Ezxciton States in Non-Concentric Core—Shell Quantum Dots

https://doi.org/10.15407 /ujpe71.9.763

R.YA. LESHKO,' O.V. LESHKO,! 1.V. BILYNSKYL"? D.S. KARPYN!

I Department of Physics and Information Systems,
Drohobych Ivan Franko State Pedagogical University
(3, Stryiska Str., Drohobych 82100, Ukraine)

2 Department of Physics, Kryvyi Rih State Pedagogical University
(54, Universytetska Str., Kryvyi Rih 50086, Ukraine)

EXCITON STATES IN SPHERICAL
NON-CONCENTRIC CORE-SHELL QUANTUM DOTS

The electronic and excitonic structure of non-concentric CdSe/CdS core-shell spherical quan-
tum dots is investigated theoretically, with the core rigidly displaced from the shell center. Hole
states are computed within the four-band Luttinger—Kohn model expanded in a plane-wave
basis, with the displaced-core confining potential treated exactly, and exciton states are ob-
tained by configuration interaction including the direct electron-hole Coulomb attraction and
the short-range exchange interaction. The displacement reduces the confining symmetry from
spherical to azial and lifts the degeneracy of the band-edge hole multiplet, yielding a fine-
structure splitting that increases monotonically with the core offset. The same mechanism re-
shapes the exciton spectrum: the ground-state tramsition undergoes a blueshift as the core
approaches the shell boundary, while the exchange-induced dark—bright splitting grows steadily
with displacement. The calculated absorption edge is in quantitative agreement with the exper-
imentally measured value. This agreement is obtained only when excitonic effects are included,
with the electron-hole Coulomb attraction supplying the redshift required to reconcile theory
and experiment. The results identify the core displacement as an effective structural degree of
freedom for tuning both the emission energy and the exciton fine structure of colloidal core-shell
nanocrystals.

Keywords: core-shell quantum dot, non-concentric nanostructure, CdSe/CdS, exciton fine
structure, dark-bright splitting, electron-hole exchange interaction, Luttinger-Kohn Hamilto-
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1. Introduction

Semiconductor quantum dots (QDs) have become an
integral component of modern nanophotonics and op-
toelectronics due to their unique, size-tunable opti-
cal and electronic properties. Among the variety of
nanoscale systems, core-shell heterostructures occupy
a special place. The ability to select core and shell ma-
terials with different band gaps and band alignments
allows such QDs to effectively control the spatial lo-
calization of charge carriers and the probability of ra-
diative transitions [1-4]. This makes them critically
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important for the development of advanced optoelec-
tronic devices. In particular, the core-shell architec-
ture is key to the design of highly efficient luminescent
solar concentrators [1,5,6], as it enables a significant
Stokes shift [6], thereby minimizing self-absorption
losses. Furthermore, the controlled spatial separation
of the electron-hole pair and the consequent suppres-
sion of non-radiative Auger recombination have paved
the way for the creation of highly stable, so-called
non-blinking light-emitting diodes and reliable single-
photon sources [7].

Among the various fabrication techniques devel-
oped to date, colloidal synthesis remains one of the
most versatile and widely adopted methods for pro-
ducing core-shell QDs. This chemical approach, par-
ticularly in the organic phase, has been success-
fully employed to realize the aforementioned non-
blinking nanostructures [8, 9]. For instance, by pre-
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cisely controlling the deposition of CdS shell layers
onto pre-grown CdSe cores, researchers can system-
atically tune the overall dimensions of the resulting
samples [9]. Because these QDs are grown in colloidal
solutions, the minimization of surface tension typi-
cally drives them to adopt a quasi-spherical geom-
etry. However, despite the common theoretical as-
sumption of perfect spatial symmetry, actual colloidal
synthesis does not guarantee concentricity of the core
and shell. In real experimental samples, factors such
as nonuniform shell growth rates, localized lattice
mismatch strains, or kinetic fluctuations during the
chemical deposition process frequently cause the core
to be displaced from the geometric center of the
shell. Consequently, the actual morphology of these
synthesized nanoparticles often corresponds to a non-
concentric spherical core-shell QD (NCSCSQD) [10].

