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Quantum interference control of free-carrier density in GaAs

J. M. Fraser* and H. M. van Driel†

Department of Physics, University of Toronto, 60 St. George Street, Toronto, Ontario, Canada M5S 1A7
~Received 10 April 2003; published 26 August 2003!

We have carried out theoretical and experimental investigations of optical phase controlled-free carrier
injection in semiconductors via quantum interference between different absorption pathways connecting the
same initial and final states in the valence and conduction bands. The interference schemes are theoretically
modeled within a Fermi Golden rule approximation which also allows for a description in terms of the
susceptibility formalism of nonlinear optics. Two different types of schemes involving interference betweenn
andm multiphoton absorption events are considered depending on whethern1m is even or odd. Ifn1m is
odd, phase control of carrier density can be observed only in a noncentrosymmetric crystal; ifn1m is even,
interference can be observed in both centrosymmetric and noncentrosymmetric materials. The interference
contribution to the density control is related to the imaginary part of the nonlinear electric susceptibility
xn1m21. Experimentally we have investigated carrier density control effects in GaAs at room temperature
using nominally 150 fs optical pulses and considered an example for each of the two schemes: one-photon vs
two-photon absorption with 0.775 and 1.55mm pulses and one-photon vs three-photon absorption with 0.675
and 2.03mm pulses. The main experimental features, including degree of phase control, are in good agreement
with theory. We extract the relative magnitude of the imaginary and real components ofx2 andx3 for GaAs at
1.55mm and 2.03mm, respectively.

DOI: 10.1103/PhysRevB.68.085208 PACS number~s!: 78.47.1p, 42.65.2k, 78.55.Cr
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I. INTRODUCTION

Laser control over electronic, atomic, and molecular p
nomena has been pursued for several decades. Although
intensity is often the defining optical parameter, it has a
been recognized that the phase characteristics of one or
optical beams can also be used as control parameters.
operating principle is the manipulation of constructive a
destructive interference in transition amplitudes to drive
system into states not achievable by more conventio
means. This methodology has come to be referred to as
herent or quantum control. An early example of this a
proach was the control of optical absorption of a gas
interference of one- and three-photon absorption pathw
using a fundamental and a derived third-harmonic opt
pulses to connect the same initial and final states.1 Since
then, there have been numerous demonstrations of the u
phase-related optical pulses with commensurate frequen
to control systems with characteristically discrete states, e
manipulate the total yield of simple chemical reactions,2 con-
trol semiconductor exciton population,3 or produce asymmet
ric ionization of carriers in quantum wells.4

For complex, e.g., polyatomic molecular, systems
which numerous pathways can connect the initial and fi
states and for which dephasing and redistribution of
sorbed energy can occur rapidly, the use of well-defin
phase-related pulses with commensurate frequencies has
duced limited successes. For such systems a more ge
approach in which pulse shapers are used to define phas
spectral characteristics of femtosecond pulses has been
sidered. The pulse shaper can be made to be part of a le
ing loop in which feedback from an experiment is used
define new pulse shapes, thereby eventually leading
form of optimal control over a particular process through
myriad of quantum interference processes. These two di
0163-1829/2003/68~8!/085208~14!/$20.00 68 0852
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ent approaches, sometimes referred to as interference
optimal control, are reviewed in the excellent papers of S
piro and Brumer,5 and Rabitzet al.6

The control of continuum states or free carriers in a se
conductor may have been thought to be a candidate for
timal control. However, Atanasovet al.7 calculated that the
interference between one- and two-photon absorption p
cesses accessing valence- and conduction- band states
bulk crystalline semiconductor could lead to the injection
an electrical current. Although this effect can occur in bo
centrosymmetric and noncentrosymmetric media, it w
demonstrated in ~noncentrosymmetric! GaAs at room
temperature.8 Since current generation can occur for a bro
range of continuum states, it should not be surprising t
interference control would suffice to achieve this. More
cently, we and our colleagues have also shown that inter
ence between one- and two-photon absorption processe
GaAs can also lead to phase control of carrier population
optical absorption.9 Due to parity selection rules, such a
interference scheme is not allowed in a simple atomic s
tem.

In this paper we report results of a theoretical and exp
mental investigation of how interference between transit
amplitudes involving multiphoton absorption pathways us
harmonically related beams can be used to control car
density or net optical absorption in semiconductors and h
carried out experiments in bulk GaAs at room temperatu
in particular. Within the context of a Fermi’s Golden ru
formalism for absorption we show that ifn is the number of
photons involved in one pathway andm is the number of
photons involved in the second, the control schemes can
divided into two general classes according to crystal inv
sion symmetry properties. Ifn1m is odd, phase control o
carrier density can be observed only in a noncentrosymm
ric crystal; if n1m is even, interference can be observed
©2003 The American Physical Society08-1
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both centrosymmetric and noncentrosymmetric materials.
important component of this paper concerns the placemen
the quantum interference process within the context of
standard macroscopic treatment of linear and nonlin
optics—the electric susceptibility formalism. The reason
this development is twofold. Inclusion of interference effe
in Maxwell’s equations allows a full determination of th
optical beams as they propagate through the sample. T
we can solve for the flow of energy between the beams
the material and the flow of energy between the beams th
selves. This is important for the modeling of experimen
results. In addition, consideration of quantum interferen
within the susceptibility formalism provides a new interpr
tation of the origins of certain tensor contributions to t
optical response and their role in energy transfer betw
optical fields and semiconductor. For ann1m scheme, the
interference contribution to the density control is shown
be related to the imaginary part of the nonlinear electric s
ceptibility xn1m21.

This paper is organized as follows. Section II describe
time-dependent perturbation theory analysis of quantum
terference between interband transitions in a bulk semic
ductor. This independent particle analysis details the mic
scopic origins of the effect. Since control of both the inject
carriers and transmitted light beam is desired, propaga
effects are modeled by solving the nonlinear coupled w
equations, derived from Maxwell’s equations including t
nonlinear polarization terms associated with quantum in
ference. Insight is provided by a series expansion solut
appropriate in the thin sample limit. Section III describes
experimental techniques employed for the measurement
GaAs. The interference schemes considered here are
and two-photon absorption~‘‘1 12’’ scheme; optical pulses
at wavelengths of 0.775 and 1.55mm), and one- and three
photon absorption~‘‘1 13’’ scheme; 0.667 and 2.03mm) us-
ing nominally 150 fs optical pulses. Experimental results
described in Sec. IV. Comparison to theory is provided b
more complete modeling of the coupled nonlinear wa
equations, solved by numerical simulation using a Gree
function formalism~Sec. V!, and conclusions and commen
on possible future work are included in Sec. VI.

