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Three color coherent generation and control of current
in low-temperature-grown GaAs

J. M. Fraser, A. Haché,a) A. I. Shkrebtii, J. E. Sipe, and H. M. van Drielb)

Department of Physics, University of Toronto, Toronto, Canada, M5S-1A7

~Received 11 December 1998; accepted for publication 10 February 1999!

We demonstrate coherent generation and control of electrical currents in low-temperature-grown
GaAs at 300 K using three phase-related, 150 fs pulses derived from a parametric process.
Interference between single photon~0.8 mm! and nondegenerate two photon~1.4 and 1.8mm!
absorption amplitudes generates ballistic electrical currents whose beam polarization dependence is
in agreement with a simple Fermi’s golden rule calculation. ©1999 American Institute of Physics.
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The use of phased optical beams to control ato
molecules,1–4 and electrons in solids5–11 via quantum inter-
ference processes has been widely investigated in re
years. Many demonstrations involve the interference of
sorption pathways for harmonically related beams. For
ample, atomic populations have been controlled via inter
ence of single and three photon absorption,4 and electrical
currents have been controlled in GaAs and low-temperat
grown ~LT! GaAs8–10 using single and two photon interban
absorption processes. Here we illustrate the quantum in
ference control of electrical currents in LT-GaAs using thr
beams that are not harmonically related but are phase re
since they are derived from a phase-matched optical p
metric processes. Current injection occurs as a result of
interference of single photon absorption with nondegene
two photon absorption pathways. The additional degree
freedom may allow for optimization of coherent control ph
nomena in future applications, e.g., via near-resonant in
mediate states. Here we show that three colors allow on
separate the different elements of the current injection ten
We also present calculations of the dispersion of the
ments in clean GaAs~band gap,Eg51.42 eV at 300 K!.12

The formulation of the three color problem is a simp
extension of the two color process.8 For three beams the
current densityJe,h for electrons~e! and holes~h! is given
by:

dJe~h!
a

dt
5he~h!

abcd~v3 ,D!Eb~2v1!Ec~2v2!Ed~v3!1c.c.,

~1!

whereE(¯) designates the complex field amplitude13 inside
the sample,D[v22v1 , andv35v11v2 ; superscripts in-
dicate Cartesian components. Momentum relaxation of
riers can be included phenomenologically by adding a te
2Je(h)

a /te(h) to the right hand side of Eq.~1!, wherete(h) is
the appropriate relaxation time. The total current inject
tensor is given by habcd(v3 ,D)[he

abcd(v3 ,D)
1hh

abcd(v3 ,D); generally uhe
abcd(v3 ,D)u@uhh

abcd(v3 ,D)u,
because of the lighter effective mass of the electrons,
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typically bothhe andhh , which are purely imaginary, hav
the same sign. For crystalline GaAs, the only nonzero e
ments of theh tensor arexxxx, xxyy, xyxy, xyyx, and related
elements byx, y, andz exchange.14 The tensor is a measur
of the polarity of the electron distribution created by t
interference of single (v3) and two photon (v11v2) pro-
cesses. Note that degenerate two photon absorption can
occur for one or both of thev1 andv2 beams alone if\v1

or \v2.Eg/2. Since these processes access different in
and final states than those accessed by thev3 beam they do
not contribute to the interference effect. For a particular t
sor element, e.g., thexxyy element, Eq.~1! explicitly be-
comes:

dJx

dt
522 Imhxxyy~v3 ,D!uEx~v1!u

3uEy~v2!uuEy~v3!usin~f32f22f1!, ~2!

where the phasesfa are defined according toEa(va)
5uEa(va)ueifa; the phase parameterDf[f32f12f2 can
be used to control the current direction and magnitude.

By following Atansovet al.8 and assuming thatv3 is the
only resonant frequency with\v1 and\v2,Eg we find:

he~h!
abcd~v3 ,D!5

2~1 !2p ie4

\3v1v2v3
(

c,v,n
E dk

8p3 ycc~yy!
a

3F ync
b yyn

c

v̄cy2vn1~D/2!

1
ync

c yyn
b

v̄cy2vn2~D/2!
Gycy

d d~vcy2v3!, ~3!

where vcy(k)[vc(k)2vy(k), v̄cy(k)[@vc(k)1vy(k)#/
2, vnc(k) denotes the matrix element of the velocity opera
between bandsn andc, the subscriptsc andy refer, respec-
tively, to conduction and valence bands, andn denotes a
band of either type; thek dependence of these quantities
Eq. ~3! has been kept implicit. We here sum explicitly ov
bands with different spins. In the degenerate limit (D
50)he(h)

abcd(2v;0)52he(h)
abcd(2v), where he(h)

abcd(2v) is the
result of Atanasovet al.;8 this is as it should be.15
4 © 1999 American Institute of Physics
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Returning to the nondegenerate case, whenD.0 the
first term in square brackets in Eq.~3! ‘‘enhances’’ the con-
tribution from the intermediate conduction~virtual electron!
states with respect to the degenerate case (D50), but ‘‘sup-
presses’’ the virtual hole contribution. The roles of virtu
electron and hole terms are reversed in the second ter
square brackets in Eq.~3!. The divergences asD→6v3 are
associated with either thev1 or v2 beam becoming resonan
with the band gap, and theintrabandmotion of the injected
electrons and holes is also resonantly driven. For nonzeD
the expression~3! indicates a difference inhxxyy(v3 ,D) and
hxyxy(v3 ,D) but with hxxyy(v3 ,D)5hxyxy(v3 ,2D).

