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Double-slit versus single-slit behavior in the intersubband absorption
of semiconductor heterostructures
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Structural coherent control is used to design open semiconductor heterostructures whose intersubband ab-
sorption displays either single-slit or double-slit quantum interference. In this theoretical study we show that in
the “double-slit” structure, optical intersubband absorption of a light pulse can be modified by adjustment of
the phase of a control field. By careful choice of the steady-state subband population via charge transport
through the heterostructure, an incident pump pulse can either be amplified or attenuated. This coherent control
mechanism is absent in the “single-slit” structure. Our results and physical interpretation are based on a
microscopic self-consistent semiclassical theory of the light-matter interaction in semiconductors and the use of
a gauge which allows direct physical interpretation of the electron kinetic equations.
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[. INTRODUCTION scopic theoretical model, detailed in Sec. Il, is based on
semiconductor Bloch equations which account for the
Over the past 25 years, design of semiconductor nancelectron-electron interaction, the electron-phonon interac-
structures has been exploited for the benefit of a better phystion, charge transporttunneling between contacts and the
cal understanding of mesoscopic effects in solids, on the onketerostructure, and the presence of external electromagnetic
hand, and technological advances on the other hand. Efields. The latter are coupled to the charge carriers within the
amples for the former are the physics associated with thdipole approximation and are treated self-consistently via
quasi-two-dimensional2D) electron gas, such as the frac- @ simplified version of the slowly varying Maxwell
tional quantum-Hall effect, or the properties of quan'[um"3‘qu=1'“0”51-3 ) o
dots! Semiconductor nanostructures have been implemented The heterostructures considered here resemble the origi-
in semiconductor-base@pto) electronic devices. Some of Nal quantum cascade laser structireand are open
the show cases here are the families of quantum cascade aff@/\S/AlGaAs double well systems. By “structural engineer-
quantum-dot based laséghus the physics of nanostruc- "9:” based on envelope-function calculations, the semicon-
tured semiconductors has not only provided us with nevfuCtor analogy to an optic single- and double-slit, respec-
I

: ively, is designed, as is detailed in Sec. Ill.
P:;Q%rgsnfsavcictihanbe?l:[[t?écuhn:;g?ndmg of matter but has a In sec. Il A, the main part of this paper, we consider a

. : . GaAs-AlGaAs-based open biased semiconductor double well
Since structural design on the nanoscale utilizes the Wav@rich is in contact with an emitter and a collector. It pro-

nature of the electron and resulting quantum-mechanicglijes 5 three electron subband system which is subjected to
confinement effects, it may be viewed as structural cohereny, external light fields. The “control” field resonantly
control. In parallel_to this approach, electromagnetic COhertoupIes the two lower subbands, while a second light field,
ent control of semiconductors has been developed and derfhe “probe” or “pump” field, couples this suband doublet to a
onstrated. Originally applied to atomic and molecular sys+igher-lying electron subband. It will be shown that one can
tems, this form of coherent control is based on quantunmanipulate absorption of the probe pulse in the “double-slit”
interference effects which are imposed on the quantum dyketerostructure by variation of the phase of the control field
namics of a system by external electromagnetic figllsis  and holding the time of arrival of the probe constant or,
field has lead to a number of intriguing coherent controlalternatively, by shifting the time of arrival of the probe
phenomena, such as coherent slowing of light in a mediunpulse and holding the phase of the control field fixed. More-
and electromagnetically induced transparetimth based on over, charge transfer between the system and the contacts
the STIRAP principlg or coherent control of photocurrent may be used to achieve an initial population of the electronic
and exciton formatioi=® Utilizing light polarization as an subbands such that electromagnetic gain is changed into loss
additional degree of freedom, coherent control of spin-by changing the phase of the control field by This effect,
polarized electric current has been proposed and demonvhich is absent in the “single-slit” heterostructure which is
strated in experimerftMore recently, coherent control has discussed in Sec. Il B, can be explained as a quantum inter-
been demonstrated on quantum d@t& It is well known, ference effect between pump and control field, mediated by
that the ability of coherent manipulation of simple quantumthe charge carriers in the heterostructure. In Sec. IV, we pro-
systems is one of the main prerequisites for quantum comvide a summary and discussion of our results.
putation and quantum information processtag.

The aim of the present paper is to analyze theoretically
the potential of using quantum interference effects to control We use a semiclassical microscopic model to study the
optical gain in semiconductor heterostructures. The microself-consistent electromagnetic response of semiconductor

Il. THEORETICAL APPROACH
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- sumed to be constant. For given transvekseector, we
evaluate the bound state eigenvalues of the system from the

5
i |

[ s> o : : ‘I characteristic polynomial. Bound state wave functions are

] | M [ | then calculated via a fourth-order Runge-Kutta method using

pump : P 1 : 1 the preyious_ly computed eigenvalues. The Iatte_r are im-

pulse > 1 IL> 1 : |R> . I proved iteratively so that bo_und-state wave fqnchons show
control T : | 7 1 out the proper asymptotic behavior for large In addition, scat-

field I I , W@y (ciing states may be computed upon demand. Electronic

|->T P L : wave functions are used to compute the electric dipole mo-

- 1 ! ments which enter in the interaction Hamiltonian between

LI light and matter, as well as the induced electric polarization.

In the present paper we consider asymmetric double
wells, which we taylor so that one obtains, in the conduction
cated by the dashed line. Solid horizontal lines indicate position oPanSj’ a subband.smglet above a SL.jbba.md d.OUbI.et' A sche-
subband minima of the subband doublgt)) and singlet(). matic representation of the system is given in Fig. 1. The
Vertical arrows indicate control and pump fields. doublet conS|sts.of a lowe-) and an upper Su_bbar(d)
separated by typically 10 to 15 meV. With a typical singlet-

. L oublet splitting of<150 meV, but larger than the optic pho-
nanostructures, wherein the electron dynamics is treate

. 7 ~non energy, nonparabolicity effects in the GaAs/AlGaAs
quantum-mechanically and the electromagnetic field i oy P y

treated classically. The kinetic equations for the electrons i'?rom motion perpendicular to the interfaces by approximat-

the nanostructures, based on earlier work and now applied Ti?lg the electron wave function as

electronic intersubband transitions, and the equations for the

electromagnetic field are solved self-consistently. The ap- 1

proach is presented in three parts: the electronic structure V() = —explik - ptx,(2),

model for the heterostructure, the treatment of conduction 2m

electrons in the presence of an external electromagnetic field, . .