To date, a substantial body of theoretical work has
been dedicated to studying NCSCSQDs. Various the-
oretical approaches, including the plane wave expan-
sion method and other numerical techniques, have
been successfully applied to model these systems [10—
14]. These studies have extensively explored the en-
ergy spectra of charge carriers under the influence
of external electric and magnetic fields, and have
investigated the electron-hole exchange interaction
[15]. However, a major limitation of these previous
investigations is their simplified treatment of the hole
states. They predominantly relied on a simple single-
band effective mass model, thereby completely ne-
glecting the complex structure of the valence band
and the inherent mixing between heavy and light hole
states. This crucial theoretical gap can be closed by
utilizing the Luttinger Hamiltonian [16-18], specifi-
cally within the Baldereschi-Lipari spherical approx-
imation [19], which accurately captures the complex
valence band dynamics.

Furthermore, although earlier works have calcu-
lated various optical parameters and transition prob-
abilities in NCSCSQDs [12], they largely overlooked
excitonic effects. In strongly confined nanoscale sys-
tems, the Coulomb interaction between the electron
and the hole is highly pronounced. Neglecting exci-
ton formation results in an incomplete description of
the optical response and leads to inaccurate predic-
tions of the binding energies and absorption spectra
of realistic nanostructures.

Consequently, the primary aim of the present work
is to develop a rigorous theoretical framework for hole
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states in NCSCSQDs using the Luttinger model. Ba-
sed on this framework, we aim to calculate the exci-
ton energies (accounting for both Coulomb and stan-
dard exchange interactions). Ultimately, this study
determines the specific impact of the core’s spa-
tial non-concentricity on these fundamental electronic
and optical parameters, providing a more realis-
tic and comprehensive picture of these asymmetric
nanostructures.

2. Theoretical Model of Hole States

2.1. Geometry of the nanostructure
and the shape functions

We consider an NCSCSQD consisting of a core with
radius 7o surrounded by a shell with an outer radius
r1. The entire core-shell heterostructure is embedded
in an infinite bulk matrix. We also assume that the
geometric center of the core is shifted from the center
of the spherical shell by a distance D along the z-
direction (Fig. 1). We set the origin of our Cartesian
coordinate system at the geometric center of the outer
shell. Consequently, the displacement vector of the
core is defined as D = (0,0, D), where the physical
condition for the core to remain entirely within the
shell is D < rqy —ry.

The nanostructure therefore partitions the space
into three regions with different material pa-
rameters: the core Q.= {r:|r—D|<rp}; the
shell Q, ={r:|r| <r1}\ Q. and the outer matrix
Q =R3\ {r: |r| < ri}. It is convenient to describe
this partition by two spatial shape functions, each of
which equals unity inside the corresponding sphere
and zero outside:

x1(r) = O(ry — [r]), (1)
Xe(r) = O(ro — |r — DJ), (2)

where O(z) is the Heaviside step function. Because
the core lies entirely inside the shell, the two shape
functions are nested, x.(r)x1(r) = xc(r). This nest-
ing is precisely what allows an arbitrary piecewise-
constant material parameter f(r), which takes the
values f., fs, and f,, in the core, in the shell, and
in the matrix, respectively, to be written as a strictly
linear superposition of the two shape functions:

f(r) :fm+(fs_fm)Xl(r)+(fc_fs)Xc(r)' (3)
ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 9
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Fig. 1. Nonconcentric spherical core-shell quantum dot: cross-section in the X Z plane (a); confinement potential U(0, 0, z) (b);

three-dimensional view with one quarter removed (c)