Figure 1 shows the calculated four nonzero tensor
ments for GaAs as a function ofv1 over the rangeu\Du
,2Eg2\v3 , with \v351.55 eV~0.8mm!. To calculate the
wave functions and eigenenergies we employed a pseud
tential plane wave approach, a modification of a molecu
dynamics program.16 The nonlocal pseudopotential o
Hamann17,18 forms the basis of the electronic structure c
culation; we used the local density approximation~LDA !
exchange-correlation potential as parameterized by Per
and Zunger.19 To correct for the LDA band gap, self-energ
corrections were included at the level of the ‘‘scissors’’ a
proximation, modifying the velocity matrix elements as pr
posed by Levineet al.20 Spin-orbit effects are neglected. Th
irreducible Brillouin zone was sampled with a hybr
tetrahedron-random sampling method21 with .1300 points.

Note that in the ‘‘xxxx’’ geometry the minimum curren
injection occurs under conditions of degeneracy (v15v2),
as does the minimum two photon absorption;22 but the mini-
mum here is much shallower than in two photon absorpti
Under conditions of nondegeneracy thexyxyandxxyycom-
ponents are distinguishable. This can be understood qua
tively since the larger component occurs when the nonre
nant beam with frequency closer tov3 is also polarized in
the same direction.

The experimental setup to observe three-color cohe
control is shown in Fig. 2. High intensity ultrashort ligh
pulses are used to maximize the nonlinear current genera
while minimizing thermal effects. A regenerative amplifie
Ti:sapphire laser~0.8 mm! operating at a repetition rate o
250 kHz is used to pump an optical parametric amplifier

FIG. 1. Dispersion in the current injection tensor elements associated
GaAs. For comparison with experimental results we choose\v3

51.55 eV; the abscissa is\v1 , with v11v25v3 .
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produce orthogonally polarized 150 fs pulses with 1.80 (v1)
and 1.44mm (v2) and average power of 1 to 2 mW. A
phase-locked beam at 0.80mm (v3) is produced by sum-
frequency mixing in a 1.5-mm-thick KTiPO4 crystal, how-
ever the beam from the Ti:sapphire laser can also be u
The three colors are separated into independent delay
for individual control of pulse delay to maximize tempor
overlap. One delay line (v3) is mounted on a piezoelectri
actuator to allow fine control ofDf.

The semiconductor is a 1mm epilayer of annealed, low
temperature-grown GaAs~resistivity ;107 V cm! on a sub-
strate of~001! GaAs. The three beams are focused to prov
beam waists ranging from 60 to 90mm, yielding peak irra-
diances of 0.6, 1.4, and 15 MW/cm2 for v1 , v2 , andv3 ,
respectively. Peak carrier density is on the order of
31017cm23. To observe the ultrafast signals, we integra
the current by collecting charges on unbiased gold electro
separated by a 10mm gap.9 The crystal/electrodes are con
figured so as to make the~100! crystal direction across the
gap with the~010! direction along the gap allowing us t
make use of thehxxyy tensor. The fast trapping time of th
LT-GaAs causes the sample to return to high resistivity o
picosecond time scale thus minimizing carrier discha
through the sample.10 The electrodes are connected direc
to a lock-in amplifier~100 MV input impedance!. The mea-
sured steady-state voltage signal corresponds to the
grated current, i.e., total collected charge, discharg
through the lock-in amplifier. Phase mismatch of the th
beams due to material dispersion10 is not an important con-
sideration in this experiment due to the relatively short
tenuation depth~1.5 mm!23 of the v3 electric field. Back-
ground free measurements are performed by ditheringDf
about a given value at 80 Hz while using lock-in amplific
tion.

The inset to Fig. 3 shows that the steady-state volt
has the expected dependence onDf. The variation of current
injection with the v3 irradiance, I (v3), was determined
from 60 kW cm22 to 15 MW cm22 while both thev1 andv2

beam peak irradiances were held constant. Results are sh
in the main part of Fig. 3. A best fit indicates that the curre
varies asI (v3)0.4560.03, close to theI (v3)0.5 dependence ex
pected theoretically~albeit, for the current injection rate!. By
rotating the sample 90° along with the polarization of thev3

beam, we can access thehxyxy tensor element. The magn
tude of the injected current then decreases by;30% in ap-

ith

FIG. 2. Experimental setup. For the purposes of clarity, focusing optics
omitted and overlapped beams are shown spatially separated. Beam
flected from gold mirrors are directed slightly downward to be intercep
by a pick-off mirror and sent to the sample.
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proximate agreement with the theoretical results of Fig. 1
more detailed analysis of the momentum relaxation and
dynamics of the circuit would be required to effect a mo
quantitative comparison of theory with experiment; nonet
less, this difference is observed to vanish asv1→v2 , in
agreement with theory.

In conclusion, we have demonstrated that the cohe
control of photocurrents in semiconductors can occur us
phase-related, but not harmonically related optical bea
This offers an additional degree of freedom to enhance
herence control processes in general. In the case of cu
generation in semiconductors, such an enhancement ca
cur as\v1 or \v2 approach an intermediate resonance s
as an impurity level, or even the band gap as Fig. 1 ill
trates. More detailed considerations would have to take
account the width of the pulses and their spectral con
under such near-resonant conditions. Using the nondege
ate beams we have verified the difference of two element
the current injection tensor that are the same under dege
ate conditions.
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FIG. 3. Dependence of maximum steady state voltage onv3 beam irradi-
ance. Solid line is the best fit to a power law with exponent 0.4560.03.
Inset: Collected charge amplitude as a function of the phase control pa
eter between three-color beams of 1.44, 1.80, and 0.80mm. The solid curve
is a best fit to the data assuming a sinusoidal shape.
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