
y,

PHYSICAL REVIEW B 15 AUGUST 1999-IIVOLUME 60, NUMBER 8
Optical analogue for phase-sensitive measurements in quantum-transport experiments
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The Aharonov-Bohm effect has recently been employed to measure the quantum-mechanical phase of an
electron propagating ballistically through a quantum dot~QD! contained in one arm of the interferometer
@Schusteret al., Nature~London! 385, 417~1997!#. Jauho and Wingreen@Phys. Rev. B58, 9619~1998!# have
analyzed this geometry under conditions where the QD is modulated harmonically in time as a way to
distinguish unambiguously between coherent@e.g., photon-assisted transport# and incoherent processes@e.g.,
sequential resonant tunneling#. We show that an optical analogue of this experiment exists, namely, the
propagation of light through a quantum well in the vicinity of an excitonic resonance subjected to a THz
electric field. By carrying out an interferometric experiment, the phase of a transmitted~or reflected! optical
beam at a sideband frequency—analogous to the electron’s phase—can be measured. These phase shifts can be
understood in terms of specific multi-THz-photon processes. The optical experiment affords fundamental
insight not ordinarily accessible in transport experiments.@S0163-1829~99!16931-5#
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Interference of a single particle propagating simul
neously over two paths is a fundamental manifestation
quantum-mechanical behavior. A textbook approach to
phenomenon is first to introduce the Young double-
experiment.1 Light which passes through a screen contain
two slits interferes on another screen to produce fringe
the optical intensity. If the optical path lengths from each
the slits to a given point on the screen differ by an inte
number of optical wavelengths, there is constructive inter
ence and thus a bright fringe. If, however, the optical p
lengths differ by an odd half-integer multiple of the wav
length, there is a dark fringe due to destructive interferen

Indeed, the similarity of quantum-mechanical and opti
interferences is no accident; it is well known2 that the elec-
tromagnetic wave equation and Schro¨dinger equation can be
mapped to each other by (v/c)n(v,r )↔$(2m/\2)@E
2V(r )#%1/2, wherev is the electromagnetic frequency,c is
the in vacuospeed of light, andn(v,r ) the frequency and
spatially dependent refractive index for the electromagn
case. For the quantum-mechanical case, we havem for the
particle mass,\ for the reduced Planck constant,E for the
energy, andV(r ) for the spatially varying potential. The con
nection, though clearly instructive from a pedogogical po
of view, may prove invaluable more widely since resona
tunneling devices based on semiconductor hetero and s
gate structures introduce numerous practical experime
complications as well as make it extremely difficult to co
trol a single elementary parameter of the device. The pr
lems multiply when the potential is modulated in time. Mo
importantly to this study, the phases of the injected and
tected particles cannot generally be controlled or measu
without recourse to complex structures, whereas in the o
cal analogue both are straightforward. Moreover, an indep
dent spectral resolution of the emerging particles is diffic
for the electronic case but routine in optics. In other wor
in transport experiments one usually integrates over all tra
port channels; the individual channels, however, contain
formation of fundamental importance concerning the roles
the various multiphoton processes contributing to the ove
signal.
PRB 600163-1829/99/60~8!/5659~5!/$15.00
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Thus optical analogues of single-particle quantu
transport problems provide a way to realize a number
effects, particularly in the time domain, that are otherw
difficult if not impossible to access. Already, considerab
experimental work on superluminality and its relation to tu
neling times have been carried out.3

These difficulties have hampered a detailed and dir
study of thequantum-mechanical phaseof particles under-
going quantum transport, in particular through tim
dependent potentials. Most studies have been limited t
current-voltage curve which is closely related to the tra
mission probability summed over all transport channels a
function of the chemical potentials in the leads. Indeed, i
only quite recently4,5 that a remarkable series of phase me
surements in quantum-transport experiments have been
ried out. In these studies, an Aharonov-Bohm interferome
is fabricated in a high-mobility two-dimensional electron g
in a split-gate geometry, and one of the arms contain
quantum dot~QD!. This work has required the fabrication o
state-of-the-art high mobility two-dimensional electron gas
in submicron-patterned split-gate devices.

