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Quantum interference control of free-carrier density in GaAs
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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 batween
and m multiphoton absorption events are considered depending on whetheris even or odd. Iih+mis
odd, phase control of carrier density can be observed only in a noncentrosymmetric crystamifs 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
Xn+m-1- 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.p%n pulses and one-photon vs three-photon absorption with 0.675
and 2.03um 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 componepisaafl y; for GaAs at
1.55um and 2.03um, respectively.
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[. INTRODUCTION ent approaches, sometimes referred to as interference and
optimal control, are reviewed in the excellent papers of Sha-
Laser control over electronic, atomic, and molecular phepiro and Brumer, and Rabitzet al®
nomena has been pursued for several decades. Although laserThe control of continuum states or free carriers in a semi-
intensity is often the defining optical parameter, it has alsaonductor may have been thought to be a candidate for op-
been recognized that the phase characteristics of one or matienal control. However, Atanasoet al! calculated that the
optical beams can also be used as control parameters. Thgerference between one- and two-photon absorption pro-
operating principle is the manipulation of constructive andcesses accessing valence- and conduction- band states in a
destructive interference in transition amplitudes to drive abulk crystalline semiconductor could lead to the injection of
system into states not achievable by more conventionain electrical current. Although this effect can occur in both
means. This methodology has come to be referred to as ceentrosymmetric and noncentrosymmetric media, it was
herent or quantum control. An early example of this ap-demonstrated in(noncentrosymmetrjc GaAs at room
proach was the control of optical absorption of a gas videmperaturé.Since current generation can occur for a broad
interference of one- and three-photon absorption pathwaysnge of continuum states, it should not be surprising that
using a fundamental and a derived third-harmonic opticalnterference control would suffice to achieve this. More re-
pulses to connect the same initial and final stat&nce cently, we and our colleagues have also shown that interfer-
then, there have been numerous demonstrations of the use @fice between one- and two-photon absorption processes in
phase-related optical pulses with commensurate frequenci€3aAs can also lead to phase control of carrier populations or
to control systems with characteristically discrete states, e.ggptical absorptiori. Due to parity selection rules, such an
manipulate the total yield of simple chemical reactibesn-  interference scheme is not allowed in a simple atomic sys-
trol semiconductor exciton populatidrar produce asymmet- tem.
ric ionization of carriers in quantum welfs. In this paper we report results of a theoretical and experi-
For complex, e.g., polyatomic molecular, systems formental investigation of how interference between transition
which numerous pathways can connect the initial and finahmplitudes involving multiphoton absorption pathways using
states and for which dephasing and redistribution of abharmonically related beams can be used to control carrier
sorbed energy can occur rapidly, the use of well-defineddensity or net optical absorption in semiconductors and have
phase-related pulses with commensurate frequencies has piarried out experiments in bulk GaAs at room temperature,
duced limited successes. For such systems a more general particular. Within the context of a Fermi's Golden rule
approach in which pulse shapers are used to define phase afadmalism for absorption we show thatrifis the number of
spectral characteristics of femtosecond pulses has been cgphotons involved in one pathway amd is the number of
sidered. The pulse shaper can be made to be part of a learphotons involved in the second, the control schemes can be
ing loop in which feedback from an experiment is used todivided into two general classes according to crystal inver-
define new pulse shapes, thereby eventually leading to sion symmetry properties. ti+m is odd, phase control of
form of optimal control over a particular process through thecarrier density can be observed only in a noncentrosymmet-
myriad of quantum interference processes. These two differic crystal; if n+m is even, interference can be observed in
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both centrosymmetric and noncentrosymmetric materials. Aentire Brillouin zone. The independent particle picture analy-

important component of this paper concerns the placement @fis has been shown to be equivalent to a more detailed many-

the quantum interference process within the context of thdody formalism for expectation values of single-particle

standard macroscopic treatment of linear and nonlineaoperators®!' Many-body effects(arising from excitons,

optics—the electric susceptibility formalism. The reason forother quasiparticles, or particle-particle scatteriage not

this development is twofold. Inclusion of interference effectsconsidered and local-field corrections are also not included.

in Maxwell's equations allows a full determination of the These effects may play a role for experiments involving high

optical beams as they propagate through the sample. Thusarrier densities or carrier injection at energies in which Cou-

we can solve for the flow of energy between the beams antbmb interactions are expected to play an important fiode,

the material and the flow of energy between the beams thenin GaAs, injection involving states within 5 meV of the bot-

selves. This is important for the modeling of experimentaltom of the conduction band and the top of the valence pand

results. In addition, consideration of quantum interference The theoretical development of quantum interference con-

within the susceptibility formalism provides a new interpre-trol for the 142 scheme was previously completed within a

tation of the origins of certain tensor contributions to thesecond quantization formalistnThe independent particle

optical response and their role in energy transfer betweepicture, as employed here, is shown to yield the same results.

optical fields and semiconductor. For ar-m scheme, the In addition, the extension to a genemktm scheme is

interference contribution to the density control is shown tostraightforward in this formalism.

be related to the imaginary part of the nonlinear electric sus-

ceptibility xn+m-1- 1. Fermi Golden rule calculation of linear

This paper is organized as follows. Section Il describes a and nonlinear absorption

time-dependent pertyrbaﬂon theory_ gnaly_sls of quantum in- yhe independent particle picture, the optical properties

gerferen_ltzﬁ'bgt\aveen |(;1terband' tlran3|t|(|)n§ u:ja b'lulkhsem[conéf a semiconductor are determined by consideration of a

e mepenerL palcle i delals e IirCinge eecon of quasimomertus wih Boch statd,
: in bandv. The states corresponding to energy levels at qua-

carriers and transmitted light beam is desired, pmpagat'ogimomentunk, in higher or lower bands provide a complete

effects are modeled by solving the nonlinear coupled Wave asis in which to understand the time development of the
equations, derived from Maxwell’s equations including theelectron under a perturbatiginvolving negligible momen-
nonlinear po_lariz_ation terms associat_ed with quantum inf[er'Eum transfer, i.e., within the dipole approximatjori-or a
ference._ Ins!ght IS p_rowded by_ a sefies expansion .SOlunonSemiclassical analysis in which the material is treated quan-
appropriate in the thin sample limit. Section Il describes thetum mechanically and the field classically, the Hamiltonian
experimental techniques employed for the measurements 90r one electron can be written’3s '