II. THEORETICAL CONSIDERATIONS OF QUANTUM
INTERFERENCE IN BULK SEMICONDUCTORS

A. Microscopic origins of quantum interference

We begin by considering absorption of light in a semico
ductor crystal involving the promotion of an electron from
valence band to a conduction band using a Fermi Gol
rule analysis. This section determines the expressions fo
transition rate within the independent particle picture fo
clean, cold semiconductor in the presence of two harmo
cally related beams which connect the same states in
conduction and valence bands. An electron of quasimom
tum k is treated independently of all other electrons. T
response of the system to a perturbation arising from two
more beams with coherence times longer than the time sc
of interest is determined by summing the contributions fr
all the electrons in the system, i.e., by summing over
08520
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entire Brillouin zone. The independent particle picture ana
sis has been shown to be equivalent to a more detailed m
body formalism for expectation values of single-partic
operators.10,11 Many-body effects~arising from excitons,
other quasiparticles, or particle-particle scattering! are not
considered and local-field corrections are also not includ
These effects may play a role for experiments involving h
carrier densities or carrier injection at energies in which C
lomb interactions are expected to play an important role~i.e.,
in GaAs, injection involving states within 5 meV of the bo
tom of the conduction band and the top of the valence ba!.

The theoretical development of quantum interference c
trol for the 112 scheme was previously completed within
second quantization formalism.9 The independent particle
picture, as employed here, is shown to yield the same res
In addition, the extension to a generaln1m scheme is
straightforward in this formalism.

1. Fermi Golden rule calculation of linear
and nonlinear absorption

In the independent particle picture, the optical propert
of a semiconductor are determined by consideration o
single electron of quasimomentumk, with Bloch stateuFv&
in bandv. The states corresponding to energy levels at q
simomentumk, in higher or lower bands provide a comple
basis in which to understand the time development of
electron under a perturbation~involving negligible momen-
tum transfer, i.e., within the dipole approximation!. For a
semiclassical analysis in which the material is treated qu
tum mechanically and the field classically, the Hamiltoni
for one electron can be written as12

H5
1

2m S p2
e

c
A~ t ! D 2

1U~r !, ~1!

wherep is the momentum operator,A is the vector potential
of the optical beam@E52(1/c)(d/dt)A#, andU(r ) is the
periodic potential provided by the atomic lattice and oth
electrons in the system.13 As is the common practice, th
interaction has been written in the velocity gauge@as op-
posed to the length gaugerE (t) wherer is the position op-
erator# since Bloch states extend over the crystal. T
Hamiltonian can be separated into unperturbed and pertu
contributions, where the perturbation arises from the lig
field @2(e/mc)pA(t)#. The particle wave function can the
be written in terms of a superposition of the basis set of
unperturbed system:

c~r ,t !5(
j

aj~ t !e2 iv j tuF j&,

where uaj (t)u2 corresponds to the probability of finding th
electron in statej at time t. Application of time-dependen
perturbation theory allows the determination of the coe
cients aj in terms of an order-expansion involvingaj

(q) ,
whereq refers to the power dependence of the coefficient
electric field.
8-2
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Initially, an optical beam with a single harmonic comp
nent at frequencyv is considered:

A~ t !5Ave2 i (v1 ih)t1Av* ei (v2 ih)t,

where* indicates complex conjugate. The quantityh, which
is small and positive, allows the optical fields to be turned
slowly in the distant past.14 The system of interest involve
optical beams with wavelengths considerably longer than
length of a unit cell, thus justifying the dipole approximatio
The system under study is a semiconductor at 0 K in wh
all the conduction bands are empty. For an electron initia
in the valence band~statev), the first-order transition ampli
tude to conduction band statef is

af
(1)~ t !52

e

\mc
pf vAv

e2 i (v2v f v1 ih)t

~v2v f v1 ih!
, ~2!

where

pf v5^F f upuFv&, v f v5v f2vv .

The first-order expression also includes a nonreson
contribution related toA2v that corresponds to emission. I
the limit as h approaches zero, the one-photon absorpt
rate between statesv and f is

Tf
(1)~v!5

d

dt
uaf

(1)u t50
2

52pS e

\mcD
2

upf vAvu2d~v2v f v!.

The total one-photon absorption rate includes contri
tions from all the electrons in all the valence bands. Thus,
total transition rate is determined by summation over all p
sible initial and final states~including spins!:

T(1)~v!52p (
k,v, f

S e

\mcD
2

upf vAvu2d~v2v f v!. ~3!

For the purpose of clarity, thek dependence ofpf v andv f v is
not noted explicitly.

If the incident beam photon energy is less than the ba
gap energy, the first-order term is zero and higher-or
terms must be considered. Application of perturbation the
provides the amplitudes related to two- and three-photon
sorption:

af
(2)~ t !5S e

\mcD
2

(
j

@pf jAv#@pj vAv#

~v2v j v!

e2 i (2v2v f v12ih)t

~2v2v f v12ih!
,

~4!
08520
n

e

h
y

nt

n

-
e
-

d-
r
y
b-

af
(3)~ t !52S e

\mcD
3

(
l , j

@pf lAv#@pl j Av#@pj vAv#

~v2v j v!~2v2v lv!

3
e2 i (3v2v f v13ih)t

~3v2v f v13ih!
. ~5!

Intermediate states as denoted byj andl include the initial
and final states. It should be noted that the higher-order te
as expressed here are not correct if lower-order terms
nonzero.12 For instance, if the optical beam is one-phot
resonant (v5v f v), the second-order expression diverg
when j 5 f . Since the present analysis considers only the fi
nonzero contribution to the transition amplitudes, these a
ficial divergences are not encountered. Equations~4! and~5!
can be used to find two- and three-photon absorption rate
an analogous fashion to that used to obtain Eq.~3!.

2. Quantum interference: 1¿2 scheme

In the case for which the incident beam contains b
fundamental and second-harmonic~SH! components and
1
2 Eg,\v,Eg ,

A~ t !5Ave2 i (v1 ih)t1Av* ei (v2 ih)t1A2ve2 i (2v1 ih)t

1A2v* ei (2v2 ih)t,

the transition rate between initial statev and final statef at
quasimomentumk is

Tf5
d

dt
@ uaf

(1)u21uaf
(2)u21af

(1)~af
(2)!* 1af

(2)~af
(1)!* # t50 , ~6!

where the first-order term originates from the one-pho
transition due to the SH beam and the second-order term
the two-photon transition related to the fundamental bea
The remainder of Eq.~6! is composed of cross terms be
tween the individual amplitudes. As can be seen by insp
tion, the transition rate can be set to zero by careful selec
of Av and A2v ; i.e., selecting appropriate phase and inte
sity values of the incident beams such that the cross te
cancel the one- and two-photon-absorption contributio
The second-order process usually requires a consider
more intense fundamental beam for this condition to be
isfied. Note also that Eq.~6! describes the transition rate fo
a single particle at a specific quasimomentum. The total tr
sition rate must be determined considering all such partic
Setting the phase and intensity of the incident beams to
vide perfect cancellation at one position ink space does no
guarantee perfect cancellation over the entire Brillouin zo
as is described in more detail below. The full transition ra
can be determined by substitution of Eqs.~2! and~4! into Eq.
~6! and summing over the entire Brillouin zone and all po
sible bands:
8-3
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@pf jAv#@pj vAv#

~v2v j v! U2

3 d~2v2v f v!. ~7!

