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Quantum interference of single-photon and two-photon absorption of 775 and 1550 nm, ~150 fs optical
pulses in GaAs at 300 K is known to lead to coherent control of electron-hole pair density and charge currents
with the magnitude controlled by the pulses’ relative phase and polarization. When the pulses are noncol-
linearly incident on a (001) GaAs crystal, the relative phase between the pulses varies in the plane of the
surface, resulting in current and density gratings. The current grating also produces a charge-neutral electron-
hole pair density grating following the completion of dielectric relaxation by the end of the pulses. The two
types of density gratings, which are monitored using 830 nm, 150 fs pulses and which decay by ambipolar
diffusion and recombination on a 15 ps time scale, are studied as a function of sample azimuthal orientation
and pulse polarization. For those polarizations where both density gratings are simultaneously generated, the
amplitude of the current-induced density grating is comparable to that of the directly deposited grating and
independent of grating period, although the former is related to a third-order optical process and the latter to a
second-order process. Superposition and interference of the density gratings are therefore observed, as shown

from the azimuthal dependence of the diffraction efficiency.
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I. INTRODUCTION

The control of carrier density and charge currents in semi-
conductors is both fundamentally and technologically impor-
tant. While electronic methods are often used to achieve con-
trol, it has been shown that optical techniques, and, in
particular, quantum interference between absorption path-
ways of optical beams, can be used without the need of ex-
ternal bias to generate and control pure charge currents,'~
pure spin currents,®"!! spin-polarized charge currents,'>~!3 as
well as carrier'® and spin densities.!” Requiring no external
bias fields or electrical contacts (and associated deleterious
capacitance or inductance effects), the optically generated
currents can be produced on a time scale limited by the pulse
duration and in locations and areas dictated by the pulse
focal properties. For example, in bulk GaAs at 300 K, carrier
density and currents were controlled using interference be-
tween single- and two-photon absorption processes for
phase-related 775 and 1550 nm, ~150 fs pulses.>'® The
pulses were collinearly incident on the crystal with their rela-
tive phase controlled by varying the time delay between the
pulses. However, recently we have shown that if orthogo-
nally polarized pulses are noncollinearly incident on GaAs,
spin current gratings'® are produced allowing one to obtain
information about the spin spatiotemporal dynamics. We
have subsequently shown'? that one can also produce charge
current gratings through quantum interference; because of
warping or nonparabolicity of the hole band, a charge-neutral
electron-hole population grating (hereafter simply referred to
as a pair grating) is formed once dielectric relaxation is com-
plete by the end of the pulses. The pair grating subsequently
decays via recombination and ambipolar diffusion.

Charge current generation by quantum interference con-
trol (QUIC) can also be understood at the macroscopic level
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as being governed by a x* nonlinear optical process and can
therefore occur in centrosymmetric or noncentrosymmetric
materials.® With harmonically related beams, it is also pos-
sible to coherently control electron-hole density'® in a non-
centrosymmetric material such as GaAs; at the macroscopic
level, this effect can be understood as a x? process. Hence,
it should also be possible to directly inject a pair grating via
a x? process if noncollinearly propagating beams are
used.

In this paper, we experimentally demonstrate the produc-
tion of pair gratings using a x? process for a (001) oriented
sample of GaAs using noncollinearly incident 775 and
1550 nm optical pulses. For certain polarizations of the
pump beams, this grating is superposed on, and interferes
with, a pair grating, which remains following current genera-
tion by a x'¥ process. Surprisingly, the amplitude (density
modulation) of the gratings differs by less than an order of
magnitude despite the very different processes used to form
them. The ratio of the grating amplitudes is also independent
of angle of incidence of the beams (or grating wave vector)
and pump pulse intensities.

The remainder of this paper is organized as follows. In the
following section, we show how quantum interference in ab-
sorption pathways of two harmonically related pulses can
induce carrier density and current gratings in a semiconduc-
tor. On the basis of earlier work!® that describes how a cur-
rent grating can produce a pair grating, we show how the
current-generated pair grating can interfere with the one
formed directly by carrier density control. In Sec. III, we
outline aspects of the experiments, while Sec. IV presents the
experimental results and their comparison with a simple
model. Finally, we summarize the main findings.