GaAs. The interference schemes considered here are one-

and two-photon absorptiof1 +2” scheme; optical pulses

at wavelengths of 0.775 and 1.38n), and one- and three- 1 e
photon absorptiof‘l +3” scheme; 0.667 and 2.08m) us- H= m( p— oA
ing nominally 150 fs optical pulses. Experimental results are

described in Sec. IV. Comparison to theory is provided by ayherep is the momentum operato is the vector potential
more complete modeling of the coupled nonlinear wavepf the optical beaniE= — (1/c)(d/dt)A], andU(r) is the
equations, solved by numerical simulation using a Green'geriodic potential provided by the atomic lattice and other

function formalism(Sec. \}, and conclusions and comments glectrons in the systefi.As is the common practice, the

2
+U(r), 1)

on pOSSible future work are included in Sec. VI. interaction has been written in the Ve|0city gal_[m Op-
posed to the length gaugg (t) wherer is the position op-
Il. THEORETICAL CONSIDERATIONS OF QUANTUM eratol since Bloch states extend over the crystal. This
INTERFERENCE IN BULK SEMICONDUCTORS Hamiltonian can be separated into unperturbed and perturbed

contributions, where the perturbation arises from the light

field [ — (e/mc)pA(t)]. The particle wave function can then
We begin by considering absorption of light in a semicon-be written in terms of a superposition of the basis set of the

ductor crystal involving the promotion of an electron from a unperturbed system:

valence band to a conduction band using a Fermi Golden

rule analysis. This section determines the expressions for the

transition rate within the independent particle picture for a = aj(t)e—iwjt|q)j>,

clean, cold semiconductor in the presence of two harmoni- ]

cally related beams which connect the same states in the

conduction and valence bands. An electron of quasimomenNhereIaj(t)|2 corresponds to the probability of finding the

tum k is treated independently of all other electrons. Theelectron in statg at timet. Application of time-dependent

response of the system to a perturbation arising from two operturbation theory allows the determination of the coeffi-

more beams with coherence times longer than the time scalegents a; in terms of an order-expansion involvir@f“),

of interest is determined by summing the contributions fromwhereq refers to the power dependence of the coefficient on

all the electrons in the system, i.e., by summing over theelectric field.

A. Microscopic origins of quantum interference
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Initially, an optical beam with a single harmonic compo-
- . . Bt)=—
nent at frequency is considered: ai”’(t)

e )3 [PrALILPIALILPAL]
fime/ 77 (0—w),)( 20— o),)

) ) ) . e—i(3w—wfv+3i 7t

A(t):Awe—l(w-H7])t+A:)el(m—l7])t’ — (5)
(Bw—ws,+3i7)

where* indicates complex conjugate. The quantitywhich

is small and positive, allows the optical fields to be turned on

slowly in the distant past: The system of interest involves

optical beams with wavelengths considerably longer than th

length of a unit cell, thus justifying the dipole approximation.

Intermediate states as denotedjlaydl include the initial
and final states. It should be noted that the higher-order terms
8s expressed here are not correct if lower-order terms are

; . ) N- honzero'? For instance, if the optical beam is one-photon
The system under study is a semiconductor at 0 K in whic

Il th duction band E | initiall esonant p=ws,), the second-order expression diverges
all the conduction bands are empty. For an electron initia yWhenj =f. Since the present analysis considers only the first
in the valence ban(bstatev), the first-order transition ampli-

; ) nonzero contribution to the transition amplitudes, these arti-
tude to conduction band stattés ficial divergences are not encountered. Equatignsnd (5)
can be used to find two- and three-photon absorption rates in
e i(0—og, +int an analogous fashion to that used to obtain Bgy.

)

af(t)= - —p;,A

Amct T (w—ws, +in)’

2. Quantum interference: #2 scheme
In the case for which the incident beam contains both
fundamental and second-harmoni8H) components and
%Eg<ﬁw< By,

where

pfv:<q)f|p|q)v>! W, = W™ Wy, .

. . . — —i(w+in)t i(w—in)t —i(Ru+in)t
The first-order expression also includes a nonresonant A(D=Ae (T ATl TN A, e7i(Zotin)
contribution related t&\ _, that corresponds to emission. In LAX @l (@o-int
the limit as » approaches zero, the one-photon absorption 20 '
rate between statasandf is

the transition rate between initial stateand final state at
d quasimomentunk is
T(w) = glalE,
n _

2
=2

d
| IPrAL 80— wr,). Ti=g; a1+ [af?)? +af(af?)* +af? (@) * o, (6)

The total one-photon absorption rate includes contribu- . o
tions from all the electrons in all the valence bands. Thus, th&vhere the first-order term originates from the one-photon
total transition rate is determined by summation over all posiransition due to the SH beam and the second-order term is
sible initial and final stateéncluding sping: the two-photon transition related to the fundamental beam.
The remainder of Eq(6) is composed of cross terms be-
tween the individual amplitudes. As can be seen by inspec-
W) e \? ) tion, the transition rate can be set to zero by careful selection
T (“’)—Zﬂkgf 7mo PrAuldle=on). (3 of A, andA,,; i.e. selecting appropriate phase and inten-
v sity values of the incident beams such that the cross terms
cancel the one- and two-photon-absorption contributions.
For the purpose of clarity, thedependence qgf;, andw;, is  The second-order process usually requires a considerably
not noted explicitly. more intense fundamental beam for this condition to be sat-
If the incident beam photon energy is less than the bandisfied. Note also that Eq6) describes the transition rate for
gap energy, the first-order term is zero and higher-ordea single particle at a specific quasimomentum. The total tran-
terms must be considered. Application of perturbation theorition rate must be determined considering all such particles.
provides the amplitudes related to two- and three-photon akBetting the phase and intensity of the incident beams to pro-
sorption: vide perfect cancellation at one positionkrspace does not
guarantee perfect cancellation over the entire Brillouin zone,
e | [puA A 2 wp, + 2i )t as is describe(_j in more det_ail _below. The full tra_nsition rate
) 2 PiiALlLPjAL] . can be determined by substitution of E(®.and(4) into Eq.
himc/ 5 (0—w},) (Ro—owq,+2in)’ (6) and summing over the entire Brillouin zone and all pos-
(4) sible bands:

af?(t)=
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e 2

2 4
_ | A |2_|_ i
mc PtuA26 Amc
T=27,

3 ) .
k,v,f _ (i) [pquzw]( E [pfjAw][pijw]

Amc i (00— wj,)

[PsjALILPAL]
; (w_wjv)

+cC.C.