Jauho and Wingreen6 have suggested that an interferome
ric geometry incorporating a QD might also be of interest
investigate another class of quantum-transport phenom
namely, photon-assisted transport~PAT!. In PAT, a low-
frequency electric field~typically 10 GHz to 10 THz! is used
to modulate the energy of the confined level through wh
electrons propagate. The THz photons dress the confined
level, leading to the formation of sidebands and photon r
licas, through which the electron may tunnel. In most expe
ments performed to date, it is not possible to distingu
between coherent and incoherent processes such as PAT
sequential resonant tunneling~SRT!, respectively. In other
words, rather than tunneling coherently through the struct
via PAT, an electron can tunnel into the QD, dephase, th
absorb one or more THz photons, and then tunnel out. Th
whereas PAT involves only virtual transitions~i.e., dressed
states!, SRT involves real transitions induced by the TH
photons. Amplitude-sensitive measurements are ill suited
5659 ©1999 The American Physical Society
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5660 PRB 60D. S. CITRIN
differentiate between the two; however, only PAT is coh
ent and thus is sensitive to the phase.6

In this study, we explore an optical analogue of the qu
tum phase measurement that yields fundamental insights
transport processes which in practice are experimentally
accessible and therefore have not hitherto been consid
theoretically. Moreover, optical experiments can be carr
out under less stringent conditions and with more rout
samples. At present a free-electron laser is required, altho
in the near future we expect that requisite tabletop solid-s
THz sources will be available. The optical analogue of
quantum phase measurement is sensitive to coherent no
ear optical/THz mixing rather than to incoherent sequen
THz absorption and ree¨mission. For example, an experime
of this type would provide a deeper understanding of
THz sidebands observed on optical spectra obtained f
THz-modulated quantum-well~QW! magnetoexcitons,7 and
help to understand why the sideband spectra are asymm
with respect to the fundamental—an effect at least pa
associated with SRT. That is, we consider the transmissioT
or reflectionR of a monochromatic optical beamI at fre-
quencyv through a QW in the vicinity of an exciton reso
nance. At the same time, the QW is illuminated by a stro
cw THz electric fieldF(t). Due to the coherent interaction o
the virtual excitons created by the optical beam with T
photons, light will emerge from the QW at new frequenc
v85v1mV ~sidebands!, wherem is an integer andV is the
modulation frequency~or v12mV for an inversion sym-
metric system!. These processes will be reflected in t
phases ofR andT with respect to that ofI.

We consider linearoptical propagation, although the TH
field may be strong. This is the low-density regime in whi
excitation-induced dephasing and saturation may be
glected. We have shown elsewhere that the transmission
reflection coefficients can be mapped viaR↔T directly to
the harmonically modulated quantum-mechanical tunne
problem.8 First we define the problem under consideratio
then we freely employ the results of Ref. 8.

Let an optical pulse with time-dependent electric-fie

amplitude I (t) be incident normally~propagation in theẑ
direction! on the QW in the vicinity of an excitonic reso
nance. We denote the reflected and transmitted amplitu
by R(t) andT(t), respectively. The momentum of the TH
photons is miniscule and therefore neglected. Thus botR

andT propagate to all intents and purposes in theẑ direction
as well. We assume thatI (t) possesses spectral compone
only near, for example, the 1s, heavy-hole, exciton reso
nance. If the THz fieldF(t) is absent, the excitonic reso
nance is described by its frequency« with respect to the
crystal-ground state~cgs!, the radiative widthG of the exci-
ton to undergo spontaneous emission to the cgs, and the
radiative contributiong to the exciton linewidth. If the
Hamiltonian governing the interband electronic excitatio
of the QW depends on time throughF(t), but with a spectral
content sufficiently below any low-frequency resonance,
can account for the effects ofF(t) through a Stark shift, line
broadening, and modification of the oscillator strength
pending parametrically on time.~We will only treat the first
two.! Ultrahigh-quality ZnSe or GaN QW’s might therefor
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be the best candidates due to their high exciton binding
ergies.

The quantum-confined Stark effect withF(t) parallel toẑ
or the excitonic Stark effect withF(t) parallel to the in-plane

direction x̂ provides the harmonic modulation of the optic

properties associated with the exciton. In particular, forFi ẑ
the main effect is to modulate the exciton energy, while

Fi x̂ the dominant effect is the modulation of the excito
linewidth due to exciton ionization. Below we investigate t
impact on the phase resulting from modulating the exci
center frequency or the linewidth.