The first term (3) sets the background value of the
matrix everywhere. The second term raises the pa-
rameter to its shell value over the whole volume of the
outer sphere. The third term corrects the core region,
where the parameter differs from that of the shell. Di-
rect substitution confirms that (3) reproduces f,, for
reQm(xi=xc=0), fsforr e Qs (x1 =1, x.=0),
and f. for r € Q. (x1 = xc = 1). Therefore, the com-
plete geometrical information about the nanostruc-
ture, including its non-concentricity, is carried by the
pair of shape functions y; and Y., whereas the ma-
terial parameters are carried by the three numbers
fe, fsy fm- Every position-dependent quantity of the
model obeys this single rule. In particular, the Lut-
tinger parameters are

Y1(r) ="+ (77 =W )xalr) + (7 =71 )xe(r),  (4)
() ="+ (7 =")xa(r) + (v = 77)xe(r),  (5)

and the band offsets at the two heterointerfaces form
the three-dimensional confining potential of the hole:

U(r) = Un + (Us = Un)xa(r) + (Ue = Us)xe(r).  (6)

Here the top of the valence band of the core material
is chosen as the reference level, U, = 0; Uy is the
valence-band offset at the core-shell interface and U,
is the barrier at the shell-matrix interface, with 0 <
< Ug < U,,. Hole energies are counted as positive into
the valence band.

2.2. The hole Hamiltonian

In semiconductors with the zinc-blende structure
the valence band is fourfold degenerate at the I'
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point. The spin-orbit interaction splits the sixfold p-
type manifold into the upper fourfold I's multiplet
with the total angular momentum j = 3/2 and
the lower twofold split-off I'; band, separated by
Ag,. Since Ay, considerably exceeds the confinement
energies of the states considered below, the split-off
band is neglected and the hole is described within the
four-band Luttinger—-Kohn model [16-18].

We neglect the corrugation of isoenergetic sur-
faces in k-space, i.e. we use the spherical Baldereschi—
Lipari approximation [19] and replace the Luttinger
parameters 7, and y3 with one effective spherical pa-
rameter, defined separately in each domain:

(e = 2+ .
In this approximation, the kinetic energy operator
commutes with the total angular momentum opera-
tor. Therefore, all spectral symmetry breaking arises
solely from the geometry of the nanosystem.

For a spatially homogeneous material, the spherical
Luttinger Hamiltonian has the compact Baldereschi—
Lipari form:

- B2 5\ =« L\2
H, = — ) k2 —2y (k-

L= G Kﬁ + 27) 7( J) } (8)
where myg is the free-electron mass, I%a = —i0/0x4

and J, (o € {x,y,z}) are the 4 x 4 angular-
momentum matrices for 3/2. In our heterostructure,
however, v, and  are position-dependent and do not
commute with k. The naive product y(r)(k-J)? is not
Hermitian and does not conserve probability current
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across the heterointerfaces. The operator must there-
fore be symmetrized, which is the multiband general-
ization of the BenDaniel-Duke prescription:

), = 2m0 Zk Kop(t)ks + U(r) Lsxa, 9)
with the 4 x 4 kernel:

X 5 ..

Ropl®) = |10+ 57(0)] b0 = 700 T3}, (10

where {A, B} = AB + BA is the anticommutator
and I4X4 is the 1dent1ty matrix. The kernel is sym-
metric, Ko5 = Ksa, and Hermitian for every r. Con-
sequently, H), is Hermitian for arbitrary profiles
71 (r),v(r). For constant parameters, (9) reduces ex-
actly to (8), because 3, 4 kaks{Ju, J5} = 2v(k-J)2.
Integrating (9) across a heterointerface reproduces
the correct matching conditions, namely the conti-
nuity of the four-component envelope ¥ and of the
generalized current ), Kop(r)ks®

In the basis of the cigenstates |3/2,m;) of J., or-
dered as m; = 3/2,1/2,—1/2,—-3/2, the Hamiltonian
(9) takes the familiar Luttinger form:

P+Q =$ R 0
A “§t P-OQ 0 R
Hy = - 5 A & Ulr)Laxs,
. P 0 -0 & +U(r)Isxa
0 Rt St P+Q
(11)
where
b= N feayi (v)ha
g Y1(r)ka,
. R . > 7 ) i i
Q=g [’m(r)kx + kyy(r)ky — 2’%7(”"“2]’
mo
. (12)
R = —7\/§k—7(r)k—’
2mg
. h? A - 7 i
S=_—"—1/3 {kzv(r)kf + k‘—W(I‘)kz}
0

where l%i =k, + zl%y The operators P and Q are
self-adjoint, whereas R and S are not, and the lower
triangular part of (11) contains their adjoints, which
must be written out explicitly:

Eqgs (12) and (13) follow from (10) by direct evalu-
ation of the anticommutators {J,, Jg}m m/- The ad-

joints are obtained from the elementary rules k:j; =
= ka, kI = kz, together with the fact that v(r) is
real, so that (k,vk, )t = /%j’yfc;f

2.3. The plane-wave
expansion and the matriz elements

According to the plane wave expansion method, we
assume that the NCSCSQD is placed inside a large
cubic supercell of volume € = L? and periodic Born—
von Karman boundary conditions are imposed. The
edge L > 2.5r1 + af [20, 21] (where af is the effec-
tive Bohr radius) is chosen large enough for the ex-
ponential tail of the hole wave function penetrating
into the matrix to decay completely within the su-
percell, so that the spurious interaction between ad-
jacent periodic images and the artificial confinement
by the supercell boundary are both negligible. The
four-component hole envelope is then expanded in an
orthonormal plane-wave basis:

= Z CG,mj ‘vaj>>

G,mj

1
G m;)=—
Gy} =
where m; € {3/2,1/2,-1/2,-3/2}. Cg,m, are un-
known coefficients, and the reciprocal lattice vectors

of the supercell are

2w
f(nzvnyanz)7

(14)
ST my),

G = n; € 7. (15)
During the calculation, the basis is truncated by re-
taining only those G that satisfy the isotropic condi-
tion:

ni + nf] +n? < N2

cut» (16)
where Ny is a convergence parameter. The main
advantage of this representation is that the bound-
ary conditions at both heterointerfaces need not be
imposed by hand. They are automatically accounted
for through the Fourier transforms of the material
parameters.

The whole construction rests on a single iden-
tity. For an arbitrary function f(r) that is periodic
over the supercell, the matrix element of the sym-
metrized operator I%a f (r)l%g is

(Glhaf(x)ks|G') = GaGls f(q),
ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 9
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where the Fourier transform is defined as

fla =g [ e e ar (18)
Q

To obtain (17) it suffices to note that ks acting to
the right on ¢’G" - r produces the factor G/B’ while kg
is transferred onto the left exponential by integration
by parts, with the surface term vanishing by virtue
of the periodic boundary conditions, thereby pro-
ducing the factor G. Thus the non-commutativity
of k and f (r) is resolved exactly, without any ap-
proximation, and no derivative of the discontinu-
ous parameters ever needs to be evaluated. Since ky
are mere linear combinations of k, and lAcy, the rule
(18) extends to the entries (12) of the Luttinger ma-
trix. For instance, (Glk_y(r)k_|G') = G_G"7(q)
with G4+ = G, £ iG,. Every operator in (12)—(13)
thus turns into an algebraic bilinear form in the pair
(G, G’), which is what makes the whole Hamiltonian
matrix analytic.