=

5(2w— wy,). (7)

The magnitude of the interference cross term can be calciefficient at different spatial points of one of the mirr@Fsg.
lated by fully evaluating this expression, but inspectionl— right). Changing the beam splitter ratiike changing
yields some useful insight. For any material, time-reversathe ratio of fundamental to SH irradianc@ay improve the
symmetry requires thab;, (k) = »;,(—k). In semiconduc- f.ringel contrast but cannqt completely compensate for a spa-
tors with a center of inversiom;, (k) = —p;,(—k) and can tmlly_mhomogeneous mirror. Unless the ratio of tre}nsn_lon
be considered purely reHi Since the interference cross term amplitudes has no dependencekorcomplete cancellation is

in Eq. (7) is a product of an odd number of momentum Not possible. .

matrix elements, it is odd ik for centrosymmetric materials. !t iS interesting to note that the result obtained for cen-
As such, the relative phase of the interference téamde- TOSYmmetric materials, namely, that the cross termisand
termined by the phases of the momentum matrix elements K Nave opposite signs, allows the production of bias-free
and the optical fieldsat + k is always exactlyr out of phase ~ CUITeNts. Due to this interference effect, more carriers are
with the term at—k. Summation over all k space yields a |nJect_ed on one S'de of _the _Bnlloum zone than the other. The
zero result for the phase-dependent term, independent of t{gSulting polar distribution in momentum space corresponds

optical intensity or phases. Thus, the total carrier injectiorfC & N€t motion of charge; this is the microscopic origin of
oherent control of current as described and observed by

and optical absorption cannot be manipulated through thIehe e .

1+2 scheme in centrosymmetric materials. In a noncen!1ache®®and others!**The present analysis clearly shows
trosymmetric material, the interference term can have a cornt-he difference between the control of current and the control
ponent that is even i’rk. Summation over all momentum _of carrier injection. Although both can be observed_ by the
space can yield a nonzero control of the total carrier injectio nterfedrifnce betwee’.‘ Fge' ang twg—photgn habsorhptlon, they
rate, corresponding to a control of the effective transparenc ave different material dependencies and the coherent con-
of the material. Note though that there is no requirement thal ol of current does not affect the total amount of light energy
the interference term be purely evenkinthus in the general absorbed.

case, the relative phase of the interference term varies as ateqﬁat'?nt(T).c.an tbg put into da more a((:jceismle dnotatlon
function of k, causing a reduction in the possible control V! € total injected carrier ensmyl.e_m phase depen-
efficacity. dence explicitly noted. The total transition rate corresponds

In addition to a reduction of control due to tikespace to three terms representing carrier injection originating from

dependent relative phase, the ratio of the magnitudes of th%ne-p_hoto.n, two-photon, and cross-term contributions, re-
one- and two-photon transition amplitudes also depends Oﬁpecnvely.

k. Thus, a ratio of fundamental and SH irradiances that pro-

vides perfect cancellation & may not provide perfect can- : . )

cellation atk,. The analogy of the Michelson interferometer T=N2y+Ny+ Ny 2

is useful in understanding holetspace variation of the rela-
tive phase and transition amplitude ratio limits the total con- _ . i i1 :
trastpobtainable. For a singlepparti(ﬂ'eq. (6)], balancing the Substitution ofE,, = (iw/C)A,, andE,,=|E, |e” (the ith car-

arms(i.e., balancing the magnitude of one- and two—photontes'an component of vectd, ), the interference term can be

absorption provides perfect contrast. The ensemble of par_rewrltten as
ticles corresponds to an interferometer involving many dif-
ferent paths. Variation of relative phase as a functiork of
corresponds to a surface of one of the mirrors of the Mich-
elson interferometer being unevéRig. 1— left). Control-

ling the overall path length difference cannot compensate for
variations in individual paths. As a result the overall contrast
as observed by the detector is reduced. The extreme limit
occurs if the uneven mirror delays half of the beam by ex-
actly 7 relative to the other half, reducing the contrast to \3/D 3D
zero. This corresponds to the case of thet'2 matter inter-

ferometer” involving centrosymmetric materials. The second  FIG. 1. Michelson interferometers that cannot achieve ideal
limiting factor, i.e., thek-space dependence of the ratio of fringe contrast due to variation in path lengdtaft) and inhomoge-
transition amplitudes, can also be included in the Michelsomeous reflectivity of one mirror(right). BS—beam splitter,
analogy. This would correspond to a different reflection co-D—detector.

uneven
surface

higher

reflectivity reflectivity

BS
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Nw o= §gg°ngEEch_w+C.C. 3. Quantum interference: #3 scheme
zzggtbﬂ E§w||EE,||EZ|C05( ¢gw_¢g_¢z), (8) It is clear that the previous analysis can be extended to
higher-order interference schemes, involving0 and
cHriphoton absorption, whemew,=mwy,, Nw,ii>Ey, andn
andm are positive integers. The form of the final term of Eq.
(7) also suggests the material dependence for control of total
)5(2w—wfv), carrier injection for these higher-order processes. When
+m is odd, as is the case for+R interference, the cross
9 term is odd ink for centrosymmetric materials, resulting in
whereV is the normalization volume. Note that the property the control of total carrier generation dependent on the sym-
that £3°° is purely real was used to obtain EB). This  metry breaking of the material. Far+m even, the cross
explicitly shows the phase dependence of the interferenckerm is expected to be even knfor centrosymmetric mate-
process and how it is related to the phases of the opticaials. To verify this hypothesis, the interaction of a semicon-
beams. For our purposes, the expres&iﬁ@o—¢g—¢z is  ductor with two beams of frequencies and 3w is consid-
referred to as the phase parameter. As shown in(By. ered, where%Eg<ﬁw<%Eg_
manipulation of the phase parameter provides dynamic con- The total transition rate is determined with the expres-
trol of the injected carrier rate. sions fora{*(t) [Eq. (2)] anda{®(t) [Eq. (5)]:

where repeated indices are summed over the Cartesian co
dinates, and

abc_z I ( e
S =
“ V ,p3lAm

3 ( p3iLpfpS,]
k,v,f,j

w—wjv

e )6‘ z [prAw][plew][plvAw” ?

e 2
— | IprAs, |2+
(ﬁmc) L PSP (0 wp) (20— wy,) |

T=3
Wk;f +(i)4 A > [PrALIP AP AL
Amc [ProAs.] 7 (0= 0,)(2o—w,)

6(3w—wy,). (10)

+cC.C.

