using wg + W, = Wk — Wy and Wy, = Wg = W, = w in
Eq. (12), the third-order coefficient simplifies to

. 3
(3)abd e Z
Rcvk (0, 0, ) = R w?

mn

b d
v?mk vmnk vnvk ( 8)
(0) - wcmk)(w - wnvk)

Notice that the denominators in Egs. (17) and (18) are minimal
for m, n = ¢, v, so the dominant contributions to Rﬁ}c always

involve intraband velocity matrix elements, while RS’)}( also
has contributions from interband velocity matrix elements
[43]. Intraband velocity matrix elements are associated with
the corresponding band dispersion, vy, . = 9 @k, which van-
ishes at the k point corresponding to the band gap. Thus
RS}}( is zero for total photon energies corresponding to the
band gap and increases for larger excess photon energies. The
dependence of RS)}{ on the total photon energy is different,
as it depends on both interband and intraband velocity matrix
elements. For total photon energies just above the gap, RSJ}c
is determined mainly by the interband matrix elements, but as

the photon excess energy increases, RSJ;{ becomes dominated

by the intraband matrix elements since the electronic transi-
tions occur at k points with larger band dispersion.

The injection rate coefficients corresponding to the in-
terference of two- and three-photon processes can then be
computed from Eq. (16) as

dk
abd. f _
Hoi3 g(Q) - 2”/ (27.[)0

Z (Mc’ck(sv/v - Mv’vk(sc/c)
cvc’'v’

x 8 RO p@Is5 0 — k). (19)

Devk=WOc k" c'v'k cvk
For the plots in the next sections we use a frequency broaden-
ing A corresponding to iA = 13 meV.

The factor Rg,“kbd*RS}cf ¢ changes sign under a transfor-
mation k — —k, resulting in constructive versus destructive
interference in opposite points of the Brillouin zone. In Fig. 1
we illustrate constructive versus destructive interference of
two- and three-photon processes at opposite points in the
Brillouin zone.

III. ELECTRONIC MODEL OF AlGaAs

We use a 30-band k - p model for computing the electronic
bands. The model has free parameters associated with ener-
gies and momentum matrix elements at the I" point, and the
parameters are adjusted to match the experimental results for
band energies from —5 to 4 eV, such that computations of
optical absorption coefficients are expected to be reliable for
photon energies up to 6 eV.

Using the I point as the expansion point for a k - p model,
the effective Hamiltonian that acts only on the periodic part of
an energy eigenfunction of crystal momentum £k is

h n*k?
Het =H+ —k-p+ ——, (20)
m 2m
where H is the Hamiltonian (7) with the vector potential set
equal to zero; in this model [44] we neglect the k dependence
of the effective spin-orbit term. The second term on the right-
hand side is the usual k - p contribution, and the last term is
the contribution to the kinetic energy only due to the lattice
momentum. The basis of states has eight sets [44], four of
them corresponding to the I'| representation of the point group
T, (or 43m), three corresponding to the I'y representation, and
one corresponding to the I'; representation. The I'| repre-
sentation has only one state, "4 has three states, and I'; has
two states, so in total we have 4x1 + 3x3 4+ 1x2 = 15 states
before considering spin; we denote these states as |A), | B), etc.
Tensor products of these are taken with spin states to get 30
states in all. Terms (A|H.|B) are then 2 x 2 matrices and take
the form

i
(A|Hett|B) = Eq84p00 + §AAB X

2k2
+iPyp - koo + ——354500, 2D
2m

where oy is the unit 2 x2 matrix and the components of o are
the usual Pauli matrices. The free parameters of the model
are the energies E,, the matrix elements of the spin-orbit term
Aap, and the matrix elements of the momentum operator P4p.
Since the basis for the states is the same at every k point [45],
the corresponding 2 x 2 matrices corresponding to the velocity
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FIG. 2. Electronic band structure of AlGaAs for two stoichiome-
tries. For all the stoichiometries « in the range that we consider,
0.18 < « < 0.38, the band structures are very similar, and their main
difference is their band gaps.

operator (A|v|B) are diagonal in the spin sector,

1 0
——(A|Het |B)

B 0ka
i, . hke
= (ﬁ T . 5AB>00,
from which the matrix elements of the velocity operator
between the energy eigenstates can be determined.