and the treatment of the electromagnetic field. wherek, p, and x,(2) denote the in-plang-vector, the in-

plane position vectofx,y), and the subband wave function,

respectively. Structural details of multiple heterointerfaces

which lead to such an electronic structure and desirable val-
The electronic structure of GaAs-AlGaAs heterostructuresies of dipole matrix elements are given in Sec. Ill.

near the main band-gap is well accounted for within the en-  For the representation of matrix elements which charac-

velope function approact.Our electronic structure calcula- terize the electron-electrofe-€) and electron-phonofe-p)

tion for a heterostructure, such as the GaAs-AlGaAs struCmteraction it turns out that it is useful to transform between

ture sketched in Fig. 1, is based on an envelope-functioqhe|,,>=|_>/|+> eigenstate basis and the left-right-well basis

approach which we developed to study Fano resonances |p)/|R) associated with the doublet subband of the double

multiple-quantum well$? It is based on the use of eight well. Hence we also compute the ground state wave function

“near” subbands and remote band effé€tSince here we for each individual wellL andR, respectively, and compute

are primarily interested in electronic subbands of the conducthe overlaps between tHe+),|-)} and{|L),|R)} basis.

tion band, heavy-, light-hole, and split-off bands are subse-

quently treated as remote barlds his leads to an effective

one-band model which accounts for the main nonparabolicity B. Coherent carrier dynamics

effects in the lower conduction subbands, as well as a static tha Hamiltonian which governs the electron dynamics in

external electric field, when present. The effectivey, heterostructure,

Schrédinger equation for conduction band electrons is of the

form

FIG. 1. (Color online Sketch of the open double-well hetero-
structure. Effective potential profile of the heterostructure is indi-

tructure are weak and we may separate in-plane motion

A. Electronic structure within the envelope function approach

H=H,+H +H'(1),
d P P@) _ . .
—| al2) + + —+E(2-E|x(2 consists of three main partsl,== €,(k)b], b, is the free
dz E(2-E 2[E{(2-E]/dz ) L . o
particle Hamiltonian. Its eigenvalues,(k) are computed
=0. within an envelope function approach, as detailed abee.
s denctes e growth drecion of e sructusgencres S0 Seote oneolecton reator and aibaton s
contributions to the inverse effective mass from remoteacc‘;)u;‘,[S for tae electeon-electron interaction
bands,P(z) is proportional to the momentum matrix element '
betweens- and p-states,” andEy(2),E,(2), andE.(2) are the 1
effective split-off, light-hole, and conduction band edge, re- He= 5 > > U(;/)M(q)bthb;k,_qb&(,byk, )
spectively. For the calculation of eigenvalues and eigenfunc- aBys qkk’
tions (bound and scattering stajeshe heterostructure is
placed into a larger box beyond which the potential is asand electron-phonon Coulomb interaction,
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= (0) T For a recent review of the density matrix approach in the
Hep akzﬁqg P DPokcrai present context see, for example, Ref.19.
Equivalently, the kinetic equations used here may be de-
= > Mg;}m)(Q)bLk+quk(Cuq + CZ(—q))' (2)  rived within the Keldysh formalism, as detailed elsewh&re.
akpgom Starting from the Dyson equation for the single-electron

Clq andc, denote the single phonon operators. Sing|e_(single-particle Green'’s function with time-ordering opera-
particle labels(a,k),(o,q) account for discrete as well as tor 7,
continuous quantum numbers, allowing the description of 1
homogeneous multiband systemsdenotes the type of cou- G(tt') = _—<7ba(t)b;(t’)>,
pling between lattice ions and valence electrons. We only if

consider the polar-optic coupling mode which dominates onyqe empioys the standard gradient expansion in time for con-
the short time scale in Wh'ch we are interested here. .Ou(ributions from the many-body interactions, uses a general-
trezggnent. of the polar-optic electron-phonon  couplingj e K adanoff-Baym Ansatz to make contact to density ma-
M,p (q) is based on a model developed by Ridley and coyjx element€’ and uses the(screenell Hartree-Fock
yvorkers for semlcondu_ctor heterostr_uctu%%.m_the result- approximation to self-energy contributions from many-body
ing scattering rates, which were obtained within second ordefhteractions. This approach is particularly suited for more
in the electron-phonon coupling, we neglect pure polarizasophisticated approximation schemes and has been used
tion scattering between doublet and singlet states, but incluo\gidmy in the recent literaturg-28

polarization scattering within the doublet, to account for the Avoiding all details of the derivation we simply state that
possibility of strong electromagnetic driving between the twothe resulting kinetic equations used for the present study
doublet SubbandS. We WOI‘k N the |eft-rlght-baSIS Of the dOU‘have a Bo|tzmann_B|0Ch_type structure. They represent a set
blet subbands. of Markovian first-order nonlinear differential equations in

H'(t) is the Hamiltonian for the coupling to the external the one-particle density matrix elements which have the
fields. Here, the external electric field is treated as a classic&lrycture

field, with details given in the next section. Hence, bbith
and H’ are single-electron Hamiltonians ard, contains d B
many-body contributions. d_tfaﬁ(t) = Fag{f55(0}).

There are a number of theoretical approaches, such as the ) ) ) ) )
density matrix formalism, the nonequilibrium Green's func-  Nonlinearity arises from the many-body interactions, as
tion approach, and the projection Operator meth0d7 to derivé/e" as a self-consistent treatmen-t Of. the eleCtromagnetiC
kinetic electron equations for a subsytem, such as the semiield. In the low to moderate density limit, terms of up to
conductor electrons in the present c&%8! Usually one third order inf.; enter in these equations. They capture the
makes approximations when dealing with two-particle inter-main effects of coherent dynamics on an intermediate time-
actions to simplify this complex many-body problem. As we scale where scattering and screening processes may be con-
have shown in earlier Work, the kinetic equations used f0|8idel’ed essentia”y as Complete but coherence is still pl’esent
this study may be derived either within the Keldysh nonequi-on the effective one-particle level. o
librium Green’s function approach or within the density ma- ~ The key feature displayed by the kinetic equations is the

trix approacht?23 fact that, unlike in the classical regimgong-time limit),
Within the one-particle density matrix approach, the time-neither the state of the system nor its dynamics are deter-
evolution of the density matrix elements, mined by the population of selected “pointer states” repre-