©2007 The American Physical Society
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II. THEORETICAL BACKGROUND

A. Pair grating formation via second-order nonlinearity

We consider quantum interference control of carrier den-
sity when two noncollinearly propagating optical pulses with
carrier frequencies w and 2w are simultaneously incident on
a semiconductor crystal. Their complex optical electric fields
inside the crystal can be written as

E (r.t)=E,(1é,expli(- ot +k, r+¢,)],

E, ,(r,1) = Ey,()éy, expli(= 2wt + ks, - 7 + y,) ], (1)

where k5., €,2,, and E,,,,(f) are the propagation vectors,
polarization vectors, and field envelopes, respectively, of the
w and 2w pulses whose phases are given by ¢,,,,. If the
frequencies are chosen such that ﬁw<Eg< 2w, where E,is
the semiconductor fundamental energy gap, the absorption of
the pump pulses leads to a pair density generation at a rate'®

N:Nw+N2w+N[, (2)

where NZw and Nw are the generation rates by one- and two-
photon absorptions, respectively, by the 2w and w pulses

acting independently and N, is the generation rate due to
quantum interference between the two absorption processes.
For simplicity, in what follows we consider the sample to be
optically thin so that we can ignore dispersion effects while
taking absorption to occur uniformly throughout the semi-
conductor thickness and lateral extent; this allows for a one-
dimensional description. The interference term in Eq. (2) is
then dominated by interference in absorption pathways with
negligible contributions from parametric up-conversion of w
photons'®!7 followed by absorption of 2w photons. In terms
of the linear and nonlinear optical susceptibilities ¥, Eq.
(2) can be written as'®

Ny, =260~ Im[ V(- 20;20) :E, B, = 2ho) " a,I*,

N, =6goh™ Im[x*(- w;0,- ©,0)):E E EE,
= (o) BUP,

N;=4egh ™ Im[ P (- 20; 0, ,) :Re[E E E>,].  (3)

Here, I?© and I® are the intensities of the 2w and w beams
inside the crystal and «), is the single-photon absorption co-
efficient. For the zinc-blende semiconductor GaAs with 7,
symmetry, Y'" has only one unique nonzero element in a
principal axis system, and the absorption coefficient for
775 nm is**?! @, ~1.4x 10° m™'. The x'* tensor associated
with the degenerate two-photon absorption has three distin-
guishable, nonzero elements, which can be related to the
two-photon absorption coefficient 8. For a linearly polarized
beam incident on (001) GaAs,??> B=,[1+0.25 sin’(2¢)],
where ¢ is the angle between the beam polarization and the
[100] direction and B,~ 10 cm GW~! for 1550 nm. For the
interference term, the y'» tensor has one distinguishable,
nonzero element, )((2) where a, b, and ¢ are different prin-

abc’
cipal crystal axes. For given beam polarizations and sample
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FIG. 1. (a) Geometry for producing a transient population grat-
ing by quantum interference control using pump pulses with fre-
quencies w and 2w and for monitoring the grating formation and
decay by detecting the diffracted probe with frequency w),. (b)
Semiconductor and beam coordinate system with ¢ measured from
the x axis (solid line) to the principal axis a.

orientation, the degree of control of the carrier density, ex-

pressed by the ratio N;/(N,,+N,,,), is largest under balanced
conditions, whereby an equal density of carriers is generated
by single- and two-photon absorption. This ratio has values
of the order of'® 0.1.

Figure 1 illustrates the geometry used to generate pair
gratings in the experiments with pump beams incident in a
noncollinear geometry on a (001) surface of GaAs; the z axis
is defined to be along the [001] direction with x axis lying in
the plane of incidence. If the two pump pulses’ propagation
vectors make an angle of +6 with the z direction inside the
crystal, they can be written as k,5,=|k,,/(FX sin 6
+Z cos ). An s-polarized beam then has é,,,=y, and a
p-polarized beam has é,,,=X cos §+Z sin §. We consider
only linearly polarized pump pulses which are copolarized or
orthogonally polarized with the polarization pairs of the two
pump beams denoted by uv=pp, ps, sp, or ss, where the first
and second letters refer to the polarization of w and 2w op-
tical pulses, respectively. For small 6, cos =1, and if we
define é=—-2gyh~! Im Xizb)c sin 6(E,(1))E,,(t) for each uwv,
Eq. (3) yields a pair grating generation rate of the form