Note that for centrosymmetric materials, interference termshe wave functions for the relevant coupled valence- and
atk and —k are equal. Thus the summation overlalipace = conduction-band states possess atomi@and s type sym-

can result in a nonzero result. metries, respectively, in the absence of many-body correc-
With E5, = (i3w/Cc)As,,, the interference term in EL0)  tions. In that case, as with the actual atomic case of popula-
can be put into more accessible notation: tion, one might expect the efficacy of control to approach
_ unity.
N, 3,=£50°%E5 E° E° E® +c.cC.
= 2§§2°d| ES, I E°||ES||EC|cog b3~ ¢°— S — pY), B. Macroscopic interpretation of quantum interference
(12) The origin of quantum interference in free carrier injec-

o _ tion is easily understood in terms of the time-dependent per-
where repeated indices are summed over the Cartesian co{rrbation analysis as outlined in the preceding section. This

dinates and viewpoint is particularly well suited to understanding absorp-
tion at a specific location in the material but provides little
e A P PAPSPS,] information on the overall flow of energy between the beams
30 Ty 4l Am i (0= 0),) (20— o)) themselves and between the beams and the crystal over some
interaction length. To quantify these effects, it is convenient
X 8(3w— wy,). (120  to place the quantum interference process into the context of

] a ] _the standard macroscopic phenomenological description of
Sincepy; can be considered purely real for centrosymmetrichonlinear optics—the nonlinear susceptibility formalism.
materials, the required phase between the beams for maXi"hiS allows the mode"ng of energy flow and beam propaga-
mum cancellation does not vary with in contrast to the tjon through application of Maxwell equations. In addition to
results found for the 12 scheme. Maximum interference assisting in quantifying propagation effects, the determina-
occurs at evenk for optical beams Wher¢§w—¢z— b, tion of where this interference effect resides in the phenom-
— ¢9=0,7. As found in the previous case, an intensity ratioenological model provides insight into the model itself. As
that provides perfect cancellation at one positiorkispace developed in Ref. 9, the42 interference term is related to
does not guarantee perfect cancellation over the entire Brikthe imaginary component of,(—2w; w, ). A similar mac-
louin zone. In the case wheré @ is tuned to the band gap, roscopic analysis can be carried out for incident beams that
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TABLE I. Phase-dependent modulation of the transmitted fundamental and SH beams and injected carrier

density for 12 interference, to first order in z.

X2 |Ew|2 |E2w|2 _|Ew|2_|E2w|2

Complex —2|x|sinA ¢+ )z 2|xlsin@ - )z 41my,cos@ )z
Imaginary —2| x2lcos@¢©)z —2|x2|cos@¢)z 4| x2lcos@¢©)z
Real —2|x2lsin(A ¢z 2| x2/sin(A ¢ @)z 0

couple one- and three-photon transitions. Consider two As in the case of 2 interference schenteenergy trans-

beams of frequencies and 3v, where3Ey<fiw<3Eg:

E(t)=E_ exp —iwt)+Ez exp —i3wt)+c.C.

fer can occur between the two beams directly. For energy

densities of the fundamental and third-harmonic bea&)s (
andes,), the rate of energy transfer is

Consideration of the energy loss from both beams permits

the evaluation of the injected carrier dendity

N:Nw+N3w+Nw,3a)! (13)

where the first two terms are the carrier injection rate due to

é3w— 'ew=4(3w)R{ng°d( —3w;0w,0,0)]
x|ES.I[EolESIIES]

Xsin(¢3,— o2 — ¢S — o). (17)

three- and one-photon absorption processes, respectively, and

the interference term is
. 2
Nw,3w:%|m[x3( —0;30,~w,— w)E3wEwa7wEfa)]

2
+%Im[)(g(—3w;w,w,w)EwEwEwE_3w]. (14

Similar to the symmetry properties §E°Y(— 2w; 0, w),°
the interference term of Eq(l4) can be simplified by
X532 w; — 3w, 0,0)=[ x3*°Y—3w;w,0,0)]* to be writ-

ten as

: 4
N30 =7IM[X5" Y~ 3wiw,0,0)]|E3, | [EL| EG| [EG

X cod ¢3,— ¢ — ¢S — d%), (15

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

C. Propagation effects

Since phase-dependent modifications to the injected car-
rier density from energy transfer between the beams arise
from two optical processes cascaded in series, analysis of
this effect requires consideration of the propagation of the
beams in the semiconductor. Due to their cascaded nature,
the change to carrier injection dependent onyRg and
Imy, is expected to have a higher-order dependence on in-
teraction length compared to carrier injection fromyjy, .

A coupled wave analysigerived from Maxwell’s equations
for our single- and higher-harmonic beams in a semiconduc-
tor slab quantifies the various contributions to carrier injec-

where repeated indices are summed. Not surprisingly, théon. Two approaches were used to solve this problem. An

presence of an interference term relies on a nonggrten-

analytic approximation involving a series solution was used

sor, a tensor that is nonzero even in centrosymmetric medidQ provide insight into the various contributions. To avoid

For zinchlende materials, the nonzero elements xgré*,
XXyy . Xyxy
X3 v X3 v X

of thex, y, andz coordinates. Application of intrinsic permu-

tation symmetry and the symmetry of them point group

allows the determination of the sample orientation depen

assumptions necessary in the series solution, the system was

XYYXand permutations arise from interchange Modeled with a Green's function formalism and solved nu-

merically. This was required for the analysis of experimental
results as described in Sec. V.

The coupled Maxwell's equations, including nonlinear
source terms, are simplified using the slowly varying enve-

dence ofN, s, [for parallel polarized beams incident nor- |ope approximation and by setting the phase mismatch to

mally on a(100) zincblende materil

. 1
No.so=7IME3(X5+ x5™) +cog46) (x5~ 3x5™")]
X |Ezy||E,|3coq ¢3,—3,,), (16)

whered is the angle between t§801] axis and the direction
of polarization.

zero. The quantities that are obtained are the amplitudes of
the electric-field envelopes for both the fundamental and
higher-harmonic fields, and the phase parameter as a func-
tion of sample depthz). The phase dependence to first order
in zis summarized in Tables | and Il for different values of
the phase ofy,(3) (¢,). The variableA ¢° corresponds to

the value of the phase parameterat0. The fourth column
indicates the phase dependence of carrier injecpoovided

by energy conservationTwo specific values o, are con-
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TABLE Il. Phase-dependent modulation of the transmitted fundamental and TH beams and injected
carrier density for 3 interference, to first order in z.

X3 |Ew|2 |E3w|2 _|Ew|2_|E3w|2

Complex —2|x3|sinA ¢+ )z 2|xslsin@ - )z 41myscos@ )z
Imaginary —2| x3|cos@¢©)z —2|x3|cos@¢)z 4| x3lcos@¢©)z
Real —2|x3lsin(A ¢z 2| x3|sin(A¢@)z 0

sidered. Fory purely imaginary(i.e., ¢, =m/2), the enve- centered at 1.5m and 2.03um (time-bandwidth products
lopes are in phase and the carrier injectionrisut of phase. of 0.6 and 1.0, pulse durations of 120 and 170 fs respec-
The interference in carrier injection affects both beams in théively) were used for the two studies. Phase-locked and har-
same way. The only modification to the pump intensities ismonically related beams were produced by nonlinear mixing
due to enhanced or suppressed absorptionyk@urely real  in birefringent crystals. For the+13 studies, third_ h_armonic
(ie., ¢,=0), the quantum interference contribution is null (TH) of the fundamental beam could not be efficiently gen-
and there is no phase-dependent change to carrier injectiofifated directly. The TH beam was produced through second-
Changes to the pump intensities are due solely to energj@monic generation of the fundamental befdmmm thick
transference between the two beams; the electric-field envéd*Parium borate(BBO), type | mixing: o+0-—e, Oy
lopes arer out of phase. Cascaded effects g, followed —21.37], followed by sum-frequency mixing+2w—3w (3