sented by diagonal elements of the density matrix, alone, but
F () = (bl (Dby(D) e}lso by interband poIarizgtions. Thesg interb_and polarizg—
ap a\EB tions, represented by off-diagonal density matrix elements in
. ) o ] some pointer-state basis can have equal importance com-
with (--) denoting the equilibrium ensemble average, is 0bpared to the diagonal density matrix elements in the presence
tained from repeated application of Heisenberg's equation 0bf strong external perturbations. This is the key to coherent
motion and a truncation scheme based on the theory ghanipulation of transition rates by quantum interference.
cumulants?*2°Here, the direct contributions ¢f, andH’ to  Thus, a physical system prepared and driven in the quantum-
the kinetic equations are treated exactly. The electroncoherent regime offers significantly more “control knobs” for
electron and electron-phonon interaction are treated withimnanipulation than when a system is driven in the classical
second order and a Markov approximatfGri°The electron-  regime. In the latter case, state and response of the system is
electron interaction contributes both mean-field correctiongletermined by the diagonal elements of the density matrix
to the single-particle energies, as well as scattering termsyvhen using a suitable basis. Whether an open electronic sys-
Since we deal with low carrier densities and moderateltem is in its classical or quantum regime depends on the
short time scales, we use simple statidebye-Huckel time-scale of operation, as well as the perturbations applied.
screening. The electron-phonon interaction gives rise to acElearly, for predominantly quantum behavior one needs to
ditional scattering terms in which we neglect coherent phooperate on a time scale at or below characteristic decay times
non effects settingc,y)=0. Upon demand, more sophisti- for off-diagonal density matrix elementassociated with so-
cated models may readily be developed within this approacttalled “cat states; whereby off-diagonal again refers to a
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TABLE I. Properties of the “single- and double-slit” heterostructueese,, andeg are the position of subband minima. and 75 are the
tunneling timesd_g, d,s, andd_,, are dipole matrix elementk,,, is the average microwave intensigy,, is the central photon energy of the
control field.

Structure e €4 &g Ta Ts d_/e d,s/e d./e lw €Emw
“Single slit” -6meV  6meV 70meV  1ps 1ps -0.06 nm -35nm  -5.2 nm=1kW/cnm? 13 meV
“Double slit” -6meV 6meV 87meV 1lps 1ps 2.0 nm -1.8nm  -3.4nm=1kW/cnm? 12 meV
basis of pointer states, i.e., stationary states into which the p= - -

. . T T d - - =) =qTr{pr}= alr | B)f gas
system is driven through its interaction with the environ- or) =qTripry q;ﬁ( i) fer

ment, such as a phonon system or contact leads, as in the | ) )
present situatioR? describes the macroscopic response of the medium to the

In the present work we consider open double-well struc-2pplied elgctric fie.ld and acts as a driviﬂg term in the elec-
tures similar to the ones used in quantum-cascade las§iomagnetic equations. It provides the link to the electrons.
structure€ We treat electron tunneling between the outer! € Ohmic loss term containing the current denjiwyill be

barriers and the two contact regions, emitter and collecto?€glected below. , _ o
within rate equations of the structdfe Since we are concerned with laser light with distinctly

different characteristic center frequencies, we make the
slowly varying envelope approximation for each such com-
diga(kD) i(fa’a(k,t) —fe(k,b). ponent of center frequenay (Ref. 13,
Ta

dt E(r,t)=E(r,t)"+E(r,t)7,

fc(k,t) denotes the Fermi-Dirac distribution function as-
sociated with reservoiC, here a “contact” in form of an
emitter to the left of the double well and a collector to the 1 . .
right of the double well. The characteristic tunnel times E(r,H)* = 28 Eq(r,t)e” *etikret,

2

for the subbands a=+,-,S are given by 7-;1
=(2/5%yc-o)|Mc-ol? WhereM¢_, is the hopping matrix el- whereE(r,t) and®(r,t) are real functions, slowly varying
ement between conta€t and subbandv. y._, is the rate of in position and time. The unit vectérdetermines the state of
“memory loss” associated with contaCtused in the Markov  polarization.P is given the same treatment, however, its en-
approximation. Tunnel times are treated as adjustable paramwelopeP,(r ,t) will, in general, be complex, accounting for a
eters. Their values are given in Table I. phase difference between electric field and polarization.

The amount of(steady-stateelectric current through the The slowly varying Maxwell equations may be cast in the
system is determined by the barrier propertigsmnelling  form
rate), density of states in thé@deal Ohmig contacts, the po- (

where

sition of the two quasi-Fermi levels, and the intrinsic prop-
erties of the heterostructure, in particular its phonon intersub-
band scattering rates. All this, of course, has been utilize
extensively in the design of quantum cascade lasers, demon-

strating that a high level of structural design capabilities has S 1) _ kK
been obtained. Bol (k- V) + ==~ 26€0R9{Po},

where k denotes the unit vector in the direction of wave
propagation. Here we have neglected spatial variations of
both electric field and polarization in the transverse direction,
A self-consistent treatment of the light-matter interactioni-€., we ignore details in the mode structure due to the pres-
requires that the dynamics of the electromagnetic field ignce of the heterostructure since we are primarily interested
solved in parallel to the kinetic equations which govern thein an account of the frequency response of the heterostruc-
time evolution of the electrons. Here we choose a classicdHre. Some aspects of electromagnetic modes in heterostruc-
description of the light field, i.e., we start from Maxwell's tures have been discussed in the literafre.
macroscopic equations, which, in the absence of free charges The electromagnetic fields enter in the electron Hamilton
may be written as inhomogeneous wave equatidfr the — operator via electromagnetic potentia#¢R,t) and ¢(R,1)

~ 19 k
kK-V)+=—|E,=———Im{P
(k- V) m) % e, m{Po}

C. Self-consistent treatment of and coupling to classical
electromagnetic fields

electric field one obtains and the minimum coupling procedure
q
we &P Amp d Ay & P Ho(P,R) — H= Ho(P - —A(R,t)) +é(R,b).
-V+ S |E+—5 —j=-—% 5 P+4nV|(V—|. ¢
c #t ¢ ot c? &t €