For GaAs [44] and AlAs [46] we use reported param-
eters adjusted for room temperature, while the parameters
for Al,Ga;_,As are obtained from a linear interpolation
according to the stoichiometry. This approximation is ac-
curate within an energy tolerance corresponding to room
temperature [47]. The chosen parameters lead to effective
masses, g factors, and Luttinger parameters that are in good
agreement with experimental data [44,46,48]. More important
for the problems we consider, the band structures and linear
optical absorption spectra are also in good agreement with
experimental data. In Fig. 2 we show the relevant electronic
bands for two different stoichiometries, and in Fig. 3 we show

(A]v|B) =

(22)

16 1.8 2.0 2.2 24 26 28
mQ(eV)

FIG. 3. Imaginary part of the dielectric function for two stoi-
chiometries o.

the imaginary parts of the corresponding dielectric functions,
which are related to the one-photon absorption rates (or carrier
injection) by Im &(2) = h&**(€2)/2¢(. Calculations for 1 + 2
QuIC in GaAs and Si have been computed [39] using the same
k - p model and density functional theory for comparison.
For GaAs there is good agreement between the two models
even for the nondiagonal spin injection tensors, and for Si the
discrepancy between the two models is significant only at high
frequencies. For GaAs the k - p model for the full BZ provides
good agreement with the local-density approximation, and for
the frequencies we consider in 2 + 3 QulC we are restricted
to the region of the BZ around the I" point, where even less
sophisticated k - p models give good results.

As already mentioned, the 30-band model allows us to
perform reliable calculations for total photon energies up
to 6 eV. However, for the energies in which we are most
interested—below 3 eV—we can get accurate results for the
optical absorption coefficients even if only six valence and
two conduction bands are included in the model, and only the
valley including the I" point of the BZ is considered. We also
point out that the model we use is applicable to most zinc
blende semiconductors, where each specific material corre-
sponds to a particular set of parameters. Since the band struc-
tures of zinc blende semiconductors are qualitatively similar,
our results presented in the next sections are qualitatively valid
for most direct-gap zinc blende semiconductors.

IV. QUANTUM INTERFERENCE CONTROL USING TWO-
AND THREE-PHOTON ABSORPTION IN AlGaAs

We consider two incident fields of different fre-
quencies with amplitudes E, = E,e'*&, and Ej,; =
E3p %285, 5, where E,, > 0 and Es,/» > 0 are the field
magnitudes, the unit vectors &, and &3,/> indicate their po-
larizations, and ¢, and ¢3,,> indicate their phases. We also
define the phase parameter A¢ = 2¢3,2 — 3¢, which will
be useful later. We assume that the field at 3w/2 has a
weaker intensity than the field at w, and we demand that
the frequencies satisfy 20w < A < 3w, where E, = 1A, is
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the optical gap. Therefore only 3PA processes are important
for the lower-frequency field E,, while only 2PA processes
are relevant for the higher-frequency field E3,/»; the 3PA
associated with E3,,/, is weaker due to the lower intensity of
the field, and we neglect it.

We focus on Al concentrations « such that 0.18 <
a < 0.38 since Al,Ga;_,As with @ too small has a band
gap smaller than 27w for telecommunication wavelengths
(hw ~ 0.8 eV) and Al,Ga,_,As with o too large is too
reactive.

A. Carrier injection

We track the number of injected carriers by calculating the
number of electrons in the conduction bands, which corre-
sponds to the operator

N=>alau. (23)
ck

S0 we use 1. = 8. and n,,,y = 0 for the carrier density matrix
elements in Eq. (19). The optical injection of carriers due
to 2PA and 3PA processes, as well as their interference, is
characterized by the tensors &, according to

d abcd a b c d

EW)Z =§ (30))E—3w/2E—3w/2E3w/2E3w/2a (24)
d abcdef a b c drperpf
E(mg = &7’ Gw)E® E’ E° E’E‘E!,  (25)

d . .
_<n>2+3(i) = %-;Jbr%de(Sw)EﬁwEéwEinde/ZESew/Z + cc,

dt
(26)

where /2 = 37w is the total transition energy [49], and the
coefficients are calculated as

dk
gbde(3) = 27 / P D RGRYSBw — wey),  (27)

dk
abdef abd* pef
£ (3w) = Zn/ " ;R R85 — we),

@ cvk Rk
(28)