In the following we assumeF(t) is of the form Fdc

1Faccos(Vt1aV), whereFdc ~which may be zero! is a dc
bias andaV is the phase ofF. For the cases treated in th
study, we takeFdciFac. This dc offset permits the lifting of
inversion symmetry, thus leading to the appearance of o
as well as even-order THz sidebands in the optical spec
We assume that the modulated QW parameters in the p
ence of the THz field may be written as«(t)5«0
1«1cos(zt1a) andg(t)5g01g1cos(zt1a), wherez5V if
Fdc@Fac or z52V if Fdc50. Typical values of the param
eters may be found in Refs. 9;a is a phase related toaV .
For brevity, we put«̃ i5« i2 ig i ( i 50 and 1! and «̃085 «̃0

2 iG.
If a monochromatic waveI (t)5e2 ivt is incident, we have

shown from a scattering approach8 that the transmitted field
at time t is

FIG. 1. Amplitude~a! and phase~b! into the fundamental (m
50) as functions of detuningd from the exciton line center foru
50 ~solid line!, p/4 ~dotted line!, andp/2 ~dashed line!.
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T~ t,v!5e2 ivt1Ge2 ivtE
2`

t

dt8e2 i ( «̃082v)(t2t8)

3expS 2 i
«̃1

z
@sin~zt1a!2sin~zt81a!# D ~1!

and R5T2I . ~This result and all others carry over to th
quantum-mechanical double-barrier problem via the m
ping R↔T.! We make the substitutionst5t2t8 and t̄
5@(t1t8)/2#1z, employ the identity sin(zt1a)2sin(zt8
1a)52 sin(zt/2)cosz t̄, and perform the Fourier transform
T(v8,v)5*0

2p/zdt eiv8tT(t,v) to obtain the transmitted am
plitude at frequencyv8,

T~v8,v!5~2p/z!@~v2 «̃0!/~v2 «̃08!dv,v8

1Km~v!dv2v8,mz#,

with

Km~v!52iGDe2 ima(
k51

`

8
1

D22~kz/2!2

3J(k1m)/2S «̃1k

2D
D J(k2m)/2S «̃1k

2D
D . ~2!

Herev̄5(v1v8)/2 is the average of the incoming and ou
going frequencies,m is an integer denoting the sideband o
der, D5Dm(v)5v̄2 «̃085v2(mz/2)2 «̃08 is the complex

FIG. 2. Amplitude~a! and phase~b! into the first sideband (m
51) as functions of detuningd from the exciton line center foru
50 ~solid line!, p/4 ~dotted line!, andp/2 ~dashed line!.
-

detuning between the average frequency and the radiativ

renormalized excitonic resonance, and(k51
`8 is the sum re-

stricted to integersk of the same parity asm. R(v8,v) is

obtained from T(v8,v) by replacing @(v2 «̃0)/(v

2 «̃08)#dv,v8 by i @G/(v2 «̃08)#dv,v8 . The first term inR and
T leads to the unmodulated result,10 «1 ,g150. The other
term gives the sidebands as well as the modified transmiss

of the fundamental. Finally, for«̃15«1 (g150), direct
integration gives for the total reflected probabilit
per unit time Rtot(v)5(z/2p)*0

2p/zdtuR(t,v)u2

5(z/2p)(G/G8)ReR(v,v) ~optical theorem!, where G8
5G1g0.

Optical theorems are standard in quantum transport.11 The
coherent transport associated with individual channels, ho
ever, is rarely considered, and in our model appears natur
in R or T associated with the various sidebands. Note th
although the expressions forR and T are valid for modula-
tion of either the exciton frequency or width, the optic
theorem is only valid for modulation of the width. Thus ou
treatment allows for a more thorough investigation of para
eter space than one based solely on the total transmitte
reflected probability.