J. M. FRASER AND H. M. van DRIEL PHYSICAL REVIEW B68, 085208 ~2003!
k,v, f F
2S e

\mcD @pf vA2v#S (
j

@pf jAv#@pj vAv#

~v2v j v! D *
1c.c.
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The magnitude of the interference cross term can be ca
lated by fully evaluating this expression, but inspecti
yields some useful insight. For any material, time-rever
symmetry requires thatv j v(k)5v j v(2k). In semiconduc-
tors with a center of inversion,pj v(k)52pj v(2k) and can
be considered purely real.15 Since the interference cross ter
in Eq. ~7! is a product of an odd number of momentu
matrix elements, it is odd ink for centrosymmetric materials
As such, the relative phase of the interference term~as de-
termined by the phases of the momentum matrix eleme
and the optical fields! at 1k is always exactlyp out of phase
with the term at2k. Summation over all k space yields
zero result for the phase-dependent term, independent o
optical intensity or phases. Thus, the total carrier inject
and optical absorption cannot be manipulated through
112 scheme in centrosymmetric materials. In a nonc
trosymmetric material, the interference term can have a c
ponent that is even ink. Summation over all momentum
space can yield a nonzero control of the total carrier inject
rate, corresponding to a control of the effective transpare
of the material. Note though that there is no requirement
the interference term be purely even ink, thus in the genera
case, the relative phase of the interference term varies
function of k, causing a reduction in the possible contr
efficacity.

In addition to a reduction of control due to thek-space
dependent relative phase, the ratio of the magnitudes of
one- and two-photon transition amplitudes also depends
k. Thus, a ratio of fundamental and SH irradiances that p
vides perfect cancellation atk1 may not provide perfect can
cellation atk2. The analogy of the Michelson interferomet
is useful in understanding howk-space variation of the rela
tive phase and transition amplitude ratio limits the total co
trast obtainable. For a single particle@Eq. ~6!#, balancing the
arms~i.e., balancing the magnitude of one- and two-pho
absorption! provides perfect contrast. The ensemble of p
ticles corresponds to an interferometer involving many d
ferent paths. Variation of relative phase as a function ok
corresponds to a surface of one of the mirrors of the Mi
elson interferometer being uneven~Fig. 1— left!. Control-
ling the overall path length difference cannot compensate
variations in individual paths. As a result the overall contr
as observed by the detector is reduced. The extreme
occurs if the uneven mirror delays half of the beam by
actly p relative to the other half, reducing the contrast
zero. This corresponds to the case of the ‘‘112 matter inter-
ferometer’’ involving centrosymmetric materials. The seco
limiting factor, i.e., thek-space dependence of the ratio
transition amplitudes, can also be included in the Michels
analogy. This would correspond to a different reflection c
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efficient at different spatial points of one of the mirrors~Fig.
1— right!. Changing the beam splitter ratio~like changing
the ratio of fundamental to SH irradiance! may improve the
fringe contrast but cannot completely compensate for a s
tially inhomogeneous mirror. Unless the ratio of transiti
amplitudes has no dependence onk, complete cancellation is
not possible.

It is interesting to note that the result obtained for ce
trosymmetric materials, namely, that the cross terms atk and
2k have opposite signs, allows the production of bias-f
currents. Due to this interference effect, more carriers
injected on one side of the Brillouin zone than the other. T
resulting polar distribution in momentum space correspo
to a net motion of charge; this is the microscopic origin
the coherent control of current as described and observe
Haché,8,16 and others.17,18The present analysis clearly show
the difference between the control of current and the con
of carrier injection. Although both can be observed by t
interference between one- and two-photon absorption, t
have different material dependencies and the coherent
trol of current does not affect the total amount of light ener
absorbed.

Equation~7! can be put into a more accessible notati
with the total injected carrier densityN and phase depen
dence explicitly noted. The total transition rate correspon
to three terms representing carrier injection originating fro
one-photon, two-photon, and cross-term contributions,
spectively:

T5Ṅ2v1Ṅv1Ṅv,2v .

Substitution ofEv5( iv/c)Av andEv
i 5uEv

i uef i ~the ith car-
tesian component of vectorEv), the interference term can b
rewritten as

FIG. 1. Michelson interferometers that cannot achieve id
fringe contrast due to variation in path length~left! and inhomoge-
neous reflectivity of one mirror~right!. BS—beam splitter,
D—detector.
8-4
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Ṅv,2v5j2v
abcE2v

a E2v
b E2v

c 1c.c.

52j2v
abcuE2v

a uuEv
b uuEv

c ucos~f2v
a 2fv

b 2fv
c !, ~8!

where repeated indices are summed over the Cartesian
dinates, and

j2v
abc5

p

V

i

v3 S e

\mD 3

(
k,v, f , j

S pv f
a @pf j

b pj v
c #

v2v j v
D d~2v2v f v!,

~9!

whereV is the normalization volume. Note that the prope
that j2v

abc is purely real was used to obtain Eq.~8!. This
explicitly shows the phase dependence of the interfere
process and how it is related to the phases of the op
beams. For our purposes, the expressionf2v

a 2fv
b 2fv

c is
referred to as the phase parameter. As shown in Eq.~8!,
manipulation of the phase parameter provides dynamic c
trol of the injected carrier rate.
m

co

tri
a

e

tio

r
,
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3. Quantum interference: 1¿3 scheme

It is clear that the previous analysis can be extended
higher-order interference schemes, involvingn- and
m-photon absorption, wherenva5mvb , nva\.Eg , andn
andm are positive integers. The form of the final term of E
~7! also suggests the material dependence for control of t
carrier injection for these higher-order processes. When
1m is odd, as is the case for 112 interference, the cros
term is odd ink for centrosymmetric materials, resulting i
the control of total carrier generation dependent on the s
metry breaking of the material. Forn1m even, the cross
term is expected to be even ink for centrosymmetric mate
rials. To verify this hypothesis, the interaction of a semico
ductor with two beams of frequenciesv and 3v is consid-
ered, where1

3 Eg,\v, 1
2 Eg .

The total transition rate is determined with the expre
sions foraf

(1)(t) @Eq. ~2!# andaf
(3)(t) @Eq. ~5!#:
T53p (
k,v, f F S e

\mcD
2

upf vA3vu21S e

\mcD
6U(

l , j

@pf lAv#@pl j Av#@pj vAv#

~v2v j v!~2v2v lv! U2

1S e

\mcD
4

@pf vA3v#S (
l , j

@pf lAv#@pl j Av#@pj vAv#

~v2v j v!~2v2v lv! D *
1c.c.