£ Bw) = 271/ (;jf)D ZRZS,{*ijké(Sw — Wcp).
" (29)

The Sgg‘?f (Bw) coefficient is associated with absorption pro-

cesses described by x®. The symmetries of the zinc blende
lattice, corresponding to the point group 7 (or 43m), strongly
restrict the number of independent nonzero components of the
tensors &, &3, and &;. We list the independent components
of the injection tensor coefficients in the Appendix. In Figs. 4,
5, and 6 we show the frequency dependence of the indepen-
dent components of the coefficients £/ (3w), E;Mef Gw),
and Ezaf%d"Ga)), respectively. Notice that the 3PA coefficient
is large for frequencies right above the band gap, while the
coefficient for 2PA nearly vanishes for similar frequencies. As
discussed below Egs. (17) and (18), the dominant contribution
to 2PA always involves intraband velocity matrix elements,
which correspond to the band dispersion, so they vanish at the

x 105 AIO.QGaOBAS
1.0F — XXX B
— XyXy
- XXyy
0.8} i
n
<t
2
= 0.6} —
< o4} 1
<5
0.2 B
00 ! ! ! !
1.8 2.0 2.2 2.4
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1.0F —  XXXX |
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0.8} yy E
)
<
>
E 0.6} E
S o4}
@
0.2} |
00 I I I I I
2.0 2.2 2.4 2.6 2.8
hQ (eV)
FIG. 4. Two-photon carrier injection coefficients for two

stoichiometries.

I" point of the Brillouin zone. The 3PA has contributions from
interband velocity matrix elements, which in general do not
vanish at I".

B. Current injection

Taking the quantity (M) in Eq. (15) to be the current
density (J), we can compute its injection rate due to the quan-
tum interference between two- and three-photon absorption
processes as

d )
T = 135 GIE? EC B ES, B,y + ., (30)

where Q2 = 3hw is the total photon energy. We emphasize
that ngig‘]ef (Bw) is related to x©® and is finite even for
centrosymmetric materials. The dependence of the injected
current on the fields is described by Eq. (30), which is the
main equation to describe 2 + 3 QulC experiments being re-

ported in the accompanying paper [42]. In terms of intensities,
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FIG. 5. Three-photon carrier injection coefficients for two
stoichiometries.

Eq. (30) indicates that the current injection rate is proportional
to the intensity of the 3w/2 field I3,,> and the intensity of the
o field to the power 3/2, I3/?. These dependences are veri-
fied in Fig. 4 of the accompanying experimental paper [42],
indicating that the currents measured in those experiments
indeed correspond to 2 4+ 3 QulC. We list the independent
components of the injection tensor coefficient ngf’gef Bw) in
the Appendix. In Fig. 7 we show the frequency dependence
of the independent components of the coefficient ngfg{e‘f (Bw)
for different stoichiometries. The plots show that some com-
ponents change sign as the frequency increases. This sign flip
is due to the competing contributions due to intraband and
interband velocity matrix elements to the RS)}( coefficients.
For low excess photon energies, the excited carriers are close
to the I' point in the BZ, and the interband contribution is
the most important, as the band dispersion is small. For larger

photon excess energies, the excited carriers are located farther

14 x10~° AIO.QGaO.SAS
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FIG. 6. Injection rate coefficients for carrier density correspond-
ing to 2 4+ 3 QuIC for two stoichiometries.

from the I" point in the BZ, so the band dispersion is large,
and the intraband contributions are more important.