Here, we start out using the transverse gaWgé =0,
The electric polarization which in the absence of free charges giwesO0. Further-
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more, the dipole approximatidrk -(R) < 1] is well justified  vides a conduction subband doublet where the minussign
for the present study. In lowest order one hagR,t)  denotes the lower and the plussign denotes the upper sub-
~A(t) (andB=0), which we use here since we neglect theband and a higher-lying conduction subband sing®t The

coupling to magnetic fields. The electric field is given by doublet is driven resonantly by a control field in the micro-
wave (mw) range. Electrons may enter or leave the double
ER.)=- 1ARY }‘9A(t), well via tunneling into adjacent reservoirs. In particular, the
at c dt upper singlet subband couples exclusively to the left reser-
. voir (emitten, the lower doublet couples to the right reser-
A(I\év?) :fl%ols'f(t;hiug?[;r[])aetrt\;vl\élag;;igauge transformation, voir (collecton. This selection may be achieved by proper
' ’ design of the density of states in the contact regfoAs.
., P? q_ . P? electric bias is applied to the device so that there is a small
H—H= om +-R-A= m —d-E(V). net electric current through the double well so that, in the
steady state and in the presence of the mw field, the desired
The advantages of this gauge for the present kinetic equaopulation of subbands is achieved. In this steady state situ-
tions are discussed in the Appendix. In summary and comation, a short pump pulse is sent into the structure. It couples
pared to the original form of the electron Hamiltonian, theythe doublet subbands to the singlet. We shall show that, for
are thatA=0,¢=(1/c)R .A, the kinetic momentum is equal fixed intensities of both mw and pump field, one can control
to the canonical momentum, aifestricted gauge transfor- the degree of absorption of the pump by either changing the
mation A=A(t) is global, and density matrix equations be- Phase of the control field and fixed time of arrival of the

c

come gauge-independent since pump pulse or, equivalently, by holding the phase of the
control field fixed and using the time of arrival of the probe

{M } -0 pulse as control knob. By proper design and biasing of the

at P ' structure, the relative phase between a control field and the

D el e e ) time of arrival of the pump pulse determine whether one

Furthermore, p’=p, f, s=fa =1, p, where prime de- 5cpieves net absorption or gain, as will be demonstrated be-
notes gauge transformed quantities. Furtherméfeterms  |ow. Hence, by changing the relative phase of the control
are included. Since in this gaudt, eigenstates are eigen- field one can switch between absorption and gain, i.e., con-
states of a gauge-invariant Hamiltonian, density matrix eletro| the electromagnetic properties of this semiconductor-
ments in this basis can be given direct physical interpretapased “phaseoniun?®
tion. This feature is important here, since we need the The basic operation principle is quantum interference be-
electron polarization to solve the slowly varying Maxwell tween absorption from subband - to the singlet subb&nd
equations. and subband + to singlet subbaBdvhich arises from the

The interaction of the electrons in a semiconductor hetjight-matter interaction, Eq(3). Within the density matrix
erostructure with the total electric field arising from incident formalism, the time-evolution arising from this coupling is
laser light may now be cast in the form

He =D, bl @ el 0= 2 D0 0falk) - Deafulk.0].
aB

ith th i el Here, a, b, and « denote single-particle subband states
with the matrix elements and we use the dipole matrix elements, as well as electric
D, s=(aleR|B) -E(1). fields, as real quantities. Considering the rate of change of

) . .. the singlet subband sta& one obtains
Thus we do not invoke the rotating-wave approximation

and allow dipole coupling between any pairs of energy lev- - 2 ! , , ,

els. Dipole matrix elements are computed from the wave fSJe—v(k’t)zﬁz dt'[Ds(1)Dps(t)ReE(f oK, ')}
functions obtained within th&-P electron structure model. b "o

They may be chosen as real quantities. Since the heterostruc- X (1= 8,5fsdk,t")) = Dg,()D44(t")

tures under investigation here do not display inversion sym- / _ /

metry, the electric field also leads to diagonal coupling con- X Reffspl,t)HL = Fpsfaalk, 1)), @
tributions in the form of static and dynamic Stark shifts. In awith the first and second contribution in this non-Markovian
classical treatment of light fields, as employed here, electrorelation accounting for absorption into and emission out
magnetic field operators contained linearly Hft) are re- of the singlet subband. There are, for the present system,

placed by expectation values three  absorption contributions with  the factors
_ -i Ds-()D_g(t")Re{f__}, Dsi (1) Dt )RE(F 4}, and
— iy o S S| S+
Yo (Ba) = Pio® ‘ 2D, (1)D_¢(t")Re[f_,}. In the absence of the proipump

field, the steady-state population of the doublet is determined
lll. COHERENT MANIPULATION (self-consistentlyby the charge transport through the system
OF OPTICAL GAIN and the action of the control field. Hence, the “control knob”
The physical situation addressed in this paper is sketchedffered in these terms is the manipulation of{Re}, which
in Fig. 1, showing an asymmetric double well which pro- is driven directly by the control field. Its effectiveness relies
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FIG. 2. (Color onling Structure 1. Effective potential profile of FIG. 3. (Color onling Structure 2. Effective potential profile of
the “single-slit” heterostructure. Dashed horizontal lines indicatethe “double-slit” heterostructure. Dashed horizontal lines indicate
position of subband minima of the subband doublet and singletposition of subband minima of the subband doublet and singlet.
Also shown are the corresponding wave functigp&). Also shown are the corresponding wave functigp&).

