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Second-Order Resonant Polaron
in a Self-Assembled Quantum Dot
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We calculate numerically the spectrum of a polaron in a quantum dot
in the region of resonance with two-phonon states. We show that the exper-
imental data can be reproduced by a model that does not depend on any
adjustable parameters.
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1. Introduction

A compound system consisting of an electron in a quantum dot (QD) and
longitudinal optical (LO) phonons has interesting features that cannot be observed
in higher-dimensional semiconductor structures. Because of a relatively large size
of the QD (compared to the lattice constant), only long wavelength phonon modes
are coupled to the electron. Since the LO phonons are almost dispersionless in
the vicinity of the I' point, these effectively coupled modes can be represented
as a system of discrete oscillators, rather than a continuum. As a result of the
interaction between the confined electron and the set of LO phonon oscillators with
a well-defined frequency, pronounced anticrossings are observed in the intraband
absorption spectra of a single dot whenever the energy difference between electron
levels matches a multiple of the LO phonon energy [1].

Such resonant polarons are an object of current interest, both from the point
of view of their properties in various QD systems as well as of the formal methods
that can be used to describe them [2-4]. The spectrum of a resonant polaron can
easily be described for a single-phonon (first order) resonance [5]. However, in most
self-assembled structures the energy spacing between the electron levels consider-
ably exceeds the LO phonon energy. In fact, resonances observed in experiments
performed at moderate magnetic fields occur at the crossing of the electron levels
with twice the LO phonon energy. Contrary to the first-order resonance, modeling
of two-phonon polaron states is less trivial, since the carrier—phonon interaction
has no matrix elements directly coupling the anticrossing states. Thus, the effect
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is of second order but must be treated non-perturbatively in order to reproduce
the strong-coupling behavior at the resonance.

In this paper, we study the spectrum of a confined polaron, that is, an
electron-LO phonon system in a self-assembled InAs/GaAs QD coupled by the
Frohlich interaction. We focus on the second-order resonance between the ground
state with two phonons and the first electronic shell, composed of the states with
the angular momentum along the QD symmetry axis equal to m = 1. As in
the experiment [1], the states are brought to resonance by the Zeeman shift of the
m = —1 line.

2. The model

The system is described by the Hamiltonian

H = Ho+ Ha + Hint + Hpn, (1)
where Hj describes an electron in an isotropic dot, H, accounts for the QD
anisotropy, Hine describes the electron—phonon coupling and Hpy, is the free LO
phonon Hamiltonian.

The first term in Eq. (1) is the Fock-Darwin Hamiltonian [6] describing
an electron in an isotropic, 2-dimensional harmonic potential in the QD plane
(zy) with an eigenfrequency wy, in a perpendicular magnetic field. The dynamics
along the strongly confined z direction is restricted to the lowest subband. For
the calculations of electron—phonon coupling constants we will assume a Gaussian
envelope wave function in this direction with the width [,. Throughout this pa-
per we will use the basis of eigenfunctions of this Hamiltonian, denoted as [nm),
wheren =0,1,...and m=...,—1,0,1,... are the radial and angular momentum
quantum numbers of the corresponding Fock-Darwin state [6], respectively (that
is, i is the projection of the angular momentum on the symmetry axis z). In
this basis the Hamiltonian is

1
Hy = Zemn|nm><nm|7 €nm = hwp(2n + |m| + 1) — Eha)cm,
nm

with w3 = w3 + w?2/4, where w. = eB/m* is the cyclotron frequency in the mag-
netic field B and m* = 0.066m, is the effective mass of an electron in GaAs.

The second term describes a weak anisotropy (ellipticity) of the confinement
potential and has the form
222 — y?) = & %

Hy = P —?) =
m Wyl T Yy 2 5

D) Z I/'(nm)(n/m/)|nm> (n’m’|,

nm,n’m/’

where ( is a parameter and the matrix elements in the basis of Fock—Darwin states
are

V2
Vi02)00) = Vi00y02) = V(02)(00) = V(00)(02) = 5

Viozy(10) = Viroy02) = Vio2)(10) = Viroy02) = V2,
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Vo)1) = Vioryon) = 1.

Here and throughout the paper a bar over a number denotes a minus sign.
The electron—phonon coupling Hamiltonian has the form [5]:

Hipy = Z [nm) (n'm’| Z Flnm) (i (k)b + hec.,
nmn’m’ k

where

h{) e IBEL\ _(nky /27— (1 k. /2)?
Flnm)(nim) (k) = ka(nm)(ﬂ’m’)( 5 )e (Isky/2)"~(l:k:/2)

Xei(m’—m)q&.

Here the wave vector is written as k = (k1 cos ¢, k, sin ¢, k), {2 is the frequency of
LO phonons at k = 0, V' is the normalization volume for the phonon modes, £ is
the vacuum permeability, € is the low-frequency part of the dielectric constant, and
Ig = \/h/(mwg) is the confinement width in the magnetic field. Let us note that
the Gaussian cut-off at k ~ 1/lg restricts the coupling only to long-wavelength
modes, so the frequency of LO phonons can be replaced by its value at the center
of the Brillouin zone. The functions f(,m)m/m)(q) are tabulated in Table I.

The last contribution to the Hamiltonian is Hpn = hf2 Zk b;;bk.