The foregoing expressions forR andT are compact; how-
ever, it is instructive to reexpress the Kapteyn series
Km(v) in Eq. ~2! as a power series inz5 «̃1 /z,12 in order to
identify the various multi-THz-photon processes that co
tribute to a given sideband. One obtains

FIG. 3. Amplitude~a! and phase~b! into the second sideband
(m52) as functions of detuningd from the exciton line center for
u50 ~solid line!, p/4 ~dotted line!, andp/2 ~dashed line!.
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Series~2! and~3! converge inuzeA12z2
/(11A12z2)u,1 ~in

particular within the circleuzu,0.6627434 . . . ) and for ar-
bitrary 2D/z not an even~odd! integer.12 The terms to a
given order in«̃1 summed overm are the nonlinear suscep
tibilities. For a fixedm, the term to a given order in«̃1
describes multi-THz-photon processes of that order cont
uting to the sideband. This in turn allows one to write t
quantum-mechanical transmission amplitude as a sum
nonlinear susceptibilities, as is commonly carried out in o
tics. Expansion~3! in terms of susceptibilities appliesmutatis
mutandisto the transport case, and to our knowledge w
hitherto unknown. As we see below, it provides the key
understanding the phase shifts of the sidebands, and, by
ogy, the phase shifts in transport experiments as predicte
Ref. 6.

In the following, we consider the phase of the reflect
sideband at frequencyv8 as a function of the detuningd
5v2«0 between the incident frequency and the exciton l
center. As typical values for a very high-quality QW, we ta
g051.52 ps21 ~1 meV!, G50.1 ps21, and z
58p ps21 (z/2p54 THz). For definiteness, we choos
a50. We consider the effect of modulating the exciton lin
width as well as the frequency. Previously,8 we found that
this has minimal effect on the amplitude of the sideban
Our focus here is on the phase which is a unique signatur
the coherent, as opposed to the incoherent, nonlinear op
process leading to sidebands.
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Figures 1–3 show~a! Am(d)5uR(v1mz,v)u and ~b!
wm(d)5argR(v1mz,v) for the fundamentalm50, first m
51, and second sidebandm52 as a function of detuning
and u (50, solid line; p/4, dotted line; andp/2, dashed

line! where «̃15he2 iu and h54 ps21. The gross
features—the large peaks inAm(d) and the jumps in
wm(d)—are due to the first term of Eq.~3!; the behavior of
the weak replicas is governed by higher-order terms. T
total phase shift is thus;mp, asd is swept from below to
above the resonance. Theu dependence ofw0(d) is thus
weak since it is dominated by the leading~i.e., unmodulated!
«̃1-independent term. The replicas display a nontrivialu de-
pendence due to the interference between the lowest-
next-order terms in Eq.~3!, and in principle could serve as
sensitive diagnostic ofu. More dramatic, however, is theu
dependence of the overall phase shift of the sideband, w
again is determined by the leading term of Eq.~3!; clearly,
the phase of the sideband is quite sensitive to whether
exciton energy, the linewidth, or some combination is mod
lated by the THz field. We reiterate that approaches rely
on the optical theorem are inadequate to investigate anyt
but u50; and moreover, they miss all the detail associa
with the individual channels~sidebands!. The sidebands, no
the replicas present in the fundamental, contain the clea
signatures of the coherent processes. Moreover, the po
series~3! rather than the Kapteyn series~2! as usually given
provides the essential insight into the phase shifts.
he
FIG. 4. Interferometer used to measure t
phase shift of the THz sideband.
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How might these phase shifts be measured? Shown in
4 is a possible setup consisting of a Mach-Zehnder inter
ometer in which the THz-modulated QW lies in one arm.13 A
beamI at frequencyv is incident. The reflected beamR from
the QW is spectrally filtered to leave a single THz sideba
v1mz propagating through the interferometer. The beam
v andv1mz are allowed to interfere producing beats. T
phase as a function ofv of the beats with respect to th
optical phase ofI then giveswm(d).

To conclude, we have explored an optical analogue
time-dependent quantum-transport phenomena that al
for an unambiguous differentiation between coherent and
coherent multiphoton processes. In particular, we h
shown that the phase of the sidebands, and analogousl
phase of the transmitted electrons via the various trans
channels, contains a clear signature of whether the mod
tion is of the energy, the linewidth, or some combination
d
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the two. The treatment presented here is of a single T
modulated excitonic resonance, though more complica
systems including resonant THz dressing of two exci
levels8 and realistic band structure14 can also be included
Because of the mapping between the electromagnetic w
equation and the Schro¨dinger equation, light propagatio
through THz-modulated QW’s will be a fruitful way to ex
plore quantum transport through time-dependent potent
We believe the area of optical analogues of time-depen
quantum-transport problems—as pioneered by the work
viewed in Ref. 3—is in its infancy, and in particular, explo
tation of optical pulse propagation through QW’s sho
great promise to advance the field materially.
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