G d~3v2v f v!. ~10!
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Note that for centrosymmetric materials, interference ter
at k and2k are equal. Thus the summation over allk space
can result in a nonzero result.

With E3v5( i3v/c)A3v , the interference term in Eq.~10!
can be put into more accessible notation:

Ṅv,3v5j3v
abcdE3v

a E2v
b E2v

c E2v
d 1c.c.

52j3v
abcduE3v

a uuEv
b uuEv

c uuEv
d ucos~f3v

a 2fv
b 2fv

c 2fv
d !,

~11!

where repeated indices are summed over the Cartesian
dinates and

j3v
abcd5

2p

V

1

v4 S e

\mD 4

(
k,v, f ,l , j

S pv f
a @pf l

b pl j
c pj v

d #

~v2v j v!~2v2v lv!
D

3d~3v2v f v!. ~12!

Sincepl j
a can be considered purely real for centrosymme

materials, the required phase between the beams for m
mum cancellation does not vary withk in contrast to the
results found for the 112 scheme. Maximum interferenc
occurs at everyk for optical beams whenf3v

a 2fv
b 2fv

c

2fv
d 50,p. As found in the previous case, an intensity ra

that provides perfect cancellation at one position ink space
does not guarantee perfect cancellation over the entire B
louin zone. In the case where 3\v is tuned to the band gap
s

or-

c
xi-

il-

the wave functions for the relevant coupled valence- a
conduction-band states possess atomicp- and s- type sym-
metries, respectively, in the absence of many-body cor
tions. In that case, as with the actual atomic case of pop
tion, one might expect the efficacy of control to approa
unity.

B. Macroscopic interpretation of quantum interference

The origin of quantum interference in free carrier inje
tion is easily understood in terms of the time-dependent p
turbation analysis as outlined in the preceding section. T
viewpoint is particularly well suited to understanding abso
tion at a specific location in the material but provides lit
information on the overall flow of energy between the bea
themselves and between the beams and the crystal over
interaction length. To quantify these effects, it is conveni
to place the quantum interference process into the contex
the standard macroscopic phenomenological description
nonlinear optics—the nonlinear susceptibility formalism
This allows the modeling of energy flow and beam propa
tion through application of Maxwell equations. In addition
assisting in quantifying propagation effects, the determi
tion of where this interference effect resides in the pheno
enological model provides insight into the model itself. A
developed in Ref. 9, the 112 interference term is related t
the imaginary component ofx2(22v;v,v). A similar mac-
roscopic analysis can be carried out for incident beams
8-5
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TABLE I. Phase-dependent modulation of the transmitted fundamental and SH beams and injected
density for 112 interference, to first order in z.

x2 uEvu2 uE2vu2 2uEvu22uE2vu2

Complex 22ux2usin(Df(0)1fx)z 2ux2usin(Df(0)2fx)z 4Imx2cos(Df(0))z
Imaginary 22ux2ucos(Df(0))z 22ux2ucos(Df(0))z 4ux2ucos(Df(0))z
Real 22ux2usin(Df(0))z 2ux2usin(Df(0))z 0
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couple one- and three-photon transitions. Consider
beams of frequenciesv and 3v, where 1

3 Eg,\v, 1
2 Eg :

E~ t !5Evexp~2 ivt !1E3vexp~2 i3vt !1c.c.

Consideration of the energy loss from both beams perm
the evaluation of the injected carrier densityN:

Ṅ5Ṅv1Ṅ3v1Ṅv,3v , ~13!

where the first two terms are the carrier injection rate due
three- and one-photon absorption processes, respectively
the interference term is

Ṅv,3v5
2

\
Im@x3~2v;3v,2v,2v!E3vE2vE2vE2v#

1
2

\
Im@x3~23v;v,v,v!EvEvEvE23v#. ~14!

Similar to the symmetry properties ofx2
abc(22v;v,v),9

the interference term of Eq.~14! can be simplified by
x3

bacd(v;23v,v,v)5@x3
abcd(23v;v,v,v)#* to be writ-

ten as

Ṅv,3v5
4

\
Im@x3

abcd~23v;v,v,v!#uE3v
a uuEv

b uuEv
c uuEv

d u

3cos~f3v
a 2fv

b 2fv
c 2fv

d !, ~15!

where repeated indices are summed. Not surprisingly,
presence of an interference term relies on a nonzerox3 ten-
sor, a tensor that is nonzero even in centrosymmetric me
For zincblende materials, the nonzero elements arex3

xxxx,
x3

xxyy, x3
xyxy, x3

xyyx and permutations arise from interchan
of thex, y, andz coordinates. Application of intrinsic permu
tation symmetry and the symmetry of the 43̄m point group
allows the determination of the sample orientation dep
dence ofṄv,3v @for parallel polarized beams incident no
mally on a~100! zincblende material#:

Ṅv,3v5
1

\
Im@3~x3

xxxx1x3
xxyy!1cos~4u!~x3

xxxx23x3
xxyy!#

3uE3vuuEvu3cos~f3v23fv!, ~16!

whereu is the angle between the@001# axis and the direction
of polarization.
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As in the case of 112 interference scheme,9 energy trans-
fer can occur between the two beams directly. For ene
densities of the fundamental and third-harmonic beamsev

ande3v), the rate of energy transfer is

ė3v2 ėv54~3v!Re@x3
abcd~23v;v,v,v!#

3uE3v
a uuEv

b uuEv
c uuEv

d u

3sin~f3v
a 2fv

b 2fv
c 2fv

d !. ~17!

Due to propagation effects, this phase-dependent term
contributes to the carrier injection rate through variation
the one-photon absorption term primarily.

C. Propagation effects

Since phase-dependent modifications to the injected
rier density from energy transfer between the beams a
from two optical processes cascaded in series, analysi
this effect requires consideration of the propagation of
beams in the semiconductor. Due to their cascaded na
the change to carrier injection dependent on Rex2(3) and
Imx1 is expected to have a higher-order dependence on
teraction length compared to carrier injection from Imx2(3) .
A coupled wave analysis~derived from Maxwell’s equations!
for our single- and higher-harmonic beams in a semicond
tor slab quantifies the various contributions to carrier inje
tion. Two approaches were used to solve this problem.
analytic approximation involving a series solution was us
to provide insight into the various contributions. To avo
assumptions necessary in the series solution, the system
modeled with a Green’s function formalism and solved n
merically. This was required for the analysis of experimen
results as described in Sec. V.