TABLE I
Functions f(nm)(n/m/)(q) used in the definition of coupling constants.
nm 00 01 10 02
00 1 —iq -q —-4*/V2
01 | —ig —¢° i(¢> —q) iq®/v2
01 | —ig 1—¢° i(¢> —q) i(q®> —2q9)/v2
10| -¢ i(¢® —q) 1-2¢" +k* (¢* —2¢°)/V2
02 | —¢*/V2 i®/v/2 (¢* —2¢°)/V2 q'/2
02 | —¢°/v2 | i(¢® —29)/v2 | (¢" —2¢*)/V2 | 1-2¢*+q"/2

3. The method

Our approach to the diagonalization of the Hamiltonian (1) is based on the
collective mode representation of the LO phonons [7]. The basis of the electron
subsystem is composed of up to 6 lowest Fock—Darwin states (3 lowest energy
shells, 2n 4 |m| 4+ 1 < 3). For this truncated basis, we define 14 collective phonon
modes which are needed to exactly represent the carrier—phonon coupling,

lp 1 Ik 2 2 .
B o= = _ ol — (lsk1/2) (I2k2/2)" \iM o
Mo =\/ Ek Ral ( > )e e’

where o = A, B, C labels different modes with the same angular momentum M
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TABLE II
Functions ¢éma(q) used in the definition of collec-
tive modes. The numbers z; are defined as z; =
(47r3)71fd3qqll exp (—2(qi —|—q§)\2)) /q*, where A = 1. /Ip.

2 3
TOTLATY—TLT6 Toxsxg—T
We defined also a, = 2224287476 — _T2B4T6TY 04

a4
b
\/(l)i.’lis*l‘;ﬁli% \/11542111}87(134(1/'%

c=x0 — 2a2x2 + 2a4x4 + a%m — 2a2a4%6 + aixg.

a=A a=DB OL:C
F: Sp——
M=0 | =)o | P (1= g+ aig')/Ve
: i(woq®—x
M=+1| iq//z2 7\}%

4 2
M==2| —¢*/Jzs | AL =260
/ W/I?ngfzﬁlzg
M =43 i¢®//Ts

M=+4| ¢*/\/zs

TABLE III

Coupling constants 7y(,m)m/m’) for the collective LO modes. Definitions as in Ta-
ble II. Omitted coupling constants can be found from the relation Ynm)m/m/)a =

Y(nm)(n'm’)a-

nm 00 01 10 02
00A ‘t%if —as x;; —/T2 VZ1 Vxa/2
B —Qa4\/ T8 — %
OTA —\/T2 A/ X4 f%*@/xz 176/2
1‘2
B Te — ﬁ
04| —vm | mmemmEm | = om T
2 2 2
_ _ %6 _ T ze _ Ty
B a4 s x4 L6 x2 2 2xo
Al v ETRy ) [T Va1 — 2
12 T a:2
B 6~ o S T ay
02A Ta/2 V24 — = V24 — = VZs/2
x2 x z2
B PR T 5
02A z4/2 \/% - \/22302 V2xy — \/;574 VZa(2 — a2 + ng‘* — ;Ti)
B ST 3y ST 3y

and the functions ¢pr4(q) are listed in Table II. With this definition the col-
lective operators BMa,B;[Ma satisfy the usual bosonic commutation relations,
[BMQ,BL,Q,] = dpm0aar- In terms of the collective modes, the interaction
Hamiltonian reads
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Hue =Y Y [nm)(n'm’ [Ym)mmyaBm' —m.a + hc., (2)
where the coupling constants ¥(nm)(n'm’)a are collected in Table III. The Hamilto-
nian (2) is then diagonalized numerically, including states with up to 3 phonons,
which yields a computational basis of 4080 states.

4. Results

The result of the numerical diagonalization is shown in Fig. 1la. The figure
shows the states that have large overlap with purely electronic (i.e., zero-phonon)
basis states. Qualitatively, the spectral branches reproduce the experimental re-
sults obtained from far infrared absorption on a single QD [1]. A sensitive quan-
titative benchmark for the accuracy of the modeling is the width of the resonance
0F and, to a smaller extent, its position By (which, however, is not precisely de-
fined by the experimental results due to almost parallel branches and some degree
of noise in the anticrossing region). The values read off the experimental results [1]
are 0F = 2.9 meV and By in the range 12-14 T. Our numerical results reproduce
these two values very well.
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Fig. 1. The results of the numerical diagonalization of the electron—phonon Hamilto-
nian using different computational bases (“el”: number of the Fock—Darwin shells, “ph”:

maximum number of phonons). The position and width of the resonance are indicated.
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For comparison, in Figs. 1b-d we plot the results obtained from reduced
models, with lower number of electron energy shells and/or lower maximum num-
ber of LO phonons. Although the curves obtained from reduced models may look
similar to those obtained from the full model, they differ (even qualitatively) from
the latter in the resonance area. In all three cases, artifact lines, slightly split off
the upper branch, appear in this range of magnetic fields. Also quantitatively,
the agreement with the experiment is lost: reducing the number of phonons shifts
the resonance to higher magnetic fields (Fig. 1b,d), while the model with up to
3 phonons but only 2 electronic shells (Fig. 1c) yields a strongly underestimated
resonance width.

5. Conclusions

We have found the spectrum of a second-order polaron formed by a p-shell
state of an electron confined in a quantum dot coupled to two-phonon states. Our
parameter-free model reproduces the observed values of the resonance position
and width without any need to adjust material constants, contrary to what was
originally suggested [1].

We have studied also the effects of restricting the computational basis. It
turns out that the model used in our computations is minimal in the sense that
further truncation of the number of electron or phonon states leads to qualitative
and quantitative discrepancies as compared to both the full model and the experi-
mental data. The achieved correct modelling of the resonant polaron states opens
the way to a quantitative description of polaron relaxation, which continues to be
an open issue both in theoretical and experimental investigations.
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