To illustrate some aspects of the different tensor compo-
nents, in Fig. 8 we plot the injection current for different
polarizations of the incident fields in a typical experimental
scenario. We assume that the sample has electrodes mounted
such that they always measure the current along the [100]
crystal direction, which we denote by x. In the first case we
keep either &, or es3,,, fixed along the X direction, while
the other field is rotated in the %-§ plane and points along
the direction 6 = £ cos 6 + y sin 6, where y corresponds to the
[010] crystal direction. The case where &, = 6 and 83,0 =X,
corresponding to the green line in Fig. 8, is tested experi-
mentally and reported in Fig. 5 of the accompanying paper
[42]. In the second scenario, the polarizations of both incident
fields are rotated in the X-§ plane, and they are kept either
parallel or perpendicular to each other. In Fig. 8, we show
that the current is largely along the &, direction regardless
of the &3, direction. However, the magnitude of the current
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FIG. 7. Injection rate coefficients for current corresponding to
2 + 3 QuIC for two stoichiometries.

depends significantly on the &3, direction, and it is maximal
for é3w/2 = éw

1. Swarm velocity

Since the excited carriers respond to the induced voltage
due to the injected current and usually screen it at least
partially, a good measure of the efficiency of the current injec-
tion is the swarm velocity, defined as vgyum = %(J ) /e%(n),
which represents the average contribution to the injection
current due to one excited electron [50]. Since (n),,; K
(n), + (n)3, the total density of carriers is (n) =~ (n), + (n)s,
and for both light beams polarized along the % direction we
have a swarm velocity of magnitude

2|3y Go)| ESEL, -
le] (%-éocxxxx (3w)Ea6) + %—écxxx(Sw)Egtw/z)

. (GBD

Uswarm =

where we have chosen A¢ = 7 /2 to optimize the magnitude
of the numerator. The whole expression is optimized by

AIUIQGaO.gAS

0.0 0.5 1.0 1.5 2.0

0/
%«10-17 Alp2GaggAs
3 I éSw/? = €y
2  — é?w/Q =ZXé

-1
—2
-3
0.0 015 1.‘0 1‘.5 2.0
0/m

FIG. 8. Injection rate coefficient for current along the ¥ direction
as the polarizations of the incident fields are rotated in the £-y plane.
Top: Either &, or &, is rotated while the other is fixed along
the % direction. Bottom: In both cases &, = 6 is rotated, and €3,)2
is either parallel or perpendicular to it. The total photon energy is
hQ2 = 2.4eV (A ~ 520 nm) in both cases.

choosing the intensities of the two beams appropriately; the
condition to be satisfied is sgxxxow)E;‘w = Sg“xxx"x(3w)E2,
which corresponds to an equal number of carriers injected
by two-photon absorption and three-photon absorption. If this
holds,
Uswarm = |n)26f§XX(3w)| . (32)
el /E Bw)E ™ (3w)

In Fig. 9 we plot this expression, together with the expression
that would result if the beam of frequency w were polarized in
the X direction while the one of frequency 3w/2 was polarized
in the y direction, which is the same as Eq. (32) but with
1355 (3w) replaced by 733" (Bw); as well, £*(3w) should
also be replaced by & (3w), but they are equal. We see that
different stoichiometries give similar values for the swarm

velocity if the frequency is adjusted according to the band gap
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FIG. 9. Swarm velocity for two stoichiometries assuming opti-
mum interference between 2PA and 3PA. The current is measured
along the % direction, and so is the polarization of the lower-
frequency field é, = %, while we consider two cases for the polar-
ization of the higher-frequency field: &3, = % and &3,» = J.

of the system. The fact that higher Ga concentrations lead to
larger injected currents (see Fig. 7) is only due to a higher
carrier injection. Yet with appropriate laser intensities it is
possible to reach the same levels of injected current densities
with any Al concentration, although the laser frequencies and
intensities at which the maximum is achieved depend on the
Al concentration.

We point out that the 2+ 3 QulC swarm velocity is
about twice its equivalent for 1 4+ 2 QulC. This is an in-
dication that the distribution of carriers injected in the BZ
is sharper for 243 QulC compared to 142 QulC. We
further confirm that by computing the variance of the lat-
tice momentum k of the electrons injected in the con-
duction band for both 142 QuIC, of , = ((k*)*) 4, —
(k7,5 and 2+ 3 QuIC, 0§ 5 = ((k%)*),43 — (k9)3,5. For
the incident fields polarized along the % direction, we find

(k) 4n = (4.9, 0, 0) x 107247 and (k),,5 = (5.7, 0, 0) x
10247, as well as 014> = (3.4, 4.3, 4.3) x 1034 and
o243 = (2.8, 2.2, 2.2) x 10’313;_2, which indeed indicates

that the distribution of injected electrons in the BZ is sharper
for 2 + 3 QulC, especially in the directions transverse (y and
%) to the polarization of the field.