Substituting the expansion (14) into the Schrédin-
ger equation H,U = EV, projecting onto the basis,
and applying (17) to the kernel (10), we arrive at the
algebraic eigenvalue problem:

> Hyp i (G, G')Cr gt = ECG m, (19)
G’,m;
with the matrix elements
/ 2 ~ .
Ho i (G, GY) = 5 (’Yl(q) + 27(01)> x
/ n? .
x (my[{(G - 3),(G" - I)}m}) + U(@)dm,my,  (20)

where g = G — G’ and 41(q), ¥(q), U(q) denote the
Fourier transforms (18) of the corresponding position-
dependent quantities. Eq. (20) is the exact plane-
wave image of the Hamiltonian (9). Its Hermiticity
is manifest: G - G’ is symmetric under G <+ G’, the
anticommutator obeys {A, B} = {B, A} and is Her-
mitian for real G, and, since (r) and U(r) are real,
¥(—aq) =4*(q) and U(—q) = U*(q). Taken together,
these give Hmjm/]_(G, G = [Hm;m].(G’,G)]*.

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 9

Written out explicitly, (20) preserves the block

structure,
P+Q -8

H(G,G') =

0
R
Q s |*
P+

o =,

+U(q)Luxa, (21)

where each entry is the plane-wave matrix element of
the corresponding operator in (12)—(13),

P=(G|PIG"), Q=(G|Q|G),
R=(G|R|G'), R=(G|R'|G), (22)
S =(G|9|G"), §=(G|ST|G),

so that the barred symbols are a shorthand for
the adjoint operators and not for complex conjuga-
tion. Applying the identity (17) term by term, these
bilinear forms are obtained in closed form:

h2
n _ ~ el
I h2 ~ / ! i
QG. Q) = 5 5(a)(G: 0L + Gy G, — 26.6L).

2
RG.G) =~ VB4(q)G G,
2mo (23)
2
R(G.G) = ——V33(q)G+G..
2m0

h2
S(G,G) = 5 —V37()(G:G. + GLG-),

_ h2
5(G,G) = Tmo\/gﬁ(Q)(GzG; +G.Gy).

Eqgs (23) make the Hermitian structure fully explicit.
The barred quantities obey

R(G,G') = [R(G',G)]",
S(G,G') = [S(G",G)],
that is, the arguments have to be interchanged to-
gether with the complex conjugation, which is the
plane-wave image of the operator adjoints (13).

Applying the definition (18) to the decomposition
(3), we obtain, for any parameter of the model:

(24)

f(q) = fm5q,0+(fs 7fm))~(1(q)+(fc*fs))~(c(q)' (25)

Consequently, the whole problem reduces to the eval-
uation of the two Fourier transforms x1(q) and x.(q),
both of which are obtained analytically.
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Consider first a sphere of radius R centered at the
origin. Since its shape function depends only on |r|,
we may align q with the polar axis without loss of gen-
erality, so that q-r = ¢r cos§ with ¢ = |q|. Switching
to spherical coordinates,

R 2 by

/e—iq-rd3r _ /ﬂdr /d¢/e_i’17"°03951n9d9. (26)
0 0

r|<R 0

The angular integration gives foﬁ e~tarcostgin g dh =
= 2sin(gr)/(qr), and the remaining radial integral
(4m/q) foR rsin(gr) dr is elementary. Hence

F(¢,R) = e TPy =

Ir|<R

z—g [sin(¢R) — qgRcos(qR)|, q#0,

= 47TR3 0 (27)
q="y,

3 9

the second line following from the limit ¢ — 0 of the
first and coinciding, as it must, with the volume of
the sphere. The function F(q, R) is real and depends
only on |q.

The shell sphere is centered at the origin; therefore,
. 1
Xi(a) = ﬁF(q, 1) (28)
The core sphere, by contrast, is centered at D =
= (0,0, D). Performing the substitution r = r' + D
in (18) and using the shift theorem, we get

/ e AT By =

[r—DJ|<ro

X " 1 .
_ ﬁe—zq.D / e~tar d3 r_ ﬁe_quDF(Q7TO)~ (29)

v/ |<ro

Egs (28)—(29) constitute the central analytic result of
the model. The displacement of the core enters the
entire formalism exclusively through the phase factor
exp(—ig. D). The moduli of the Fourier harmonics are
independent of D. Therefore, the whole physics of the
non-concentricity is encoded in the relative phases
between the harmonics, which is precisely what de-
stroys the spherical symmetry of the confining po-
tential and of the effective-mass profile while leaving
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their magnitudes intact. For D = 0 all Fourier co-
efficients become real and even functions of q, and
the concentric core-shell QD is recovered as a spe-
cial case of the same formulae. The limit 7o — 0, or
v¢ =%, 9{ = 77, Us = 0, yields a homogeneous
spherical QD. Both limits provide a convenient test
of the numerical implementation.