The coupled Maxwell’s equations, including nonline
source terms, are simplified using the slowly varying en
lope approximation and by setting the phase mismatch
zero. The quantities that are obtained are the amplitude
the electric-field envelopes for both the fundamental a
higher-harmonic fields, and the phase parameter as a f
tion of sample depth (z). The phase dependence to first ord
in z is summarized in Tables I and II for different values
the phase ofx2(3) (fx). The variableDf0 corresponds to
the value of the phase parameter atz50. The fourth column
indicates the phase dependence of carrier injection~provided
by energy conservation!. Two specific values offx are con-
8-6
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TABLE II. Phase-dependent modulation of the transmitted fundamental and TH beams and in
carrier density for 113 interference, to first order in z.

x3 uEvu2 uE3vu2 2uEvu22uE3vu2

Complex 22ux3usin(Df(0)1fx)z 2ux3usin(Df(0)2fx)z 4Imx3cos(Df(0))z
Imaginary 22ux3ucos(Df(0))z 22ux3ucos(Df(0))z 4ux3ucos(Df(0))z
Real 22ux3usin(Df(0))z 2ux3usin(Df(0))z 0
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sidered. Forx purely imaginary~i.e., fx5p/2), the enve-
lopes are in phase and the carrier injection isp out of phase.
The interference in carrier injection affects both beams in
same way. The only modification to the pump intensities
due to enhanced or suppressed absorption. Forx2 purely real
~i.e., fx50), the quantum interference contribution is nu
and there is no phase-dependent change to carrier injec
Changes to the pump intensities are due solely to ene
transference between the two beams; the electric-field e
lopes arep out of phase. Cascaded effects (Rex2(3) followed
by Imx1) do not appear until second order inz. These results
suggest an interesting application: experimental meas
ment of the phase offset value provides an indicator of
ratio of Rex2(3) to Imx2(3) , i.e., the phase ofx2(3) .

III. EXPERIMENTS

The apparatus used for the study of the 113 scheme is
illustrated in Fig. 2. The 112 apparatus was describe
previously.9 For both studies, all optical beams originat
from an optical parametric amplifier~OPA!, pumped by a
regeneratively amplified titanium-doped sapphire laser,
scribed elsewhere.19,20 Optical pulses are produced by th
OPA at a repetition rate of 250 kHz. Fundamental bea

FIG. 2. Experimental apparatus used for 113 studies. BBO-
1—SH generation crystal, BBO-3—sum-frequency generation c
tal, LPF—long wavelength pass filter, SPF—short wavelength p
filter, ND—neutral density filter, PZ—piezoelectric controlled m
ror, SR—dielectric to reflect short wavelengths and transmit lo
wavelengths,D1, D2, D3—silicon detectors, andF0.8– 0.8mm
notch filter.
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centered at 1.55mm and 2.03mm ~time-bandwidth products
of 0.6 and 1.0, pulse durations of 120 and 170 fs resp
tively! were used for the two studies. Phase-locked and
monically related beams were produced by nonlinear mix
in birefringent crystals. For the 113 studies, third harmonic
~TH! of the fundamental beam could not be efficiently ge
erated directly. The TH beam was produced through seco
harmonic generation of the fundamental beam@1 mm thick
b-barium borate~BBO!, type I mixing: o1o→e, upm
521.3°], followed by sum-frequency mixingv12v→3v ~3
mm thick BBO, type II mixing:e1o→e, upm524.7°). The
SH beam was later removed by filtering. To minimize pha
distortion between the beams, manipulation of the bea
was done with reflective optics and the use of transmiss
optics was kept to a minimum.

Phase control between the two beams is accomplis
with a two-color Michelson interferometer. The two beam
are separated by a dichroic mirror. Leakage between the
arms was avoided by transmission filters and dielectric m
rors. Fine control of one delay line~provided by a mirror
mounted on a piezoelectric@PZ# actuator! relative to the
other allows control of the phase between the two bea
Background-free phase-dependent measurement was ac
plished by lock-in detection synchronized to the fast mot
of the PZ actuator, controlled by a function generator. T
controller and PZ stage used could dither submicron d
tances at a rate of 1 kHz. The robustness of this detec
scheme to noise is a key advantage of this design. Comp
interfacing and control allowed automation of the measu
ment procedure. The control program created a slowly ram
ing signal that was added electronically to the function g
erator output wave form and input to the PZ controller. T
resulting motion caused the PZ to dither by an amplitu
determined by the function generator while sweep
through a slowly varying offset.

The two-color interferometer required careful alignme
to ensure a constant value for the phase parameter of
profile of the beams. Alignment for the 113 procedure used
the interference process itself. The nonlinear optical mix
process causes a phase-dependent variation of transm
TH power. The resulting TH profile after the~100!-GaAs
sample was imaged by a quadrant detector consisting of
independent detectors. Even though the phase-depen
variation of the transmitted beam was small, lock-in amp
fication allowed it to be resolved. Noncollinear beams~i.e.,
fringes in the spatial mode! result in phase offsets betwee
the four signals. The interferometer alignment was var
until all four traces were synchronized, corresponding to
single fringe present in the far-field mode. Single frin
alignment was verified by rotating the quadrant detector
45° and ensuring no loss of trace synchronization.

s-
ss

g
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TABLE III. Samples characteristics

Study Orientation Thickness Wavelengths Coh. length l coh ~Ref. 22! l a ~Ref. 22!
(mm) (mm) l coh5 (mm) (mm)

112 ~111! 0.65 0.775/1.55
c

2~2v!~n2v2nv!
1.2 1.4

113 ~100! 0.20 0.675/2.03
c

2~3v!~n3v2nv!
0.75 0.61
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Due to the different material symmetry dependencies
the two interference schemes, two sample orientations
GaAs were used:~100! and ~111!. For normal incidence
beams~100! GaAs was sufficient for the 113 studies. The
112 studies, which exploited the nonzerox2

xyz tensor ele-
ment, could not use~100! orientation with normal incidence
beams. Non-normal incidence beams could have provide
nonzero projection of the electric fields on thexyz tensor
element in a~100!-orientation sample but this experiment
geometry is not practical. Dispersion would require the t
beams to be set incident at different external angles to m
internal angles. In addition, the high index of GaAs cau
the internal angle in the material to be relatively small
even large external angles. For these reasons, normal
dence beams and~111! GaAs were used for the 112 studies.