on two assumptionga) that one has control over magnitude o ) ) )
and phase of Ré_,} for the duration of the experiment and Shown in Fig. 3, consists of a GaAl,sAs barrier region,
(b) that Ds. and D, are of comparable strength. The latter, followed by a 10 nm GaAs layer, forming the bottom of the
of course, is analogous to the condition of “identical slits” in |€ft well, a 3.0 nm GgogdAlo.01AS barrier, a 7 nm GaAs
Young'’s original optical version of the experiment. layer, forming the bottom of the right well, and a
Condition (a) requires that the electromagnetic control Ga 757l 25As barrier region. The one-electron potential pro-
field can imprint its magnitude and phase udap and that file, position of subband minima and the shape of transverse
f_, is of a magnitude comparable fo_ andf,,. This can be wave functionsy,,»=-, +,S are depicted in Figs. 2 and 3.
achieved by an electromagnetic field which is resonant to th&he main additional characteristics of the two structures are
+—— subband splitting, has a well-defined phase relative tgiven in Table |. The key difference in the two structures is
some time of reference, such as the time of arrival of theéhat the dipole matrix elementd ; and d,s are of similar
pump pulse, and must be sufficiently strong to overcomenagnitude for structure I(‘double slit”), while d_s<d, for
decay of nonequilibrium interband polarizatién, induced  structure I(“single slit”).
by many-body interactions. Here we propose the use of a dc Inspection of Eq(4) also shows that control df_, pro-
microwave (mw) field which is ideal for this purpose be- vides the most efficient means to control quantum interfer-
cause it maintains a periodic oscillation of the doublet polar€ence on the 100 fs time scale. For example, changing the
ization f_, without direct influence on the total population of phase of the pump field, while holding its time of arrival and
the subband. Interband oscillations can also be induced byhe phase of the control field fixed, will not have a significant
short pump pulses which couple valence subbands to thiefluence on the absorption process, as defined by electro-
conduction band doublet and induce coherent chargenagnetically induced changes of the population of the sin-
oscillations®® Disadvantages here are that the interbandylet subband. This is due to the rapid oscillations of tige
pump pulse changes the doublet occupancy and that the iwscillations compared to pump pulse duration and control
duced doublet polarizatioh , decays due to many-body ef- field period. Therefore, the key parameters for coherent con-
fects and structural dephasing. Nevertheless, this method h&sl on the 100 fs time scale are the phase of the control field
been adopted with some success in a recent absorptiaf, and the time of arrival of the pump pulse. Success of the
experiment Related control schemes have been proposeg@roposed control is therefore based on individual control
based on theoretical analysfs. over these two physical quantities. Phase locking between
Condition (b) concerns structural properties of the nano-control and pump field is not critical. Furthermore, the pump
structure. We have used the envelope-function-based elepulse duration should not coincide with an integer multiple
tronic structure code which we summarized above, to designf the period of oscillation of the control field. Here, we will
an example of a double well which is the electron analogorconsider pump pulse durations which are less than one-half
to a “single slit” in optics, as well as one which correspondsof the period off_,. However, pump pulse durations which
to a double slit. The “single-slit” heterostructure, shown inare close to odd multiples of one-half of tie, period lead
Fig. 2, consists of a GaAly25As barrier layer, followed by to similar effects.
a 12 nm GaAs laye(left well), a 1.5 nm Ggg7Alg.02AS For both structures we study the following system dynam-
barrier, a 8 nm GaAs layer forming the right well, and aics. At t=-5 ps a control field which is resonant with the
Gay 757l 25As  barrier. The “double-slit” heterostructure, doublet splitting is turned on, with a risetime of 50 fs to full
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FIG. 5. (Color onling Structure 2. Subband population versus
time. Relative phase between pump and control fieigs 1.75m.
NL, population of left well; NR, population of right well; NS, sin-
glet population;N+, population of subband #\{-, population of
subband -.

FIG. 4. (Color onling Structure 2. Subband population versus
time. Relative phase between pump and control fieigs 0.75q.
NL, population of left well; NR, population of right well; NS, sin-
glet population;N+, population of subband +\-, population of
subband -.

intensity of about 1 kW/cfhand the system is allowed to Pending on the control field phase, there is either a net charge
relax into its new steady state in the presence of carrier turfransfer from subban8 to the doublet or from the subband

neling, electron-electron, and electron- phonon interactiondoublet to S. Subsequently, the system relaxes back into

Tunnel rates and position of quasi-Fermi-levels are selectegteady state. In the present situatiah=¢,~0.75m gives

to give the desired population of subbands. The backgroun@Ptimum gain, andg.~1.75m=¢,+m gives optimum ab-
temperature is set to 10 K. Its detailed value, however, hagorption. These specific values fg, arise from the func-
little influence on our results regarding phase sensitivitytional form chosen for the control field, including its turn-on
Then, peaked at=0, a 100 fs pump pulse arrives and time and intensity, and the time of arrival of the probe pulse.
couples subband doublet states to the singlet states. Here thgually well one could consider a situation of fixed phase of

detuning is set ha|f_Way between the doublet subband ana'le control field and a variation of the time of arrival of the
the singlet. This situation is studied for different phases ofPump pulse. . _ _
the control field and for both heterostructures. Figure 6 shows the magnitudes of intersubband polariza-
tions (per areain the |L),|R), and|S) basis. It shows that,

A. The “double-slit” heterostructure while pump-pulse-induced intersubband polarizations in-

From the near equal size of the dipole matrix elemelnts 01 i i i i , i i i
andd,s and based on Ed4) we expect sensitivity of elec-
tromagnetic absorption of the pump pulse to the phase of the
control field. Figures 4 and 5 show the population of the left
well, the right well, subband&, and the doublet subbands +
and - for control-field phase.=0.75r and 1.75r for struc-
ture 2, respectively.

The figures show that the control field drives coherent
charge oscillations between left and right well, while popu-
lation of the subbands -,+, arfdlare almost constant, re-
spectively, at about 0.5610' cm™2,0.45X 10'° cm™?, and
0.50X 10'° cm2. Based on this subband population one
would expect electromagnetic loss arising from the subbanc
— to subbandS transition and gain from the subband + to /’W

%

¥ / —— pLR (0.75) E
—— PLS (0.75)
—— PRS (0.75)

‘ e PLR (1.75)
y PLS (1.75)

f \‘H\M PRS (1.75)
/M, W

R Yo
\\/ “”?q”qwr

Particle Density (10" cm™
o
&

subbandS transition if the two doublet subbands acted inde-
pendently (incoherently from one another. However, the o buemallf | T TR e
control field establishes coherence between the two double 0 s oo 'sl'?r?we (fg())o 200 3000 S800 e

subbands. The steady-state subband population is not af-
fected by the phase of the control field. However, it can be FIG. 6. (Color online Structure 2. Absolute value of the inter-

seen that the phase of the control field determines the phageand polarizationgp) between subband statesR, andS for rela-
of f_, oscillations. Upon arrival of the pump pulse and de-tive phase$.=0.75 and 1.75 versus time.

WY
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FIG. 7. (Color onlin® Structure 2. Subban® population versus FIG. 9. (Color onling Structure 2. Spectrum of the induced
time for various values of the phase of the dc control figld  €lectromagnetic field for various values of the phase of the control
between zero and2and fixed phase of the pump pulse. (mw) field ¢, between zero and72and fixed phase of the pump

pulse.

volving subbands decay on a time scale of a few picosec- . . . .
onds, thdL)~|R) intersubband polarization pLR is driven by switch betweer_1 strongest gain to strongest absorpt_|on. Figure
the control field and oscillates around an average value o shows th_e singlet subband occupancy versus time pure_ly
about 0.0% 10 cni2 with a period of about 400 fs. More- qnder_ the mfluenc_e of the self—con§|stent eIectromagnetlc
over, the phase difference in the control field causes an equf?tl)d,t'l. e., subtracting out the tunneling and scattering con-
amount of phase shift in the integrated interband polarizatio fl Au ons. | ¢ q direct d ini f the ab
pLR. This phase shift, essentially, accounts for the observed complementary and more direct description of the ab-
effect, as shown in Eq4). sorption process is pbtamed by analysis of the induced _e_Iec-