. . mm thick BBO, type Il mixing:ie+o0—e, 6,,=24.7°). The
by Imy,) do r)ot appear until §eC(_)nd orderzujThese results SH beam was Ia)':epr removeg by filgring.p'rlvo minim)ize phase
suggest an interesting application: experimental measUresistortion between the beams manipulation of the beams
ment of the phase offset value provides an indicator of th '

i ; Svas done with reflective optics and the use of transmission
ratio of Reyz(s) t0 Imxz(s), 1.€., the phase of(s) . optics was kept to a minimum.
Phase control between the two beams is accomplished
IIl. EXPERIMENTS with a two-color Michelson interferometer. The two beams
are separated by a dichroic mirror. Leakage between the two
The apparatus used for the study of the3Lscheme is &'MS wWas avoided by transmission filters and dielectric mir-
illustrated in Fig. 2. The %2 apparatus was described 'OrS: Fine control of one delay lingorovided by a mirror
previously’ For both studies, all optical beams originated (I;r'][ﬁg?tgltljov?/g gor?tlfozloc?fliﬁtélb;rﬂsaecggt/?eerﬁI?ﬁ\e/etvsg ::)heeams
from an optical parametric amplifiglOPA), pumped by a i i .
regeneratively amplified titanium-doped sapphire laser, deglacrl]( géogj n? frl? © p(? atsetglependerr]w t m_ea(sjutrertr;]en; W? S af[:_com
scribed elsewher¥:?° Optical pulses are produced by the pasnea oy ‘ock-in detection Synchronized 1o the fast motion

" of the PZ actuator, controlled by a function generator. The
OPA at a repetition rate of 250 kHz. Fundamental beamgrolier and PZ stage used could dither submicron dis-

. tances at a rate of 1 kHz. The robustness of this detection
| :ﬁ}i‘:iaf:egafametfic scheme to noise is a key advantage of this design. Computer
” interfacing and control allowed automation of the measure-

2um ment procedure. The control program created a slowly ramp-
ing signal that was added electronically to the function gen-
erator output wave form and input to the PZ controller. The
BBO-1 0.68 AZ?’F resultin_g motion caused th_e PZ to dither by an amplitl_Jde
q 1, 2um determined by the function generator while sweeping
7101 through a slowly varying offset.
The two-color interferometer required careful alignment
(100)-GaAs to ensure a constant value for the phase parameter of the
profile of the beams. Alignment for thetB procedure used
the interference process itself. The nonlinear optical mixing
— process causes a phase-dependent variation of transmitted
?;;i,e ;;'—g; TH power. The resulting TH profile after theg00-GaAs
Z ¢ o sample was imaged by a quadrant detector consisting of four
,,);L independent detectors. Even though the phase-dependent
variation of the transmitted beam was small, lock-in ampli-

FIG. 2. Experimental apparatus used fora studies. BBO- fication allowed it to be resolved. Noncollinear beafns.,
1—SH generation crystal, BBO-3—sum-frequency generation crysfringes in the spatial modeesult in phase offsets between
tal, LPF—long wavelength pass filter, SPF—short wavelength pasée four signals. The interferometer alignment was varied
filter, ND—neutral density filter, PZ—piezoelectric controlled mir- until all four traces were synchronized, corresponding to a
ror, SR—dielectric to reflect short wavelengths and transmit longsingle fringe present in the far-field mode. Single fringe
wavelengthsD1, D2, D3—silicon detectors, an&0.8—0.8um alignment was verified by rotating the quadrant detector by
notch filter. 45° and ensuring no loss of trace synchronization.

0.81um

P

U
1, 2um BBO-3

D2 i\ S
[" |0.68um A
ND

SPF 2um
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TABLE lll. Samples characteristics

Study Orientation Thickness Wavelengths Coh. length .., (Ref. 22 I, (Ref. 22
(m) (um) lcon= (m) (um)

c
1+2 (111 0.65 0.775/155 ————— 1.2 1.4
2(2w)(nz,—N,,)

c
1+3 (100 0.20 0.675/2.03 ————— 0.75 0.61
2(3w)(Ng,—N,,)

Due to the different material symmetry dependencies ogibsorptionAe, the change in transmission through a sample
the two interference schemes, two sample orientations off length | is ATpope/ Tpope= —Aal where AT,opne
GaAs were used(100 and (111). For normal incidence = TprobdN) = Tprone @Nd Topd N) is the fraction of probe
beams(100) GaAs was sufficient for the-43 studies. The ~Power transmitted through the sample for an injected carrier
1+2 studies, which exploited the nonzexd? tensor ele-  deNSity OfN[Tpop0) is written asT o . To maximize the

ment, could not us€100) orientation with normal incidence sensitivity of the measurement process, the independent

7 . probe beam was selected to have a lower photon energy than
beams. Non-normal incidence beams could have provided @ . one-photon resonant pump beam, and thus it monitored

nonzero projection of the electric fields on thgz tensor  giates close to the bottom of the band. Thermalization of the
element in a(lOO)-orle_ntatlon sample but this experimental jniected carriers causes these states to be occupied after a
geometry is not practical. Dispersion would require the tWofey picoseconds after injection. This method has three dis-
beams to be set incident at different external angles to matcyct advantages:

even large external angles. For these reasons, normal iNGiagm.

dence beams and1l) GaAs were used for thetl2 studies. (i) The density of states at the bottom of the band is
Since both samples were grown by molecular beam epirower thus the change in absorption is larger for a given
taxy, thin samples could be produced. Sample length was sgnsity of carrier€®
taking absorption and coherence lengths into consideration. (jii) The thermalization of the carrier population into an
The absorption depth of interedg) is the sample length for - Fermi-Dirac distribution will cause the lower states to be
the electric fieldto fall to 1/e of its incident value, which is  fjjled at the expense of the higher states.
twice the absorption depth of the intensity. The coherence T verify the linearity of the probe transmission as a func-
lengthl oy, is limited due to dispersion between the two op-tion of carrier density at this wavelength, the probe time
tical beams in the material and is defined as the crystal lengtfelay was set to 4 ps ankiT e Was monitored as a func-
required for the phase parameter to varysyi.e., the inter-  tion of one-photon resonant pump beam irradiance, over
ference varies from constructive to destructive over the inmore than two orders of magnitude of carrier dengfig.