Ny™ cos(K x) with

NIP = &sin 2¢, (4)
Nﬁ,” =-2&cos 2¢, (5)
N = Esin 26, (6)
N =0, (7)

where K,=2m/A,=(2k,+k,)sin 6 is the wave vector for a
grating with period A,. The origin of the x axis is chosen to
eliminate the constant phase terms indicated in Eq. (1). The
sin @ term in ¢ arises from the z component of one of the
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incident fields inside the semiconductor. Note that £€=0 for
normally incident beams, and hence there would be no popu-
lation control for beams normally incident on a (100) surface
as discussed previously.!® For each wv, N#*¥ is obtained from
time integration of the above equations. A pair grating is
expected to decay via carrier recombination and ambipolar
diffusion on a time scale >1 ps.

B. Pair grating formation via third-order nonlinearity

As shown elsewhere,!? it is also possible for the noncol-
linear beam configuration to produce a charge current grat-
ing. In general, the rate of current density injection is given
by

J(r,t)= 7E (r,0)E (r, t)E;w(r, t)+c.c., (8)

where 7 is the current injection tensor, which can be written
as the sum of three component tensors 7, related to contri-
butions from electrons (c=e), heavy holes (c=hh) and light
holes (c=Ih). These tensors are purely imaginary?® in the
independent-particle approximation and are related to a dou-
bly divergent part® of ¥*(0;w,®,—2w). For a semiconduc-
tor with zinc-blende symmetry, the tensors have three distin-

guishable nonzero components, 7", ngbb“, and n?“bb

=7]ﬁb“b, and those defined by permutations of a, b, and c.
Real, coordinate-free current injection factors can be
deﬁned24 by 7751=—2i7]2abb, 77f2=_i77?bba, and 77@C=2i7lzmbb
+i nﬁbb “—i7:%“. For each wv and ¢, the current injection rate

along X establishes a grating of the form J')’(“’ sin(K,x), where

I =2F[ '+ 7+ 5 - (1729°)sin*2¢)],  (9)

. 1
JS = EFnC sin(4¢), (10)
J7 = 2FL o+ (12 )sin? 2] (D
S B
‘]x =— 5F77 Sln(4§0)‘ (12)

Here, F=(E,(1))’E,,(f) and we have again used cos 6~ 1.
The calculated values of the current tensor components for
GaAs can be obtained from Ref. 24 for (Zhw—Eg)
=180 meV, appropriate for the experiments described below.

We earlier'® described how the charge current grating
generated by ultrashort pulse produce a transient carrier den-
sity and temperature grating. Although the temperature grat-
ing decays within 500 fs, the charge grating evolves into a
pair grating after dielectric relaxation is complete (typically
by the end of the pumping process for a carrier density of
~10'" cm™). The pair grating has the form N/ cos(K,x),
where

Ni = = KN P" gy (my,) ™ (13)

Here, N is the injected electron or hole density and P™
= (my s, +myac) i*s a measure of the warping of the heavy-
hole band with my. ,, being the mobility effective mass for
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A

holes (hh)  or electrons;  u’

= Fe UM I[NNI sin(K,x)] is the swarm or average velocity
of the injected carriers (— sign for electrons, + sign for
holes) for a given wv, and 7, is the heavy-hole momentum
relaxation time. From the tensor elements and the (density
dependent) hole momentum relaxation time,?>?! one can cal-
culate the swarm speeds and'® P™ for a given uv and hence
the amplitude of a pair grating. The pair grating can also be
reinforced by the effects related to transfer of electrons be-
tween I" and (X,L) valleys.

