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Local Optical Spectroscopy in Quantum Confined Systems: A Theoretical Description
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(Received 17 July 1998

A theoretical description of local absorption is proposed in order to investigate spectral variations on
a length scale comparable with the extension of the relevant quantum states. A general formulation,
including Coulomb correlation, is derived within the density-matrix formalism and applied to the
prototypical case of coupled quantum wires. The results show that excitonic effects may have a
crucial impact on the local absorption, with implications for the spatial resolution and the interpretation
of near-field optical spectra. [S0031-9007(98)08294-5]

PACS numbers: 78.66.Fd, 71.35.-y, 73.20.Dx, 78.40.Fy

The achievement of very high spatial resolutions in opti- The macroscopic polarizatioR(r, w) induced by an
cal spectroscopies of molecules and solids is among the inelectromagnetic fiel®(r, w) is in general given by
portant experimental advancements of recent years. While
in conventional optical experiments the light field is es- P(r,w) = [,\/(r,r’,a)) - E(r', w)dr’, 1)
sentially constant in amplitude and phase over the spatial
extension of the relevant quantum mechanical states, mivhere y(r, r’, w) is the nonlocal susceptibility tensor. It
croprobe techniques make use of highly inhomogeneousan be regarded as the Fourier transform of the local
light fields. In the case of low-dimensional semiconduc-polarization, whose microscopic expression is given by
tors, diffraction-limited confocal microscopy has allowed
the study of individual nanostructures and their geometri- P(r,1) = g(¥l(r,))r¥(r, 1)), 2)
cal fluctuations [1]. With near-field scanning optical mi-
croscopy (NSOM), the spatial resolution is reduced belowvhere g is the electronic charge;--) denotes a proper
the diffraction limit and approaches the scale of quantunensemble average, and the field operadofr, 7) in the
confinement [2]: optical spectroscopy thus becomes a powHeisenberg picture describes the microscopic evolution of
erful probe of the spatial distribution of quantum states. the carrier system. Within the usual electron/hole picture,
In analogy with ultrafast time-resolved spectroscopieghe optical (i.e., interband) contribution ®(r, ) can be
[3] that have shown the importance of phase coherencexpressed in terms of the nondiagonal elements of the
in the quantum-mechanical time evolution of photoexcitedsingle-particle density matrip,, = (d,é.) (d, and ¢,
carriers [4], it may be expected that spatial interferencéeing the destruction operators for a hole in statand
of quantum states plays a dominant role when variationgn electron in state) according to
of the electromagnetic (EM) field occur on an ultrashort
length scale. On the theoretical side, however, not much P(r,t) = qZ[peh(t)\Pe(r)r‘I’h(r) +ccl]. (3
work has been done to investigate the response under these eh

conditions. Most work has focused on the near-field disyyere » and 7 are appropriate sets of quantum numbers
tribution of the EM field [5] and its interaction with arrays |\ hich label the free-carrier wave functiolis,;, involved

of pointlike particles [6], and only recently the effect of i, \he gpical transition. The time evolution of the single-

an inhomogeneous EM field on single-particle transitions, icie density matrix is described by the semiconductor

has been modeled for a semiconductor quantum dot [7]. gjoch equations [8], which for the nondiagonal elements
In this Letter we propose a theoretical formulation, nOt(interband polarizations) read [9]

limited to low photoexcitation densities, based on a fully

microscopic description of electronic quantum states and 9Per _ 1 (E., + F)

their Coulomb correlation. We show that the nonlocal ¢ 7/ hPeh

character of light-matter interaction must be taken into ac- 1 IDon

count, and demonstrate that for any given shape of the b Uen(1 = fe = fn) + “or L (4)
EM-field distribution a proper definition of local absorp- ! £ leon

tion can still be introduced. By applying this scheme towhereU,, and £/, are, respectively, the EM-field and
the prototypical case of a coupled quantum-wire structuresingle-particle energies renormalized by the Coulomb in-
we prove that, when very high resolution is achieved, nonteraction. The last (collision) term in Eq. (4) accounts for
local and Coulomb-correlation effects dominate the locaincoherent (i.e., scattering and diffusion) processes [10].
spectra which, therefore, cannot be simply interpreted as &tationary solutions of this equation can be found by as-
map of the single-particle wave functions. suming equilibrium distribution functiong,, fj; in this
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case Eq. (4) can be transformed into an eigenvalue equaxis of the structurez. For simplicity, we describe