teraction length. The sample length was chosen to maximizg) The delay of 4 ps was chosen to allow the injected carri-
the total number of carriers affected by the phase-dependent

proces€! This corresponds to an interaction length approxi-

mately half of the coherence length. The-3 sample was 0.1

designed with a shorter length due to the short absorptior

depth of the TH electric field. For the sample lengths used

(Table IIl), phase mismatch did not drastically decrease con-

trol efficacy. The reduction in efficacy due to phase mis- ‘E 0014

match is estimated to be12% in the &2 studies and 3% in

the 1+3 studies?! The sensitivity of the carrier monitoring I:AE

technique is also related to sample length as discussed belou=
Carrier density was monitored by probing the sample with

a separate optical beam. Since experiments were performe  0.001-

in thin samples, carriers could be monitored by the transmis-

sion of a probe beam whose photon energy was larger thal

the material band ga.State filling was the dominant cause : .

of transmission change for the probe wavelengths and carrie 10" 10" 10

densities used in these studf@sThe probe absorption is re- Carrier density (cm®)

duced due to an increase in the occupation factors of the

electron and hole statesﬁe(andfh) involved with the tran- FIG. 3. Change in transmitted 0.88n probe as a function of

sition, according tax= ag(1—f—f,) wWhereaq is the qui- injected carrier density i111)-GaAs sample. The solid line is a

escent absorption of the materfalFor a small change in best fit to the data.
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i

AT, amplitude (norm.)
o

A

1 2
- 0

FIG. 4. Phase-dependent change to carrier injectibih and
transmission of the SH beaf®). The solid traces are sinusoidal
fits to the data.

o

FIG. 5. SH transmission modulation amplitude as a function of
sample rotatior(6). The solid trace is a sinusoidal fit to the data.

ers to thermalize and occupy the states at the bottom of In the 1+3 scheme, a fundamental beam at 2,08 and
the band. A fit of this data with two parameters andB) ~ TH beam at 0.675um were focused on thé€100-GaAs
according toAT=AIB gives a value 0B=1.08+.03 which  sample with beam waists of 32 um and 54-2 um (mea-
is not far from the expected value of unity. sured by the knife-edge techniqudeak irradiances were
The above discussion is concerned with maximizing the2.1 GW/cnt and 90 MW/cm, respectively. The modula-
change to the absorption coefficieatfor a given carrier tions of the transmitted TH pump beam and injected carrier
density. Probe sensitivity is also improved if the change indensity were simultaneously monitored as a function of
transmission of the probe bedr, ()] is maximized for ~ phase(Fig. 6). The carrier modulation amplitude was slightly
a given change to the absorption coefficient. Assuming darger than 0.1% of the total number of carriers injected and
uniform change to the absorption coefficient over the samplé¢he change in TH transmission was slightly larger than 0.3%.
length, the preferred probe interaction length is found byThis is not the maximum modulation amplitude possible for
maximizing d/da)lpepd0)e” “%. From these consider- this interference scheme since the two injection processes
ations, the ideal sample length is the probe beam absorptioifrom one- and three-photon absorptiare not balanced at
depth. This interaction length is close to the optimum sampléhese irradiances. This is discussed in more detail below. In
length as determined above for the-2 studies. The #3  Fig. 6, the peak in carrier injection was assigned a relative
sample was more tightly constrained by the previous considphase of zero since the absolute value for the phase param-
erations of coherence length and the absorption depth of theter was not experimentally determined. The phase offset
TH electric field. between these two curves is O &ith a standard deviation
of 0.06.
IV. EXPERIMENTAL RESULTS For the irradiances u_sed abO\_/e, the number of carriers _due
to one-photon absorption dominated over the quantity in-
Preliminary results for the#2 interference scheme were jected by three-photon absorption. For a fundamental beam
described previousfyCarrier injection and optical transmis-
sion were controlled through the phase paraméfay. 4). 02
Rotation of the(111)-GaAs sample on an axis parallel to the

beam wave vectors allowed the mapping of the modulation s .

amplitude as a function of crystal orientatidiFig. 5). % 0o . .
Change of orientation varies the projection of the electric-

field polarizations ony,. The sample orientation is charac- 02 . . .

terized by the angléd) betweenE,, and the[011] axis of 0 (6,302 2

the semiconductor. The peak in the trace corresponded to the 04

fundamental beam polarization aligned to {t@1] direc- %

tion. In addition to the magnitude of the modulation, there is &, 00 )
information contained in the relative phase of the modulation 5

trace. For instance, traces measured at sample orientations of ~ , #¢ . . .

6=30° and #=90° were 7 out of phase. This information 0 (45:,-3¢u)/2ﬂ 2

was included in Fig. 5 by the sign assigned to the amplitude.

The solid curve is a best fit to the function <), with C FIG. 6. Phase-dependent change to carrier injectlih and
=2.9%.05; this is close to the value of 3 predicted by ma-transmission of the TH beart®). The solid traces are sinusoidal
terial symmetry properties. fits to the data.
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~ FIG. 7. Phase-dependent modulation amplitude of injected carzg 5 function 0f100-GaAs orientation. The solid traces are sinu-
riers as a function of TH beam irradiance. The solid trace is a bestyiqal fits to the data.

fit to the data.

irradiance of 2.1 GW/cf) a reduction in the TH irradiance interferogram obtained from a one-color interferometer,
reduced the difference between the two injection rgkég. ~ namely, the power spectrum of the beam. Since even an in-
7). The efficacy of the control process improved for lower coherent light source can produce an interferogram, any light
TH irradiances but did not reach a plateau. Below a TH bean€am can produce the quantum interference effects under
irradiance of 4 MW/crf, the probe phase-dependent modu-study. Although this is technically true, chirp does reduce the
lation is obscured by background noise. As described by Ecgmplitude of the envelope by reducing the efficiency of the
(13) (for a constant fundamental beam irradiandee datain  nonlinear process. This is analogous to changing the beam

Fig. 7 are expected to fit a relationship of the form: splitter ratio in the one-color interferometer from a 50:50
value. The envelope shape and oscillation period do not
AN D, change but the fringe contrast is reduced. In a similar fash-
N m ion, an incoherent light source would produce a negligible
@ @ quantum interference effect of the type discussed in this pa-
per.

where N,(N3z,,) is the number of carriers injected by the = The modulation amplitude for both carrier density and
three- (one) photon absorption processds,, is the TH  transmitted pump beam was shown to agree with the four-
beam irradiance, anD is a fitted constant. The solid line in fold symmetry of the crystal structur@ig. 8). Unlike the
Fig. 7 is a fit to the exponential functiatN/N=AI5, with  results for the % 2 interference scheme, sample rotation per-
B=—0.53£0.04. This is consistent with the value SN/N  mits access to different tensor contributidiigy. (16)]. The
being dominated by one-photon absorption. The density o§ample orientation anglé refers to the angle between the
carriers injected by one-photon absorption at the lowest megyoarization of the pump beams and #@91] crystal axis.