heavy I-valley

C. Interference of pair gratings

For polarization combinations whereby both N/ and N}*
are nonzero, the density modulation amplitudes are
$in 0f pumpl £ (1) *Ea,(1)d1, so that the ratio N4/ N{" is in-
dependent of the pump pulses’ intensity and temporal char-
acteristics as well as angle 6. For appropriate GaAs optical
and electronic parameters’®>?! and for'® Im( Xﬁ)c) ~6
X 107" mV~!, we estimate (uv# ss,ps) N¥'/Ni'=0.5, sur-
prisingly close to unity given the nature of the different grat-
ing generation processes and the underlying microscopic
mechanisms leading to them. The ratio of the directly depos-
ited pair grating amplitude to that of the injected carrier den-
sity, viz., |N*"/N™/|, depends on the relative number of car-
riers injected by single- and two-photon absorptions and wv.
Under balance conditions,? for pp polarization, this ratio is
[2 Im( ,\/fb)c)/ (2e4cnny,)Y Zy"@]sin 6, where n,, ,, is a re-
fractive index and g is the vacuum dielectric constant. For
GaAs excited by 1550 and 775 nm pulses with =3°, we
estimate |[N?7/N™|~ 1073,

By the end of the pump pulses, for a particular uv and ¢,
the spatial dependence of the pair population is given by

N#¥(x) = N2V + [N5 + N Jcos(K px) (14)

where the implicit ¢ dependence is given by Egs. (4)—(7) and
(9)—(12). The pair grating can be detected using diffraction
of a probe pulse. The interband absorption coefficient for a
probe beam can be expressed®® as a=3,a,[1-f.(E,)
—fi(E,)], where the summation is over heavy- and light-hole
valence bands (v=~hh,lh) from which electrons can be ex-
cited and f, ;(E,) are the Fermi occupancy factors evaluated
at the appropriate electron or hole energies for the states
optically coupled by the probe beam. For GaAs,” ay,
~3ap and ay,~ 3y, where?! @;=0.9X10° m™" is the qui-
escent absorption coefficient at 830 nm. The probe pulse
Pauli blocking factors are dominated?’ by f,(E;,). As shown
earlier,'® a first-order carrier density grating produces a grat-
ing in f,;, and hence a grating in the probe absorption coef-
ficient with amplitude A« and the refractive index An ob-
tained through a Kramers-Kronig analysis.”> One then has
that the diffraction efficiency (diffracted intensity divided by
incident intensity) of the (thin) grating in first order is*® ¢
=e 05(L?/4)[(k,An)*+(Aa/2)*], where k, is the probe
vacuum propagation constant and L is the thickness of the
optically thin crystal. For conditions corresponding to our
experimental situation, calculations indicate that the index
grating is much smaller than the absorption grating. Indeed,
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FIG. 2. (a) Calculated { as a function of azimuthal orientation
angle ¢ for ps (solid curve) and ss (dashed) pump polarization
pairs; (b) same as (a) but for pp polarization (solid curve) and sp
polarization (dashed curve).

from the estimate of the pair grating amplitude above, one
can also show that for typical injected carrier densities of
10'7 ¢cm™3 as used in the experiments, {<<5X 1078 and so the
pair gratings are very weak.

Figures 2(a) and 2(b) show theoretical values of the maxi-
mum ¢ at 830 nm as a function of ¢ for the four different pv
and for Ni”j ~2X 10" em™, a typical density achieved in the
experiments. The ss case yields the lowest calculated value,
reflecting the relatively low amplitude pair grating produced
by QUIC currents in this case. For the ps polarization case,
the contribution to the grating amplitude from QUIC current
generation is the same as for the ss case and the diffraction
efficiency is dominated by the grating formed from the y®
process. The simulations suggest that the ps case would yield
the largest amplitude grating. The pp and sp polarization
cases show contributions from, and interference between, the
pair gratings formed from x® and QUIC current processes.