2. Laser intensities

Our calculations are performed in the perturbative regime,
the validity of which requires that the fraction of the injected
carrier population density relative to the total density of states
nmax 1N the range of energies covered by the laser pulse be
small. We thus consider our calculations to be valid when

(n)2 + (n)3 < 0.1nmax, (33)

where the fraction 0.1 is chosen somewhat arbitrarily. The
carrier injection due to the two- and three-photon interference
(n)213(;) mostly has the effect of concentrating the carrier
injection in some region of the BZ, but it does not contribute
significantly to the total number of injected carriers compared
to (n), and (n);. For the estimates of laser intensities we
consider the incident fields both to be polarized along the %
direction, so for a laser pulse of duration 7~ we require

d d
[E( ) dt< ) ]T<0 1ndev (34)

(6 Bw)Es, ), + & Bw)ES|T < 0.1nma.  (35)

The maximum density of states np,x that can be injected is
determined by analyzing the volume V corresponding to the
excited states in the BZ. We denote by kg the momentum cor-
responding to the energy difference /fiw.,x = /<2 between the
conduction and valence bands, so V = 4k} Ak, where Ak =

chvk is related to the frequency broadening Aw =
271 /T associated with the time duration of the pulse. The
derivative of the band energy corresponds to the velocities of

electrons in the conduction and valence bands, v = d;)];'" =

% — dj,?, 0 V = 87%k3 /vaT. The volume in the BZ asso-
ciated with one quantum state is V; = (27 /L)3, where L is the
normalization length of the sample. The number of states that
can be excited is then V/V, and their spatial density is

Vo kG
VL3
For optimal interference, there should be equal densities of

carriers injected by two- and three-photon absorption, (1), =
(n)5, which according to Eq. (35) gives

(36)

Nmax = .
JTUQT

2

57 Gw)ES, ;, = 5 (3w)E] < 0.05 (37)

TTVQ

The maximal amplitudes E,, and E3,/, of the incident fields
can then be estimated from the extreme of the inequality in the
above equation. For the stoichiometry of o = 0.2, pulses with
duration 7 = 150fs, and total photon energy i2 = 2.4¢V,
we have

A
E, =124 x10% —, (38)
m
\Y%
E3,p2 = 6.05 x 107 —. (39)
m
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The intensities in the material medium with these field ampli-
tudes are

GW
1, = 2¢ocn,E2 = 26.5 g (40)

5 GW
13(0/2 = ZEOCngw/2E3w/2 = 6.54 C? (41)

For these values, the injected current density is

MA
X XXXXXX 32
U = BTGB, T =625 . (42)

We emphasize that these are just estimates, as the limit of
carrier density is set somewhat arbitrarily in Eq. (33). We note
that we are ignoring scattering of the injected carriers. This
means that the true maximal intensities would be larger than
our estimates here since there is room for more photon absorp-
tion as scattering depletes some of the excited states. We also
note that in this treatment the electron-electron interaction has
been neglected; were it included, the phase parameter would
be shifted. However, this shift is usually very small for zinc
blende semiconductors, except for frequencies very close to
the band gap [51].