H H 6 —3 22 . . . .
surable irradiance was>410'° cm - For a three-photon  The modulation amplitudes have different dependencies
absorption coefficient of 0.14 HGW?,%" and a fundamen- o the sample orientation. These results would not be ob-

tal irradiance of 2 GW/CI%‘I- the carrier density in‘{ectgg bY tainable if only the cascaded process was involved,
the three-photon process is calculated to bel8™ cm™>.  ginca then a maximum modulation amplitude in the transmit-

Even though measurements at such low carrier densitie@d TH pump beam would correspond to a maximum modu-
could not be made, an estimate of the maximum fringe COMration in injected carriers. An intuitive understanding of

trast can be obtgmed_ by extrapolating the trace shown in F'Qhese results can be obtained by consideration of the coupled
7 to lower TH irradiances. For a three-photon absorption

coefficient of 0.14 crfGW2, the maximum modulation am- wave equations in the thin sample limit. Within this model,
plitude is 3.3% of the total number of injected carriers. Asthe pha.se-dependejnt transmitted _TH power de_pends on
noted earlier, the modulation amplitude is expected to b(leX3(_3w’w’w’w)| Wh_"e the change in injected carriers de-
larger for control involving states close to the bottom of thePENdS On IW3(_3“"‘°’“”“’)O (Table ”2' From Eq.(16), the
band, but this could not be experimentally verified due to theeffecg;/e X3 elements at 0° and 45° angy™* and 3(x3
limited tuning range of the OPA. +3x3"Y), respectively. The results of Fig. 8 are then con-

The effect of chirp on the phase-dependent modulatioristent with the magnitude of 21pd** being greater than the
was investigated by introducing additional glass in the beanmagnitude of Ifix3™*+3x3Y] but 2 x5 <|x3"
path. The modulation envelope did not change, although the-3x5**Y. The semiab initio calculations by Mos®t al?®
overall magnitude decreased. The information contained ipredict values of the tensors elements for 2.08 light that
the modulation envelope is similar to that provided by anagree with these inequalities.
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FIG. 9. Injected carrier densitsolid line) and transmitted TH
power (dotted ling as a function of the phase parameter(190) FIG. 10. Phase offset between carrier density and transmitted
GaAs. TH traces as a function of Iyy/Rey; in (100 GaAs for normally

incident beams.
V. ANALYSIS

To interpret the experimental results, the nonlinear mixingth® wavelength. The numerical model does not invoke this
and free carrier injection processes occurring in the thirfSSumption. , » , ,
samples are modeled more completely than the series solu- The main challenge in determining a solution for this sys-

tion described in Sec. I1. To relax the assumptions inherent &M is that the electric-field amplitudes depend on the polar-
the series solution, a more detailed analysis involving a nulzation source terms which themselves depend on the fields.

merical simulation is required. The simulation solves for theSINC& counterpropagating beams are present, this problem
self-consistent carrier density, electric-field amplitudes, an@annot be solved simply by following the propagation of the
phases as a function of crystal position using a Green’s funcPtical beams through the crystal. For instance, complete
tion formalism. This analysis includes several processes thafiowledge of the incident beams is not sufficient informa-
were neglected in the series solution. Not only is the thinfion to know the electric-field density at the entrance face
interaction length assumption not made, but phase mismatci/e 0 its dependence on the polarization source terms
and reflections from boundaries are also included. Phase mi§roughout the material. An iterative process was imple-
match arises due to dispersion between the fundamental afgented to obtain a self-consistent solution.
higher-harmonic beams. In addition, the coupled wave analy- Similar algorithms were implemented for both the-2
sis assumed that all beams were propagating in one directicgnd 1+3 studies. The later is descrlbeql here_ano_l results from
even though electric fields from the polarization source term&0th schemes are summarized. The simulation included non-
propagate in all directions. This approximation is usually ap inéar source terms originating from Rg—3w;v,0,),
propriate since phase mismatch in sufficiently long sampledMxs(—3w; 0, w,0), and Inys(—w;0,0,0,~0,~ ).
renders the backward propagating beams negligible. This i§h€ simulations were performed assuming an experimental
not a good assumption for interaction lengths on the order cgeometry of parallel polarized beams of wavelengths 2.03
pm and 0.675um incident on(100) GaAs (direction of po-
TABLE IV. Properties of incident light fields antl00-GaAs larization parallel to th¢ 011] crystal axig. Results for the
sample as modeled by+B numerical simulations, unless otherwise injected carrier density and transmitted third-harmafief)

noted. beam are shown in Fig. 9 for the parameters indicated in
Parameter Value TABLE V. Contributions from varioug100-GaAs parameters
Fundamental wavelength 2.qam to the phase-dependent modulation amplitude in carrier density.
ians;rgzngglelrradlance Oéglgv\\ll\;i? Reys Imy3 Length Amplitude Phase offset
: 107 ¥ m#Vv?3) (107 m?/v? m % ra
GaAsn,, 3.34(Ref. 22 ( ) ) (wm) 0 (rad
GaAsng, +iks, 3.8+0.17 (Ref. 22 -7 -0.7 0.20 0.048 0.51
Sapphiren,, 1.7 0 -0.7 0.20 0.028 3.3
Sapphirens,, 1.7 -7 0 0.20 0.050 -0.17
X3 —(1.4+0.14) x 10" 8 m?/v? —14 -1.4 0.20 .097 0.51
Imys 4.7x107%¢ m%Vv* (Ref. 27) -7 -0.7 .002 0.12 1.7
Sample length 0.2Gm 0 -0.7 .002 0.12 3.4
Pulse duration 170 fs -7 0 .002 0.017 0.0
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TABLE VI. Contributions from varioug111)-GaAs parameters
to the phase-dependent modulation amplitude in carrier density.

PHYSICAL REVIEW B58, 085208 (2003

from the two phase-dependent contributions to carrier injec-
tion were also verified by setting various nonlinear coupling

terms to zerdTable VI). The numerical results indicate that

Rex Imx; Length Amplitude Phase offset the quantum interference process strongly affects the carrier

(107°m/N) (107 mV)  (um) (%) (rad) injection rate for these experimental parameters. For a very

505 754 0.65 55 11 short interaction lengtk6 nm), the ampl_|tude of_ c_ontrol cor-

0 754 065 24 39 responds closely to the ideal case with negligible contribu-

' ' ' ) tion from the cascaded process, as predicted in Sec. II. Also

2.05 0 0.65 2.1 -0.3

2'05 254 0'006 4’ . 2 1 noted in Table VI is the phase offset between the transmitted
: ' ' ' ' SH power and injected carrier density sinusoidal traces.