Further details regarding the dependence of absorption o omagnetic field. l_:|gure 9 show; the spectral composition
the phase of the control field can be obtained from Figs. r_nagnl'gudée of the induced electric field versus energy for
and 8, showing the singlet subband occupancy versus tim ‘|ght dlffgrent values of the phase of th? control f'e!d' W?
Figure 7 displays this evolution accounting for all processe ave subjected the raw data to a Lorentzian broadening with

and shows that in the intervi=0.75,~0.75+x] one can width w=3 meV, in an attempt to account for structural in-
T homogeneities which are to be expected in real heterostruc-

0.52 , , , , , , tures. The two resonances, as well as their phase sensitivity
is clearly demonstrated in the light spectrum which may
serve for experimental verification of the effects under dis-
cussion. Further details of the electromagnetic properties of

0.51 heterostructure plus control fieltiphaseonium) can be ob-

*’g tained in Figs. 10 and 11, displaying real and imaginary part
. of the induced polarization versus energy for Gr7&nd

© 1.75m, respectively. Since the spectrum of the 100 fs pump
E 05 pulse is relatively uniform over the energy regime displayed
g here, this essentially corresponds to a display of the electric
‘g susceptibility. Here we show the raw data obtained from our
° calculation. Considering control field phagg=0.757, we

& 049 see that the transition between + aBdubband displays an

ordinary antiresonancgegative imaginary parteading to
net gain in this frequency domain. It corresponds to the high
peak at around 83 meV in Fig. 9 for phagg=0.75r. The -
048 L T T T to S transition displays an intgrferepce in _ forrr_1 of a
Time (fs) resonance/antiresonance feature in which the imaginary part
of the polarization switches sign, similar to features in
FIG. 8. (Color onling Structure 2. Subban8 population versus ~atomic three-level systemé‘atom-based phaseoniup®
time due to the presence of the electromagnetic field for various-or control field phasep.=1.757 the situation is reversed.
values of the phase of the contiwhw) field ¢, between zero and Here, the lower energy + t8 intersubband transition shows
27 and fixed phase of the pump pulse. the interference feature and the —Sintersubband transition
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FIG. 12. (Color online Structure 1. Subband population versus
time. Relative phase between pump and control fielgs 0.75m.
NL, population of left well; NR, population of right well; NS, sin-
glet population;N+, population of subband #\-, population of

. . subband -.
shows an ordinary resonance, leading to the strong absorp-

tion peak at about 94 meV in Fig. 9 for phagg=1.75. - . d all oth ters th .

Due to the selected structure, decay of intersubband poe—" ﬁ '? Z_rf?c |orl[(ar: 6(‘;{ 0 tetr paramle te_zrs ?tsr?nmasgm?j' It
larization is dominated by the electron-electron Coulomb in-vhat difierent steady-state popuiation of the subbands.
teraction. Moderate total carrier densities of about?!'SeS: 0 aminor extent, from direete intersubband scat-

1.5X 10 cm 2 and small tunneling rates into and out of the teri_ng and, pred_ominantly, frore_re intrasubband scatterir)g

structure minimize dissipative effects. However, the presen\th'Ch’ by washing out populatlon peaks, Ieads' to modified
effect survives at total carrier densities of about€/€Ctron-phonon scattering rates. The polar-optical electron-
1.0X 10" cmi2. In the present configuration, the electron- phonon interaction, of course, has a strong influence on sub-

electron(e-e) scattering between the doublet states is founoband population. Computed singlet to doublet transfer rates

to be the main agent which hurts phase coherence. For thgfa?/grtgeeorgegoor;aepn'ggf:é:gndthzgs Iﬂtee(;s;;ggirédtgg::ﬁr'
present systemg-e scattering contributions reduce the am- ge, P y PP 9

plitude of f_, oscillations by less than 10% compared to ato give the desired steady-state subband occupation. How-

pure e-e mean-field calculation. The main difference to cal- ever, due to the small doublet splitting and low temperatures,

; e o o the latter prohibiting optical phonon absorption, the “control
culations done within the mean-field approximation to theknob" in form of the intersubband polarizatiof, is not

affected on the time scale considered here.

FIG. 10. (Color onling Structure 2. Real and imaginary part of
the induced electric polarization versus energy. Relative pkigase
between control field and pump pulse is 075

— Real Part s -
Imaginary Part B. The “single-slit” heterostructure

The “single-slit” heterostructuréstructure 1 is designed
to have unequal dipole momentd,;=—-0.062-nm andd_g
=-3.%e-nm. Furthermored_,=-5.2 nm. Therefore, there is
essentially only one pathway from the doublet subband to the
upper singlet subband and the interference term is weak.
Based on Eq(4) we do not expect significant phase sensi-
tivity in spite of the relatively large value fat_,.

Figures 12 and 13 show the population of the left well, the
right well, subbands, and the doublet subbands + and - for
control-field phase 0.7band 1.75r for structure 1, respec-
tively. In the steady state reached prior to the the arrival
of the pump pulse, population of the subbands -, +, 8nd
respectively, are near constant at O&T0* cm2,

Electric Polarization (arb. units)
o
o

% I % Energi,o(mev) 10 e 120 0.45X 10'° cm2, and 0.50 10'° cm™2. Figure 14 shows the

magnitude of intersubband polarizatiofyger area in the
FIG. 11. (Color onlin® Structure 2. Real and imaginary part of |L),|R), and|S) basis for structure 1. These figures show that,
the induced electric polarization versus energy. Relative pggse while, the control field drives coherent charge oscillations
between control field and pump pulse is 175 between left and right well just as in case of structure 2, there
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’\'lTe' e?;\./e P fallst?t e|\|I-VT\|e|2 pumpl ":.nn 2??- ht eéélf N'S sn sus time for various values of the phase of the dc control figld
» popuiation ot feft well, IR, populatio Ight wetl; T8, SI between zero and®2and fixed phase of the pump pulse.
glet population;N+, population of subband +\-, population of
subband -. pancy versus time. Figure 15, displaying this evolution when

accounting for all interaction processes, shows merely slight
is net charge transfer from subbaBdo the doublet, into the variation in subband population as the phase of the control

+ subband, for both phases. Hence there is net gain in botfield is varied. Figure 16 shows the singlet subband occu-
cases as one would expect from the initial steady state popgpancy versus time, isolating the influence of tfeelf-
lation of the three subbands. consistent electromagnetic field.