III. EXPERIMENTS

The material used for the experiments is an
L=790-nm-thick (001)-grown bulk GaAs sample and the
measurements were performed at 300 K. For the w pulses,
we used 1550 nm pulses with a full width at half maximum
(FWHM) of ~150 fs. These were produced by an optical
parametric amplifier that is pumped by a regeneratively am-
plified Ti:sapphire laser operating at 250 kHz. The 2w pulses
with carrier wavelength of 775 nm and pulse width ~150 fs
were produced by frequency doubling of the w pulses in a
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beta barium borate crystal. The w and 2w pump pulses were
temporally and spatially overlapped on the sample with an
angle of incidence of #'=+10° from the normal (internal
angle of 6~ 6'/n,,,,), resulting in A,=2.2 um. The » and
2w pump beams had focal spot size (FWHM) of 60 and
110 um, respectively. The sample is antireflection coated for
800 nm and so the internal and external intensities of the
775 nm beams were approximately the same. Incident inten-
sities for the 1550 nm pulses were as high as 5 GW cm™,
while those for the 775 nm pulse are less than
100 MW cm™2. At the highest intensities, the pump pulses
experienced some absorption saturation as discussed
earlier.'” Given the 775 nm absorption depth of ~0.7 um,
there was a density and indeed a small current variation, with
depth in the thin sample. Hence, all carrier density values
quoted are estimated, depth-averaged values. A time-delayed
s-polarized probe pulse with carrier wavelength of 830 nm
and derived from the regenerative amplifier was focused at
near-normal incidence to an ~40 um spot diameter within
the pumping area, as shown in Fig. 1. The diffracted light
was measured with a photomultiplier tube for various time
delays from the pump pulses.

By also measuring the undiffracted transmission of the
probe beam with (7') and without (7) one or both pump
pulses present, we are also able to determine the differential
transmission of the probe beam, AT/T=(T'-T)/T. Under
our pumping and probing conditions, theoretically one
expects’” AT/T= ay,Lf,(Ey).

IV. RESULTS AND DISCUSSION

Figures 3(a) and 3(b) show on different time scales the
measured time dependence of ¢ for incident ~3 GW cm™>
p-polarized 1550 nm and ~100 MW cm™  s-polarized
775 nm pump pulses, each independently generating a peak
carrier density!® of ~1Xx10'7 and ~3 X 10'7 cm™, respec-
tively, when pump saturation effects are taken into account.
From the discussion in Sec. II C, one would expect { to be
dominated by a directly induced pair gratings (N?° effect)
with the current-induced pair grating amplitude N} being
negligible. Also shown in Fig. 3(a) is the time-dependent
[AT/T]?. Both [AT/T]? and { are proportional to (N"V)2. The
initial fast rise approximately follows the square of the inte-
gral of the pump pulses but is also slowed and delayed
slightly, since the pump pulses are coupled to conduction-
band states with higher energy than that accessed by the
probe pulse. Carrier thermalization and cooling of I'-valley
electrons therefore also influence the rise time of both
[AT/TT? and { during optical pumping. (Note that in the case
where a current-induced population grating induces a pair
grating, and therefore a carrier specific heat grating,'® as the
semiconductor spatially uniformly absorbs energy from the
pump pulses, a temperature grating also occurs. The decay of
this temperature grating would produce a decay of the dif-
fraction efficiency. For the directly deposited density grating
with amplitude N}* considered here, the optical energy depo-
sition process is spatially periodic with the modulation in the
carrier density or carrier specific heat having the same frac-
tional amplitude as the energy deposition process itself.
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FIG. 3. (a) Measured diffraction efficiency ¢ and square of dif-
ferential probe transmission [(AT/T)?] as a function of the time
delay between the 830 nm probe pulse and 100 MW cm™
s-polarized 775 nm and p-polarized 3 GW cm™ 1550 nm pump
pulses for ¢=0. (b) Temporal dependence of ¢ but for longer
delays.

Therefore, no temperature grating forms.) After the initial
rapid rise, both [AT/T]? and { continue to increase on a time
scale of a few piciseconds before beginning to decay through
carrier recombination and diffusion, as shown in Fig. 3(b).
This slowly rising component is likely due to the fact that the
1550 nm pulse, through free-carrier absorption, transfers
electrons into X and L conduction-band valleys. These elec-
trons, including a small number that help define an electron
grating, are returned to the electron I' valley?® on a 2.5 ps
time scale and increase the probe pulse transmission and
diffraction.!” The returning electrons also bring ~0.3 eV of
energy with them, which could also slow down the cooling
rate of I'-valley electrons.