tion whose Ath solution provides the complex energy the narrow light beam by a Gaussian EM-field profile,

eigenvalugiow* = €* — iI'* and eigenvectop),. £(r) = exd —(x? + y?)/20%][12]. For a quantum wire
By inserting the stationary solutign.;,(1) = p.,e~'®'"  the single-particle electron/hole wave functions appearing

of Eq. (4) into Eq. (3) and Fourier transforming, it is in (5) can be written ag, (r) = ¢, (x,y)e* =, g (r) =

possible to express the polarizatiBfr, w) in the form of gb,,,l(x,y)e”‘?z where v,/, are subband indices ar’kj/’"‘

Eqg. (1), from which a microscopic expression fprcan  are wave vectors along the free axis.

be identified. In particular, for semiconductor structures To discuss the 1D case it is convenient to take advantage

described within the usual envelope-function formalismof the translational invariance alongand define

with isotropic electron and hole bulk dispersions, the

susceptibility tensory becomes diagonal, with identical dMx,y) = f PYA(r,r)dz

elements given by

R

X o) = IMP S pApki( = fo — fu) D Pkt b (5.9, (x.y) . (8)

vevpk,
Aeh,e'h’ e ViK;
% e A . .
e () (1) o (x )iy (x') We shall refer tod*(x, y) as theeffectiveexciton wave
X = - hwg — iFhA : (5)  function. ®*(x, y) enters Eq. (7) and, convoluted with the

. . spatial distribution of the EM field¢, yields the contri-
Here, ¢./(r) are single-particle electron/hole envelopepytion of the Ath excitonic state to the local absorption

functions andV/,, is the bulk optical matrix element. 4, (X, ¥, w); note that only Fourier components of the po-
In the usual definition of the absorption coefficient |grization withk¢ = —k!" contribute to the absorption.
within the dipole approximation, the nonlocality gf is The effects of spatial coherence of quantum states are

neglected. When nonlocality is taken into account, it isynderstood most easily in the linear regime on the basis
no longer possible to define an absorption coefficient thagf Eq. (7). For a spatially homogeneous EM field, the
locally relates the absorbed power density with the lightahsorption spectrum probes the averagebdf over the
intensity. However, considering a light field with a given whole space (global spectrum). In the opposite limit
profile &£ centered around the beam positRNE(r,w) =  of an infinitely narrow probe beany(X,Y, w”) maps
E(o)¢(r — R), we may define a local absorption that is | (X, Y)|?; the local absorption is nonzero at any point
a function of the beam position, and relates tbtal ab-  where the effective wave function of an exciton gives a
sorbed power to the power oflacal excitation (illumina-  finite contribution. It is therefore clear that “forbidden”

tion mode), excitonic transitions, not present in the global spectrum,
, may appear in the local one. In the intermediate regime of
a:(R,w) f ImLx (r,r", )] a narrow but finite probe, it is possible that a cancellation

, , of the contributions fromd®*(x,y) takes place between
X &r — R)§(r — R)drdr.  (6)  gifferent points in space leading to a nontrivial localization
This expression is in principle not limited to low- of the absorption. The result will then be quite sensitive
photoexcitation intensities; together with Eq. (5) it pro-to the extension of the light beam.
vides a general description of linear as well as nonlinear As a prototype system showing nonlocal effects we
local response, i.e., from excitonic absorption to the gairconsider two coupled Ga/&lAs T-shaped wires [13].
regime. To obtain spatially separated transitions we consider an
In the linear-response regime— f. — f, = 1 and asymmetric structure (Fig. 1); the barrier width is chosen
the quantity WA(re,rn) = 3., poate(re)n(ry) can be to allow Coulomb coupling between the wires [14]. For
identified with the exciton wave function: in this case theboth electrons and holes, the single-particle ground state
nonlocal susceptibility (5) reduces to the result of linear-(E1, H1) is localized in the widest wire (right wire, RW)
response theory as given, e.g., in [11]. In this regimeand the second bound std#€2, H2) in the left wire (LW)
the contribution of theAth excitonic state to the local [15]. The effective exciton wave functiors* are shown

spectrum is in Fig. 1 for the ground state exciton and for one of the
2 excited states. They are found to differ significantly from

ag(R,wA) o f YMr,r)é(r — R)dr | . (7) the single-particle wave functions (not shown here); this
is true in general for coupled nanostructures. The ground