Similar to the case of structure 2, Fig. 14 shows that, Figure 17 shows the spectral decompositioragnitude
while intersubband polarizations involvirgdecay on a time of the induced electric field versus energy for eight different
scale of a few picoseconds, the - |R) intersubband polar- values of the phase of the control field for the “single-slit”
ization pLR is driven by the control field and oscillates aboutheterostructure. Again, we subjected the raw data of a
a value of about 0.0X 10 cni? with a period of about 400 Lorentzian broadening of a width of 3 meV to qualitatively
fs. Again, the phase difference in the control field causes aaccount for structural inhomogeneities which may be present
equal amount of phase shift in pLR. However, in the presenin a real structure. The appearance of a single resonance, as

case, this phase shift is rather ineffective in modifying thewell as the modest dependence on the phase of the control
absorption of the pump pulse. This is demonstrated in moréeld is evident.

detail in Figs. 15 and 16, showing the singlet subband occu-
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FIG. 16. (Color online Structure 1. Subban8 population ver-
FIG. 14. (Color onling Structure 2. Absolute value of the inter- sus time due to the presence of the electromagnetic field for various

band polarizationgp) between subband statesR, andS for rela- values of the phase of the control fiefd between zero and2and
tive phase$.=0.75 and 1.75 versus time. fixed phase of the pump pulse.
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FIG. 17. (Color onling Structure 1. Spectrum of the induced i
electromagnetic field for various values of the phase of the control o L L L
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Further details of the electromagnetic properties of het- FIG. 19. (Color onling Structure 2. Real and imaginary part of
erostructure plus control fiel¢‘phaseoniumy can be ob- the induced electric polarization versus energy. Relative plase

tained in Figs. 18 and 19, displaying the real and imaginaryetween control field and pump pulse is 1775
part of the mdgced polar_lzat|on versus energy for G 2d double and single slit, respectively. On the basis of an enve-
1.75m, respectively. Again, we show the raw data for the|qhe caiculation, we have shown that electronic structure and
electromagnetic polarization. Both for phase @r78nd  gjectric dipole matrix elements of the electron subbands in
1.75m, we find that essentially only the transition betweengemjconductor double wells can be engineered to give the
the + andS subband contributes to the induced electric po-gesired realization, utilizing “structural coherent control” in
larization, displaying an ordinary antiresonangeegative the design. In both cases, there is a lower subband doublet
imaginary part of the electromagnetic polarizajideading  and a distant doublet singlet which communicate with oppo-
to net electromagnetic gain. site contact regions. Two electromagnetic fields, one control
field and one pump field, are then used to study “electromag-
netic coherent control.” The dc control field resonantly
couples the lower subband doublet of the structure which, in
Using a microscopic model for the coherent electron dy+yrn is coupled resonantly to an upper singlet subband via a
namics in semiconductor heterostructures, in conjunctiorpmsed pump field. In the “double-slit” heterostructseruc-
with a semiclassical model for their electromagnetic re-yre 2), our calculations predict that the phase of the control
sponse, we have presented an analysis of two semiconductgé|d (relative to the time of arrival of the pump pujsero-
heterostructures which provide an analogon to an opticalides an effective control mechanism for the absorption
properties of the heterostructure. In particular, we have
shown that, via a double-slit-like interference mechanism,
optical absorption can be switched to optical gain and vice
versa. Within the kinetic equations for the electrons, this ef-
fect is accounted for via a third transition channel between
the singlet subband and the two doublet subbands which is
opened when there is intersubband coherence within the dou-
blet. It provides a channel in addition to the direct transition
channels between the two doublet and the singlet subbands.
It is effective, when the dipole momendsg andd,g are of
the same order of magnitude, as is the case for structure 2.
Moreover, magnitude and phase of the control field allows
control over this channel. It determines the resonance struc-

IV. SUMMARY AND CONCLUSIONS

— Real Part
-------------- Imaginary Part

Electric Polarization (arb. units)

40

50

60

1
70

80

Energy (meV)

90

100

ture of the induced electric polarization, in particular, the
location of a quantum-interference-induced double-
resonance feature. To confirm this interpretation of this co-
herent control mechanism, these findings were compared

with those for a “single-slit” heterostructutstructure 1, for

which d_g<d, was designed and where those featured are
FIG. 18. (Color onling Structure 1. Real and imaginary part of shown to be missing.
the induced electric polarization versus energy. Relative pkigse The microscopic interpretation via the kinetic equations
between control field and pump pulse is 0775 shows that the predicted effects are governed predominantly
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by the phase of the control field driving the intersubband APPENDIX: GAUGE INVARIANCE AND THE DENSITY
polarizationf_, and the time of arrival of the pump pulse. MATRIX FORMALISM

The same effects can be achieved for fixed phase of the Althouah invariance in electrodvnamics has been
control field by variation of the time of arrival of the pump . ough gauge nvariance In electrodynamics has bee

pulse. If one holds fixed the phase of the control field and thdl! many textbooks and pape?i%lt IS worthwhll_e to summa-
time of arrival of the pump pulse but varies the phase of thd1Z2& Some comments regarding gauge invariance and its im-
pump pulse, net absorption as measured, for example, by tmycapons on the Qen5|ty matrix formalism. '!'h|s is an impor-
population change in the singlet subband is practically notant issue here since we seek a self-consistent treatment of
affected. The induced electric field, however, has been founthe electromagnetic field and because electromagnetic fields
to vary in its spectral composition. Furthermore, the pumpare present at initial and final time of the analysis.

pulse duration, which in the present study was about one- Independent of gauge, in quantum mechanics position is
quarter of the period of the induced oscillationfof is criti-  replaced by the position operator—+ R, and momentum by
cal. For successful manipulation of net absorption, it shouldhe momentum operatop,— (%/i)V, such that the canonical

be chosen to be close to a half-numbered multiple of thisommutation relations are fulfille¥.In the context of elec-
period. As long as phase coherence can be maintained withifomagnetic fields, gauge transformatidigs— G’) are local

the doublet and the pump pulse couples to both doublet subynd defined by the transformations

bands, switching from gain to loss can be achieved in the

“double-slit” structure. In the present study, this is achieved A'(RH)=ARD+ VAR,
by application of a dc control field which establishes a dy-
namic equilibrium between buildup and decay of subband 10A(R,1)

polarizationf_,.