Since both samples were grown by molecular beam
taxy, thin samples could be produced. Sample length was
taking absorption and coherence lengths into considera
The absorption depth of interest (l a) is the sample length fo
the electric fieldto fall to 1/e of its incident value, which is
twice the absorption depth of the intensity. The cohere
length l coh is limited due to dispersion between the two o
tical beams in the material and is defined as the crystal len
required for the phase parameter to vary byp, i.e., the inter-
ference varies from constructive to destructive over the
teraction length. The sample length was chosen to maxim
the total number of carriers affected by the phase-depen
process.21 This corresponds to an interaction length appro
mately half of the coherence length. The 113 sample was
designed with a shorter length due to the short absorp
depth of the TH electric field. For the sample lengths us
~Table III!, phase mismatch did not drastically decrease c
trol efficacy. The reduction in efficacy due to phase m
match is estimated to be'12% in the 112 studies and 3% in
the 113 studies.21 The sensitivity of the carrier monitoring
technique is also related to sample length as discussed b

Carrier density was monitored by probing the sample w
a separate optical beam. Since experiments were perfor
in thin samples, carriers could be monitored by the transm
sion of a probe beam whose photon energy was larger
the material band gap.23 State filling was the dominant caus
of transmission change for the probe wavelengths and ca
densities used in these studies.24 The probe absorption is re
duced due to an increase in the occupation factors of
electron and hole states (f e and f h) involved with the tran-
sition, according toa5a0(12 f e2 f h) wherea0 is the qui-
escent absorption of the material.25 For a small change in
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absorption,Da, the change in transmission through a sam
of length l is DTprobe/Tprobe52Da l where DTprobe
5Tprobe(N)2Tprobe and Tprobe(N) is the fraction of probe
power transmitted through the sample for an injected car
density ofN @Tprobe(0) is written asTprobe]. To maximize the
sensitivity of the measurement process, the independ
probe beam was selected to have a lower photon energy
the one-photon resonant pump beam, and thus it monito
states close to the bottom of the band. Thermalization of
injected carriers causes these states to be occupied af
few picoseconds after injection. This method has three
tinct advantages:

~i! The transmitted pump beams can be removed after
sample by wavelength filtering without affecting the pro
beam.

~ii ! The density of states at the bottom of the band
lower thus the change in absorption is larger for a giv
density of carriers.26

~iii ! The thermalization of the carrier population into a
Fermi-Dirac distribution will cause the lower states to
filled at the expense of the higher states.

To verify the linearity of the probe transmission as a fun
tion of carrier density at this wavelength, the probe tim
delay was set to 4 ps andDTprobe was monitored as a func
tion of one-photon resonant pump beam irradiance, o
more than two orders of magnitude of carrier density~Fig.
3!. The delay of 4 ps was chosen to allow the injected ca

FIG. 3. Change in transmitted 0.83-mm probe as a function of
injected carrier density in~111!-GaAs sample. The solid line is a
best fit to the data.
8-8
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QUANTUM INTERFERENCE CONTROL OF FREE- . . . PHYSICAL REVIEW B 68, 085208 ~2003!
ers to thermalize and occupy the states at the bottom
the band. A fit of this data with two parameters (A and B)
according toDT5AIB gives a value ofB51.086.03 which
is not far from the expected value of unity.

The above discussion is concerned with maximizing
change to the absorption coefficienta for a given carrier
density. Probe sensitivity is also improved if the change
transmission of the probe beam@ I probe(z)# is maximized for
a given change to the absorption coefficient. Assumin
uniform change to the absorption coefficient over the sam
length, the preferred probe interaction length is found
maximizing (d/da)I probe(0)e2az. From these consider
ations, the ideal sample length is the probe beam absorp
depth. This interaction length is close to the optimum sam
length as determined above for the 112 studies. The 113
sample was more tightly constrained by the previous con
erations of coherence length and the absorption depth o
TH electric field.

IV. EXPERIMENTAL RESULTS

Preliminary results for the 112 interference scheme wer
described previously.9 Carrier injection and optical transmis
sion were controlled through the phase parameter~Fig. 4!.
Rotation of the~111!-GaAs sample on an axis parallel to th
beam wave vectors allowed the mapping of the modula
amplitude as a function of crystal orientation~Fig. 5!.
Change of orientation varies the projection of the elect
field polarizations onx2. The sample orientation is chara
terized by the angle~u! betweenE2v and the@011̄# axis of
the semiconductor. The peak in the trace corresponded to
fundamental beam polarization aligned to the@011̄# direc-
tion. In addition to the magnitude of the modulation, there
information contained in the relative phase of the modulat
trace. For instance, traces measured at sample orientatio
u530° andu590° werep out of phase. This information
was included in Fig. 5 by the sign assigned to the amplitu
The solid curve is a best fit to the function sin(Cu), with C
52.96.05; this is close to the value of 3 predicted by m
terial symmetry properties.

FIG. 4. Phase-dependent change to carrier injection~1! and
transmission of the SH beam~d!. The solid traces are sinusoida
fits to the data.
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In the 113 scheme, a fundamental beam at 2.03mm and
TH beam at 0.675mm were focused on the~100!-GaAs
sample with beam waists of 3562 mm and 5462 mm ~mea-
sured by the knife-edge technique!. Peak irradiances were
2.1 GW/cm2 and 90 MW/cm2, respectively. The modula
tions of the transmitted TH pump beam and injected car
density were simultaneously monitored as a function
phase~Fig. 6!. The carrier modulation amplitude was slight
larger than 0.1% of the total number of carriers injected a
the change in TH transmission was slightly larger than 0.3
This is not the maximum modulation amplitude possible
this interference scheme since the two injection proces
~from one- and three-photon absorption! are not balanced a
these irradiances. This is discussed in more detail below
Fig. 6, the peak in carrier injection was assigned a rela
phase of zero since the absolute value for the phase pa
eter was not experimentally determined. The phase of
between these two curves is 0.18p with a standard deviation
of 0.06p.

For the irradiances used above, the number of carriers
to one-photon absorption dominated over the quantity
jected by three-photon absorption. For a fundamental be

FIG. 5. SH transmission modulation amplitude as a function
sample rotation~u!. The solid trace is a sinusoidal fit to the data

FIG. 6. Phase-dependent change to carrier injection~j! and
transmission of the TH beam~d!. The solid traces are sinusoida
fits to the data.
8-9
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J. M. FRASER AND H. M. van DRIEL PHYSICAL REVIEW B68, 085208 ~2003!
irradiance of 2.1 GW/cm2, a reduction in the TH irradiance
reduced the difference between the two injection rates~Fig.
7!. The efficacy of the control process improved for low
TH irradiances but did not reach a plateau. Below a TH be
irradiance of 4 MW/cm2, the probe phase-dependent mod
lation is obscured by background noise. As described by
~13! ~for a constant fundamental beam irradiance!, the data in
Fig. 7 are expected to fit a relationship of the form:

DN

N
5

DI 3v

Nv1N3v
,

where Nv(N3v) is the number of carriers injected by th
three- ~one-! photon absorption processes,I 3v is the TH
beam irradiance, andD is a fitted constant. The solid line i
Fig. 7 is a fit to the exponential functionDN/N5AI3v

B with
B520.5360.04. This is consistent with the value ofDN/N
being dominated by one-photon absorption. The density
carriers injected by one-photon absorption at the lowest m
surable irradiance was 431016 cm23.22 For a three-photon
absorption coefficient of 0.14 cm3/GW2,27 and a fundamen-
tal irradiance of 2 GW/cm2, the carrier density injected b
the three-photon process is calculated to be 331014 cm23.
Even though measurements at such low carrier dens
could not be made, an estimate of the maximum fringe c
trast can be obtained by extrapolating the trace shown in
7 to lower TH irradiances. For a three-photon absorpt
coefficient of 0.14 cm3/GW2, the maximum modulation am
plitude is 3.3% of the total number of injected carriers.
noted earlier, the modulation amplitude is expected to
larger for control involving states close to the bottom of t
band, but this could not be experimentally verified due to
limited tuning range of the OPA.