0 754 0.006 4.7 3.3 There is a sharp difference in this value for the two different

2.05 0 0.006 0.2 0.0

processes. In the cascaded process alone, the change in car-
rier density closely follows the change in transmitted SH
) power, indicated by a phase offset close to zero. In the quan-
Table IV. Mosset al. calculated the effectivgs leglen;en; fZ%r tum interference process alone, the two traces are nearly out
this sample orientation to be (7.+0.7) X 10"~ m7/V*,* of phase. When both are present, the phase offset falls some-
but this input parameter has been doubled for comparison t@ere petween these two extremes. The phase offsets for the
experimental resultsSec. V). The small offset between ey short interaction length match closely the results pre-
these two traces is due to the small value okymelative 0 gicted by the series method solution of the coupled wave
Rey;. The dependence of this offset on the magnitude Ofequations(as summarized in Tablg.
Imys/Reys is shown in Fig. 10. Comparison to eéperlmental Quantitative experimental results are summarized in Table
results provides a measurement of xifi/Rex®=0.11 v 't should be noted that the value measuredot/N for
+.03in (100 GaAs at 2.03um. the 1+3 studies was limited by experimental sensitivity and
To assess the different contributions to the nonlinear miXthe maximum fundamental beam irradiance obtainable. Car-
ing process, various input parameters of the simulation werger jnjection from the one- and three-photon absorption pro-
set to zero and the amplitude of carrier modulation was degesses was not balanced. As such, the listed value is consid-
termined(Table V). The ratio of the cascaded/direct interfer- ared a lower bound for the efficacy of carrier control at these

ence contributions was determined to be approximately twQyayvelengths and for this experimental geometry.
to one. The phase offset between the transmitted TH beam

and carrier injection was shown to be very sensitive to the
presence of the direct interference process. In an extremely
thin (2 nm) sample, the direct interference effect dominates. The experimental results for carrier control in GaAs pro-
For comparison with experimental results, the simulationvided an initial verification of the theory of quantum inter-
was also performed for a value g twice that predicted by ference control of carrier injection and optical absorption.
Mosset al. These studies could be extended to structured materials, as
Though not experimentally realizable, it is interesting tomentioned earlier. This work has explored the use of two
consider the maximum efficacy of carrier control obtaineddifferent schemes to exploit different material symmetries to
when one- and three-photon absorption rates are balancesbtain interference. Heterostructure engineering could tailor
For the wavelengths of 0.83/2/m, Mosset al. predicted a wave function to obtain greater efficacy of control. In any
zero value for the Rg; element and 1410 ¥m?/V2 for  material, quantum interference experiments completed over
the Imy; element. For this value of; and electric-field large wavelength ranges could yield interesting information
magnitudes corresponding to balanced one- and three-photafout the semiconductor that is not accessible through one-
absorption rates, the numerical simulations predicted an effbeam experiments. Since the interference effect is sensitive
cacy of carrier control greater than 10% with the dominanto the overlap(and relative phageof the wave functions
contribution originating from the direct interference processinvolved in the transitions, information can be obtained to
The efficacy of density control process increases somewhatssist in mapping out the wave functions of carriers in the
beyond 10% if shorter interaction lengths could be used. Unerystal. At the very least, these results could be used to verify
fortunately, the accuracy of these predictions depends on tht@eoretical calculations of nonlinear susceptibility and band
magnitude of Inys (estimated to be 510 36 m*/Vv*4),%"for  structures. Access to the imaginary component of the nonlin-
which there has been no detailed calculation. ear susceptibility provides a more direct comparison to band-
For the 12 interference scheme, the relative magnitudesstructure calculations than provided by standard experiments

VI. CONCLUSION

TABLE VII. Experimental results of phase-dependent modulation of carrier density in bulk GaAs.

Study GaAs Wavelengths MaxN/N Phase offset

(pem) observed%) (rad)
1+2 (111 0.775/1.55 1.9 1.1 I, /Rey,=0.32
1+3 (100 0.675/2.03 0.5 0.6 Ipg /Rey;=0.11
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which yield the magnitude of the effective tensor elenfént. |Im[X§ﬁ(—2w;w,w)]|
A simple method for verifying theoretical calculations of

nonlinear susceptibility terms is suggested by the expression 3 ) )

for the maximum contrast obtainable in the modulation of = \/ EIm[XEﬁ(_Z‘”’Z“’)]Im[XEﬁ(_“”w’“"_w)] :

injected carriers. The ratio of modulation to the total number (18)

of carriers injected can never exceed a magnitude of unity.

This upper bound imposes a relationship between differenivhere x¢" is the effective tensor element, dependent on the

orders of the nonlinear and linear electric susceptibility tenpolarization of the electric fields. For the+B scheme, a
sors. For the £2 scheme, the relationship is similar inequality holds:

||m[)(§ﬁ(—3w;w,w,w)]|< \/%)Im[xgﬁ(—Sw;Sw)]lm[Xgﬁ(—w;w,w,w,—w,—w)] . (19

Thus a lower bound can be calculated for the two-photorthe maximum fringe contrast in at2 interference scheme
absorption of a material from its one-photon absorption co{involving three beams of frequencies,, wy,, and wc,
efficient and its second-order nonlinear susceptibility. Like-where 2v.= w,+ wy,).
wise, a lower bound for the three-photon absorption can be In conclusion, quantum interference between multiple
determined from empirically obtained one-photon absorptiorPathways involving interband transitions in a bulk semicon-
measurements and calculations for the third-order nonlineg#uctor was exploited to dynamically control the rate of free
susceptibility. These inequalities provide a simple method tgarrier injection and the total optical absorption. Two inter-
verify susceptibility calculations or to predict the magnitudeférence schemes accessed different symmetry properties of
of higher-order effects based on the values of lower-ordefe€ material. Proof-of-principle experiments were conducted

expressions. For example, using the results of Masd.for N GaAs at room temperature using beams at 1.55/0uf5
Imy>, the magnitude of Ip™> at 0.53 eV must be and 2.03/0.675um. These coherent control effects should be
morz th’an 5.% 103 mY/ V4 ° viewable in a wide range of condensed matter systems.

The inequalities of Eq918) and(19) pertain to only the
imaginary components of the tensor elements. The real com-
ponents can be calculated through Kramers-Kronig relation- We are grateful to Tony Springthorpe of Nortel Networks
ships if the corresponding imaginary part is known over afor providing (100-GaAs samples. We also appreciate many
sufficient wavelength range. Inequalities involving other sushelpful discussions with Ravi Bhat, Daniel &p Alain
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