Compared to earlier work of ours on coherent control of
electronic intefsubband transitions, the present study pro-and
vides a more complete picture of the self-consistent interplay p{ iq }
between electronic structure, carrier dynamics, and the in- [ = T|h) = expy —A(R,1) (|).
ducted light field” This pertains to both the carrier dynam- he

ics, in which we allow for nonresonant contributions of the  Based on the transformatidnof the wave function under

light-matter (dipole) interaction, a calculation of dipole mo- gauge transformation, one defines the gauge transform of an
ments, and other matrix elements fromkaP electronic  operator as

structure calculation, inclusion of the self-consistently com- _
puted field, as well as to the dynamics of the electromagnetic O=TOT.
field itself, allowing an analysis of its spectral composition. A tor i lled . iant wh

An interesting and related means of inducing quantum N operator is called gauge invariant when
interference effects in electron subbands has been explored o' =0.
experimentally In this work, short pump pulses were used
to promote electrons from the valence subbands into the This implies that matrix elements of gauge invariant op-
electron subband doublet of a closed double well, tempo€rators are invariant, provided that the basis states are trans-
rarily establishing Rabi oscillationgintersubband oscilla- formed also, i.e.,
tions). The absorption of a second pump pulse which reso- o R =
nantly couples the subband doublet to a higher-lying singlet (@'|0"]") = (elOlB).
was probed by weak analyzer pulses. Slight variation of the The Hamilton operator transforms like
spectrum of the induced light field was observed, demon-

. : . ) ~  qJA(R,1)

strating that experiments on coherent control of optical gain H=H--"——=.
are feasible. These observations agree qualitatively with our c dt

calculations which were performed on this structure and, ifrpis noninvariance oM is closely linked to the gauge-

addition, reveal phase sensitivity to the pump pulse coupling,yariance of the time-dependent Schrédinger equation,
doublet to singlet.
gdA(R,t)

The present ideas are readily applicable to quantum dot q

structures. c ot
The current study uses both structural design and control . .

fields which were chosen “by hand” and intuition. A more N contrast toH the density operatop=X,,y,|uXul| is

effective way will be application of optimum control 9auge invariant, and so

schemes to taylor both structure and the properties of the ('|p'|B") ={alp|B),

light field to achieve an optimization of desired coherent S )

control phenomena. Such work is currently in progiss. ~ Whereas the von Neumann equation, in general, is not,

1IARY) ]
c dt I

d'(R,t) =d(R,1) - e

H d IN — N — ] !
i [0 =H'ly) =Hly) 9.
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even if the basis states are subjected to the gauge transfor- q
mation, density matrix equations in general depend on Ho(P,R) = H= HO(P‘ EA(R,t)> +qo(R,1),
gauge.

Does it matter in which gauge density matrix equations In the absence of free charges, the transverse gauge
are formulated? Basically no, but one must be careful. Th&.A=0 allows one to seth)=0 and to express the electro-
key point here is that experimentally, one can only prepare ofagnetic fields in terms of the vector potentials only,
find a system in an eigenstate ofjauge-invariantHermit-
ian) operator Hence, while any complete basis of the Hilbert E(r.f)=— lﬁA(f,t)
space is admissible to define the density matrix, the density ! c Jt
matrix elements may not have direct physical meaning. In . o i
fact, there are three points where one must be careful, the Consider a situation, where-(R)<1 and the first few
initial conditions, the interpretation of density matrix ele- terms of
ments during the time-evolution of the system, and the inter- o 1 ail (B,
pretation of the final state of the system. Physical initial and (explik - Rp) = 1 +ik -(R) (AD)
final states must be defined in terms of eigenstates of gaugaay be used.
invariant operators. This is not a problem, if at initialr There is still freedom in how to proceed. For example, for
final time) the fields are zero. However, if at initial and/or weak to moderate fields, one méy neglect theA? term in
final time electromagnetic fields are present, as is the case the Hamilton operator and work with thé-A term only.
this work, it must be remembered that the Hamiltonian, inAlternatively (b), one may make the Goppert-Mayer trans-
general, is not gauge invariant. Hence its eigenstates do nédrmation usingA(r,t)=-r -A(0,t).33
represent physically accessible states, unless one works in In lowest order(dipole approximation A(R,t)=A(t)(B
special gauges. ~0) and one obtains

A well-known special case serves as an example. Con-
sider the situation of time-independent electromagnetic
fields. Here one maygbut does not have jachoose a gauge
in which the electromagnetic potentials=A(R) and ® ) ) . ) )
=®(R) are time-independent also. In this special gaudge, allowing a new interpretation of el_ectromagr?etlc'potentlals,
becomes gauge invariant and hence its eigenstates are “pd}.(r:1)=0,'(r,)=r-E(0,t) In this approximation and
missible” basis states. The advantage of this choice is th&auge.lI=P and A=A(t) only. Hence, any gauge transfor-
the eigenkets oH are physically “observable” states. Since Mation rendersT to be aglobal phase factor only. Conse-
all (restricted gauge transformations are time-independenguently, the free-particle Hamiltoniar(H,) is gauge-
also the density matrix equations become gauge-invariantivariant, H, eigenstates provide physical initial,
Note that in this gaugeP eigenkets are not physically rel- intermediate, and final states, and the density matrix equa-
evant states i\ # 0. tions and matrix elements are gauge-independent.

Certainly one may work in a gauge in whidt is not In contrast, for choicéa), H, is not gauge invariant. Con-
invariant, however, to make contact with experiment, onesequentlyH, eigenstates may not provide physically valid
generally needs to transform to a basis of a gauge-invariarﬂﬂitim and final states, and are certainly not valid intermedi-
operator(otherwise, computed matrix elements have no di-ate stategwhenA(r ,t) # 0]. In this gauge, one needs the use
rect physical meaningand one still must be careful with the eigenstates of the energy operator involvikig(IT?/2m)
choice of initial and final conditions, since in such a gauget+U(r), whereU accounts for an intrinsic single-particle po-
eigenkets oH may physically not be meaningful. tential, such as the multibarrier potential of the present study.

A second example directly pertains to the present One final comment should be made. Invoking Maxwell's
work3%40 Consider electromagnetically induced transitionsequations, as well as the relation between electromagnetic
in electronic system, such as an atom or a solid. Electromadields and potentials, inclusion of higher-order terms in the
netic fields enters via electromagnetic potent@a(® ,t) and  expansion Eq(Al) within version(b) leads to a multipole
#(R,1) and expansion irE(r,t) andB(r,t) in H.4

and B(r,t)=V X A(r,t).

2

P 2
H-H =~—+
2m

. P
9R.A=—-d-Eq),
2m
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