From the direct pump-probe transmission studies, we
measured the carrier recombination rate I" to be ~.03 ps‘l, a
not unexpected high rate because the sample is very thin and
recombination is likely governed by surface defects.!® The
decay rate for { is then 2[K§Du+1"], where D, is the ambi-
polar diffusion constant. From the measured’! D,
=20 cm? s7!, one would expect a grating decay time of
12 ps, consistent with a value of 15+4 ps obtained from the
data.

For each of the four different polarization combinations
mv, Fig. 4 shows the peak { as a function of angle ¢ for a
probe delay of 3 ps and for pumping conditions correspond-
ing to Fig. 3(a). For the ps combination, Fig. 4(a) shows data
consistent with the [sin(2¢)]* dependence predicted by Eq.
(6). Within limitations of signal-to-noise ratio (S/N), there is
no evidence of interference between directly deposited and
current-induced pair gratings, consistent with the theoretical
prediction that the latter is expected to be small. Figures
4(b)-4(d) show corresponding ¢ dependence of { for the ss,

PHYSICAL REVIEW B 75, 125206 (2007)

C,

Z 10 2 3© SsP
Z z
= =
£ £
£ 05 s
& TRRE !
= = :
8 00} , : . 5 o !

w4 0 w4 w2 3u4 . : .

@
z 3{® 8| =
g E
s 2 :
= =
= B
g 1 £
a o T P I "n:

w4 9 w4 w2 34 w4 0 kw2 34

@ ?

FIG. 4. Grating diffraction efficiency as a function of azimuthal
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pump intensities similar to that of Fig. 3.
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it is now as a function of 1550 nm intensity for 775 nm intensity
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pp, and sp cases. Within S/N limitations, no grating is ob-
served for the ss case, consistent with the theoretical discus-
sion in Sec. IT C and Fig. 2(a). The pp and sp cases, how-
ever, show superposition effects and interference between the
two types of pair gratings and have an overall ¢ dependence
consistent with that shown in Fig. 2(b). Interestingly, the ¢
for pp and sp polarizations are peaked at angles ¢ that differ
by mr, as Fig. 2 also suggests. For a given polarization pair,
from the difference in amplitude at the primary and second-
ary peaks, one can estimate that N;/N;~0.25 in both cases,
reasonably close to the theoretical estimated value of 0.5.
Finally, Fig. 5 shows how the diffraction efficiency of the
directly deposited population grating generated by ps polar-
ization varies with the intensity of one beam when the other
beam intensity is held constant. For 3 ps delay and a fixed
1550 nm pulse intensity of 5 GW cm™2, the diffraction effi-
ciency varies linearly with the 775 nm intensity as expected
from Eq. (6), but saturation is clearly observed beyond
30 MW cm2 for which, assuming no saturation, the total
peak carrier density would be ~2 X 10'7 cm™. For our pump
wavelengths, the density of electron states available to the
20 nm bandwidth pump pulses is ~4 X 10'7 cm=. It is there-
fore not surprising that saturation effects become observable
for I?*~30 MW cm™2. In Fig. 5(b), we show similar data for
the diffraction efficiency as a function of 1550 nm pulse in-
tensity for a constant 775 nm peak intensity of 70 MW cm™2.
At low intensities, a quadratic variation is observed, as ex-
pected, but the dependence approaches a linear behavior at
high intensities. For a 1550 nm beam intensity of
3 GW cm™, the estimated total peak carrier density is 2
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X 10" ¢cm™, and therefore it is not surprising that saturation
effects should become observable.

V. CONCLUSIONS

We have investigated the generation of electron-hole pair
density gratings formed by the quantum interference of ab-
sorption pathways for 1550 and 775 nm pulses when the two
pulses are noncollinearly incident on a GaAs sample at
300 K. Transient pair gratings can be generated in two dif-
ferent ways. One is associated with a y'?) optical nonlinearity
and leads to a directly deposited pair grating. The other pair
grating is generated following the dielectric relaxation of
electron and hole charge population gratings following
charge current injection via a ¥ nonlinearity. We have stud-
ied the two grating types as a function of pump beam polar-
ization and sample orientation. Interestingly, in cases where
both grating types simultaneously exist, they are comparable
in amplitude. As a result, they superpose, leading to interfer-
ence effects.
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