The effect of chirp on the phase-dependent modula
was investigated by introducing additional glass in the be
path. The modulation envelope did not change, although
overall magnitude decreased. The information contained
the modulation envelope is similar to that provided by

FIG. 7. Phase-dependent modulation amplitude of injected
riers as a function of TH beam irradiance. The solid trace is a b
fit to the data.
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interferogram obtained from a one-color interferomet
namely, the power spectrum of the beam. Since even an
coherent light source can produce an interferogram, any l
beam can produce the quantum interference effects u
study. Although this is technically true, chirp does reduce
amplitude of the envelope by reducing the efficiency of t
nonlinear process. This is analogous to changing the b
splitter ratio in the one-color interferometer from a 50:
value. The envelope shape and oscillation period do
change but the fringe contrast is reduced. In a similar fa
ion, an incoherent light source would produce a negligi
quantum interference effect of the type discussed in this
per.

The modulation amplitude for both carrier density a
transmitted pump beam was shown to agree with the fo
fold symmetry of the crystal structure~Fig. 8!. Unlike the
results for the 112 interference scheme, sample rotation p
mits access to different tensor contributions@Eq. ~16!#. The
sample orientation angleu refers to the angle between th
polarization of the pump beams and the@001# crystal axis.
The modulation amplitudes have different dependenc
on the sample orientation. These results would not be
tainable if only the cascaded process was involv
since then a maximum modulation amplitude in the transm
ted TH pump beam would correspond to a maximum mo
lation in injected carriers. An intuitive understanding
these results can be obtained by consideration of the cou
wave equations in the thin sample limit. Within this mod
the phase-dependent transmitted TH power depends
ux3~23v;v,v,v!u while the change in injected carriers d
pends on Imx3~23v;v,v,v! ~Table II!. From Eq.~16!, the
effective x3 elements at 0° and 45° arex3

xxxx and 1
2 (x3

xxxx

13x3
xxyy), respectively. The results of Fig. 8 are then co

sistent with the magnitude of 2Imx3
xxxx being greater than the

magnitude of Im@x3
xxxx13x3

xxyy# but 2ux3
xxxxu,ux3

xxxx

13x3
xxyyu. The semi-ab initio calculations by Mosset al.28

predict values of the tensors elements for 2.03mm light that
agree with these inequalities.

r-
st

FIG. 8. Modulation amplitude ofDT3v /T3v ~j! andDN/N ~d!
as a function of~100!-GaAs orientation. The solid traces are sin
soidal fits to the data.
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QUANTUM INTERFERENCE CONTROL OF FREE- . . . PHYSICAL REVIEW B 68, 085208 ~2003!
V. ANALYSIS

To interpret the experimental results, the nonlinear mix
and free carrier injection processes occurring in the t
samples are modeled more completely than the series s
tion described in Sec. II. To relax the assumptions inheren
the series solution, a more detailed analysis involving a
merical simulation is required. The simulation solves for t
self-consistent carrier density, electric-field amplitudes, a
phases as a function of crystal position using a Green’s fu
tion formalism. This analysis includes several processes
were neglected in the series solution. Not only is the t
interaction length assumption not made, but phase mism
and reflections from boundaries are also included. Phase
match arises due to dispersion between the fundamenta
higher-harmonic beams. In addition, the coupled wave an
sis assumed that all beams were propagating in one direc
even though electric fields from the polarization source te
propagate in all directions. This approximation is usually a
propriate since phase mismatch in sufficiently long samp
renders the backward propagating beams negligible. Th
not a good assumption for interaction lengths on the orde

FIG. 9. Injected carrier density~solid line! and transmitted TH
power ~dotted line! as a function of the phase parameter in~100!
GaAs.

TABLE IV. Properties of incident light fields and~100!-GaAs
sample as modeled by 113 numerical simulations, unless otherwis
noted.

Parameter Value

Fundamental wavelength 2.03mm
Fundamental irradiance 2.1 GW/cm2

TH irradiance 0.09 GW/cm2

GaAsnv 3.34 ~Ref. 22!
GaAsn3v1 ik3v 3.810.17i ~Ref. 22!
Sapphirenv 1.7
Sapphiren3v 1.7
x3 2(1.410.14i )310218 m2/V2

Imx5 4.7310236 m4/V4 ~Ref. 27!
Sample length 0.20mm
Pulse duration 170 fs
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the wavelength. The numerical model does not invoke t
assumption.

The main challenge in determining a solution for this sy
tem is that the electric-field amplitudes depend on the po
ization source terms which themselves depend on the fie
Since counterpropagating beams are present, this prob
cannot be solved simply by following the propagation of t
optical beams through the crystal. For instance, comp
knowledge of the incident beams is not sufficient inform
tion to know the electric-field density at the entrance fa
due to its dependence on the polarization source te
throughout the material. An iterative process was imp
mented to obtain a self-consistent solution.

Similar algorithms were implemented for both the 112
and 113 studies. The later is described here and results fr
both schemes are summarized. The simulation included n
linear source terms originating from Rex3(23v;v,v,v),
Imx3(23v;v,v,v), and Imx5(2v;v,v,v,2v,2v).
The simulations were performed assuming an experime
geometry of parallel polarized beams of wavelengths 2
mm and 0.675mm incident on~100! GaAs ~direction of po-
larization parallel to the@011̄# crystal axis!. Results for the
injected carrier density and transmitted third-harmonic~TH!
beam are shown in Fig. 9 for the parameters indicated

FIG. 10. Phase offset between carrier density and transm
TH traces as a function of Imx3 /Rex3 in ~100! GaAs for normally
incident beams.

TABLE V. Contributions from various~100!-GaAs parameters
to the phase-dependent modulation amplitude in carrier density

Rex3 Imx3 Length Amplitude Phase offse
(10219 m2/V2) (10219 m2/V2) (mm) ~%! ~rad!

27 20.7 0.20 0.048 0.51
0 20.7 0.20 0.028 3.3
27 0 0.20 0.050 20.17
214 21.4 0.20 .097 0.51
27 20.7 .002 0.12 1.7
0 20.7 .002 0.12 3.4
27 0 .002 0.017 0.0
8-11
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J. M. FRASER AND H. M. van DRIEL PHYSICAL REVIEW B68, 085208 ~2003!
Table IV. Mosset al. calculated the effectivex3 element for
this sample orientation to be2(7.10.7i )310219 m2/V2,28

but this input parameter has been doubled for compariso
experimental results~Sec. IV!. The small offset between
these two traces is due to the small value of Imx3 relative to
Rex3. The dependence of this offset on the magnitude
Imx3 /Rex3 is shown in Fig. 10. Comparison to experimen
results provides a measurement of Imx (3)/Rex (3)50.11
6.03 in ~100! GaAs at 2.03mm.