The above formulation is valid for semiconductors of state exciton mainly involves single-particle contributions
arbitrary dimensionality. To illustrate the effects of non-from the first electron and first hole subbai#tl-H 1), and
locality and Coulomb correlation on the local absorp-has no nodes; hence, no cancellation is possible, and its
tion spectrum, we now consider quasi-one-dimensionatontribution to the local spectrum is expected to be finite
(quasi-1D) nanostructures (quantum wires), subject tdor any extension of the probe beam. On the other hand,
a local EM excitation propagating parallel to the freethe effective exciton wave function for the higher state
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FIG. 1. Effective exciton wave function®*(x,y) for two
coupled T-shaped Gaf8lAs quantum wires, formed at the
intersections between two vertical quantum wells (5.4 and
6.0 nm wide, with a 5.4 nm barrier) and a horizontal quantum
well (5.4 nm wide). Only the dominant (real) part of the
complex wave function is shown for (a) the ground state
exciton, and (b) one of the excited states giving rise to
the shoulder labeled in Figs. 2 and 3. Dashed contours
correspond to negative values. Note the two distinct regions
with different sign, giving rise to cancellation effects for
sufficiently large values ofr.

FIG. 2(color). Local absorptiorw(X,Y,iw) as a function
) ) ] ) _of photon energy and beam position. The beam coordinate
has areas with different signs; therefore its convolutiony varies across the wires parallel to the direction, with

with ¢ may produce cancellations, whose results depend = Y, fixed at the center of the horizontal quantum well
strongly on the characteristic spatial extension of the bean(,sgfﬂfégén(la))éi(rfn u:mlgbnsr:)]f tilhe abéotfﬁg%lrinse fi‘r?fgg)?r']ilrﬁg io
o. Of course, the phase of the releyant quantum states ) Spectrum calculatedpin '?ﬁnéx,single-particle approximal?tion;
determined by electron-hole correlations on the scale of th,) || calculation, with the electron-hole Coulomb correlation
exciton Bohr radius; therefore, to emphasize these effectsaken into account. The labels B, C, D identify the main
in the following we show calculations for a beam with structures discussed in the text.
o = 10 nm (close to the Bohr radiug in GaAs). Note
that NSOM experiments on semiconductors are currently
still limited to higher values otr; calculations performed different. As expected, the spectrum is dominated by ex-
for o > ay confirm that these effects become negligible,citonic peaks at lower energies (the ground state binding
so that a local description is sufficient. energy is 14 meV [16]), and the corresponding continuum
Figure 2 shows the local absorptiariX, Y, iw) in the s strongly suppressed by the electron-hole interaction [9].
linear regime as a function of photon energy and beanThe two main peaksA(andB, at=1614 and 1629 meV,
position. Y = Yj is fixed at the center of the horizontal respectively) still have their largest contributions in the
quantum well (see Fig. 1), while the coordinate varies RW and LW, respectively; however, two weaker struc-
across the structure. As a reference we first discuss resulisres C and D appear (at=1620 and =1633 meV, re-
in the absence of electron-hole interaction [Fig. 2(a)]: thespectively), which are more strongly localized in either
spectrum is essentially composed of two structures, bottvire and have no equivalent in the uncorrelated spectrum.
with the typical inverse-square root high energy tail ensu- We analyze the origin and spatial localization of these
ing from the 1D free-particle density of states. The signaktructures with the help of Fig. 3, which shows the local
from the E1-H|1 transition is spatially located on the RW spectra with the beam centered on the RW or the LW,
while a second peak, located on the LW, stems from thas well as the global spectrum [17]. The most intense
E2-H? transition; in this uncorrelated case the influencepeak @) is the ground state excitofE1-H1); it has
of spatially indirect transition$E1-H2, E2-H1) is negli-  the strongest contribution from the RW, but a significant
gible. The correlated carrier spectrum [Fig. 2(b)] is veryintensity is found also in the LW, consistently with the
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FIG. 3. Global (solid line) and local absorption spectra (in-
cluding electron-hole correlation), calculated with the beam
centered on the right wire (dashed line) and on the left wire
(dotted line);o = 10 nm. The labelsA, B, C, D identify the
main structures discussed in the text.
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