V. DISCUSSION AND CONCLUSION

One of the main utilities of QuIC in semiconductors is the
injection of carriers in localized regions of the BZ. In this
respect 2 + 3 QulC performs better than 14 2 QulC, and
that can be seen in the higher swarm velocity of 2 4+ 3 QulC,
which is a desirable feature for current injection. Another
interesting difference between 1 + 2 and 2 4- 3 QuIC is that in
2 4 3 QuliC several current injection coefficients change sign
as the total photon energy is increased, while in 1 42 QulIC
they typically do not. This happens because interband velocity
matrix elements are responsible for the largest contribution
to the 3PA coefficient at low photon energies, but at higher
photon energies the intraband velocity matrix elements dom-
inate. Since only nonlinear optical processes are involved in
2 4 3 QuIC, the laser intensities required for maximal effect
are higher than for 1 4+ 2 QulC but still moderate. Also, the
optical fields have a power law attenuation as they propagate
through the absorbing material, instead of the exponential
attenuation of linear absorption. Thus a waveguide geometry
is desirable, and while QulC in waveguides presents some
challenges, as it raises issues of phase and mode matching,
it also presents opportunities for easy integration with de-
vices on chip. Since optical frequency combs are routinely
propagated through waveguides, there should be no additional
difficulties for 2 4+ 3 QulC experiments in waveguides other
than the usual issues of phase and mode matching.
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APPENDIX A: NONZERO INJECTION COEFFICIENT
COMPONENTS OF ZINC BLENDE LATTICES

AlGaAs in the virtual crystal approximation forms a zinc
blende lattice, which has the symmetry of point group 7; (or

43m). The optical responses we consider in this work involve
tensors of rank 4 up to 6. With 7; symmetries [52], generic
rank-4 tensors have 21 nonzero components, of which 4 are
independent; rank-5 tensors have 60 nonzero and 10 indepen-
dent components, and rank-6 tensors have 183 nonzero and
31 independent components. However, the tensors represent-
ing the optical processes have a few more specific restrictions
due to their relation to the optical fields, as the indices
associated with the same incident field are symmetrized.

With these considerations the tensor &, has three indepen-
dent components,

™ = Px,y.2) (D
P = = POy ), (A2
6™ = P(x, 3.2, (A9

where P(x,y,z) indicates all the possible permutations of
(x, y, z) in the indices. The tensor &, 3 has three independent
components,

XXXY.
&15 =P(x,y,2), (A4)
XXYXZ __ s XXYZX & XYXXZ
£ =85 =83
XyXzx XXXZ YXXZX
=& = 5év+3z =&y =P, 2, (AS5)
XyzxXx yXZXX VZXXX
&3 =& =& =Py, (A6)
and &; has five independent components,
& =P(x, y,2), (A7)
;cxxx_vy — ;xxyxy — s;cxxyyx
_ gyyxxxx — $3yxyxxx — E;cyyxxx — P(X, y, Z), (AS)
XXYXXY e XXYXYX _ o XXYYXX _ o XYXXXY _ o XYXXYX _ o XYXYXX
3 =3 =3 =53 =53 =S3
— g’XXXXy — %’XXX}'X — ;XXyXX — P(_x, y’ Z)’ (A9)
XXYyzZ XXyzZyz XXyzzy XyXyzz XyxXyzyz XyXZZ
3,, Z:§3 }’7}7:53 yzy:§3}y2 253, }Zﬂz‘%, zzy
— ;XX})ZZ — ggzxxyzyz — %.;XXZZ}’ — P(.x, y’ Z), (AlO)
XYZXYZ _ e XYITXY e XYIYIX s XYIZYX
& =8 =67 =6
= 77 = 07 = Py, 2). (A1D)

Finally, the tensor 7,3 has nine independent components,

nﬁjﬁ‘” = P(x,y, 2), (A12)

My =P, y,2), (A13)

3 =Ty =mys = P@.y.2), (Al4)
Moys  =Thys =1y

=M =Mhys =Mk =Py, (AlS)

My =mhs =P,y 2), (A16)

ST =Emys =l =Py, 2), (AL7)
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XXYyzz __  XYXYZZ __  XYYXZZ __
Mhyy =Ma3 =Mys =Py 2), (AIB)
XXYZYZ __ . XXZYYZ __ . XYXZYZ
243 = Thy3 = M3
L XYIXYZ . XZXYYZ __  XZYXYZ __
=14y =1ty =Thyy =Ply2), (Al9)

XYYZXZ __  XYIYXZ __  XZYYXZ
Mtz =Mi3 = Mhy3
L XYYIIX __ XYIYIX _  XTYYIX
=My =1Mhys =13 =Py, (A20)

The independent components shown here are the ones plotted
in the figures in the main text.
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