To assess the different contributions to the nonlinear m
ing process, various input parameters of the simulation w
set to zero and the amplitude of carrier modulation was
termined~Table V!. The ratio of the cascaded/direct interfe
ence contributions was determined to be approximately
to one. The phase offset between the transmitted TH b
and carrier injection was shown to be very sensitive to
presence of the direct interference process. In an extrem
thin ~2 nm! sample, the direct interference effect dominat
For comparison with experimental results, the simulat
was also performed for a value ofx3 twice that predicted by
Mosset al.

Though not experimentally realizable, it is interesting
consider the maximum efficacy of carrier control obtain
when one- and three-photon absorption rates are balan
For the wavelengths of 0.83/2.5mm, Mosset al. predicted a
zero value for the Rex3 element and 1.1310218m2/V2 for
the Imx3 element. For this value ofx3 and electric-field
magnitudes corresponding to balanced one- and three-ph
absorption rates, the numerical simulations predicted an
cacy of carrier control greater than 10% with the domin
contribution originating from the direct interference proce
The efficacy of density control process increases somew
beyond 10% if shorter interaction lengths could be used.
fortunately, the accuracy of these predictions depends on
magnitude of Imx5 ~estimated to be 5310236 m4/V4),27 for
which there has been no detailed calculation.

For the 112 interference scheme, the relative magnitud

TABLE VI. Contributions from various~111!-GaAs parameters
to the phase-dependent modulation amplitude in carrier density

Rex2 Imx2 Length Amplitude Phase offse
(10210 m/V) (10211 m/V) ~mm! ~%! ~rad!

2.05 7.54 0.65 2.5 1.1
0 7.54 0.65 2.4 3.2
2.05 0 0.65 2.1 20.3
2.05 7.54 0.006 4.7 2.1
0 7.54 0.006 4.7 3.3
2.05 0 0.006 0.2 0.0
08520
to

f
l

-
re
-

o
m
e
ly
.

n

ed.

ton
fi-
t
.
at
-

he

s

from the two phase-dependent contributions to carrier inj
tion were also verified by setting various nonlinear coupli
terms to zero~Table VI!. The numerical results indicate tha
the quantum interference process strongly affects the ca
injection rate for these experimental parameters. For a v
short interaction length~6 nm!, the amplitude of control cor-
responds closely to the ideal case with negligible contri
tion from the cascaded process, as predicted in Sec. II. A
noted in Table VI is the phase offset between the transmi
SH power and injected carrier density sinusoidal trac
There is a sharp difference in this value for the two differe
processes. In the cascaded process alone, the change i
rier density closely follows the change in transmitted S
power, indicated by a phase offset close to zero. In the qu
tum interference process alone, the two traces are nearly
of phase. When both are present, the phase offset falls so
where between these two extremes. The phase offsets fo
very short interaction length match closely the results p
dicted by the series method solution of the coupled wa
equations~as summarized in Table I!.

Quantitative experimental results are summarized in Ta
VII. It should be noted that the value measured forDN/N for
the 113 studies was limited by experimental sensitivity a
the maximum fundamental beam irradiance obtainable. C
rier injection from the one- and three-photon absorption p
cesses was not balanced. As such, the listed value is co
ered a lower bound for the efficacy of carrier control at the
wavelengths and for this experimental geometry.

VI. CONCLUSION

The experimental results for carrier control in GaAs pr
vided an initial verification of the theory of quantum inte
ference control of carrier injection and optical absorptio
These studies could be extended to structured materials
mentioned earlier. This work has explored the use of t
different schemes to exploit different material symmetries
obtain interference. Heterostructure engineering could ta
wave function to obtain greater efficacy of control. In a
material, quantum interference experiments completed o
large wavelength ranges could yield interesting informat
about the semiconductor that is not accessible through o
beam experiments. Since the interference effect is sens
to the overlap~and relative phase! of the wave functions
involved in the transitions, information can be obtained
assist in mapping out the wave functions of carriers in
crystal. At the very least, these results could be used to ve
theoretical calculations of nonlinear susceptibility and ba
structures. Access to the imaginary component of the non
ear susceptibility provides a more direct comparison to ba
structure calculations than provided by standard experim
TABLE VII. Experimental results of phase-dependent modulation of carrier density in bulk GaAs.

Study GaAs Wavelengths MaxDN/N Phase offset
~mm! observed~%! ~rad!

112 ~111! 0.775/1.55 1.9 1.1 Imx2 /Rex250.32
113 ~100! 0.675/2.03 0.5 0.6 Imx3 /Rex350.11
8-12
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which yield the magnitude of the effective tensor elemen29

A simple method for verifying theoretical calculations
nonlinear susceptibility terms is suggested by the expres
for the maximum contrast obtainable in the modulation
injected carriers. The ratio of modulation to the total numb
of carriers injected can never exceed a magnitude of un
This upper bound imposes a relationship between diffe
orders of the nonlinear and linear electric susceptibility t
sors. For the 112 scheme, the relationship is
to
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uIm@x2
eff~22v;v,v!#u

,AU32Im@x1
eff~22v;2v!#Im@x3

eff~2v;v,v,2v!#U,
~18!

wherexq
eff is the effective tensor element, dependent on

polarization of the electric fields. For the 113 scheme, a
similar inequality holds:
uIm@x3
eff~23v;v,v,v!#u,AU10

3
Im@x1

eff~23v;3v!#Im@x5
eff~2v;v,v,v,2v,2v!#U. ~19!
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Thus a lower bound can be calculated for the two-pho
absorption of a material from its one-photon absorption
efficient and its second-order nonlinear susceptibility. Lik
wise, a lower bound for the three-photon absorption can
determined from empirically obtained one-photon absorpt
measurements and calculations for the third-order nonlin
susceptibility. These inequalities provide a simple method
verify susceptibility calculations or to predict the magnitu
of higher-order effects based on the values of lower-or
expressions. For example, using the results of Mosset al. for
Imx3

xxxx, the magnitude of Imx5
xxxxxx at 0.53 eV must be

more than 5.7310237 m4/V4.
The inequalities of Eqs.~18! and ~19! pertain to only the

imaginary components of the tensor elements. The real c
ponents can be calculated through Kramers-Kronig relat
ships if the corresponding imaginary part is known ove
sufficient wavelength range. Inequalities involving other s
ceptibility terms can be obtained by consideration of ot
interference schemes. Inequalities between the tensors o
same order but at different frequencies are also possible.
example, an inequality relating the magnitude of Imx3 at
three different wavelengths can be found by consideratio
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