Collecting (25)—(29), the Fourier transforms that
enter the matrix elements (20) are given analytically
by

1(@) = W00 + (0 — AV Fla,r) +

+ (45 = 3P F(g,m0) | (30)
(@) =7"bq0 + %[(vs =" F(g,m) +

+ (" = )P F(g,m0) | (31)
0(4) = Unbao + g | (Us = Un) Fla. 1) -

~ U P F(g,ro)], (32)

where the last equality accounts for the chosen refer-
ence level U, = 0. For q = 0, the Kronecker symbol
contributes, and (29) yields the volumes of the two
spheres, F(0,r1) = Vi = 4mr3/3 and F(0,7r¢) =V, =
= 4mr3 /3, so that the diagonal harmonics reduce to
the volume-averaged parameters of the supercell, for

example,
\%1

1(0) ="+ (v§ —7"‘)5 + (v =)

Ve
q’ (33)
which resolves the apparent divergence of (29) at
q — 0 and provides an additional consistency check
of the construction.

A remark on the Luttinger parameters of the ma-
trix is in order. The wide-gap host has no valence
band structure that could be described by the same
I's manifold, and its Luttinger parameters are, strict-
ly speaking, not defined. We therefore set 4" = 1 and
~™ = 0, which reduces the kernel (10) in the matrix
to Xaﬁ = §aﬁf4x4, i.e., to a free particle of mass my
moving in the barrier U,,. This choice is physically
justified because the high barrier confines the hole al-
most entirely within the heterostructure, so that the
details of the dispersion in the matrix are irrelevant,
while the four components of the envelope decouple in

the barrier and decay as exp(— /2mo(Un, — E) r/R),

as expected.

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 9
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3. Theoretical Model of Electron States

The description of the exciton requires the electron
states as well. The conduction band of the materi-
als considered is nondegenerate and isotropic near
the I' point, so that the electron is adequately de-
scribed by the single-band effective-mass approxima-
tion with the Hamiltonian written in the BenDaniel—
Duke form,

(34)

Both the inverse effective mass 1/m(r) and the elec-
tron confining potential U, (r) are piecewise-constant
and therefore obey the same decomposition (3). Ex-
panding the electron envelope over the scalar plane-
wave basis, ¥(r) = Q723" Age®T, and applying
the same identity (18), we obtain the matrix elements
in closed form,

K2 -

He(Ga G/) = ?(G : G/)ﬁ(q) + Ue(q)a (35)

where 7j(q) and U,(q) are given by (25) with the same
functions (29) and (30). Thus the electron and the
hole problems are treated on exactly the same footing
and share the same analytic Fourier transforms. Elec-
tron states in the NCSCSQD have been calculated
and analyzed in detail in [11,12]. The only difference
is the scalar rather than four-component structure
of the basis. The electron levels E/(f) and the coeffi-
cients AE’;) obtained from (35) serve, together with
the hole states, as the single-particle basis for the ex-
citon problem considered below.

4. Theoretical Model of Exciton States
4.1. The exciton Hamiltonian

The single-particle spectra of Secs. 2 and 3 describe
an electron and a hole that do not feel each other. In a
strongly confined nanocrystal, however, the Coulomb
attraction between the photocreated carriers is com-
parable to the confinement energies and cannot be
treated as a weak perturbation, while the short-range
electron-hole exchange interaction, although much
smaller in magnitude, is the only term that removes

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 9

the spin degeneracy of the pair and therefore deter-
mines which of the exciton levels are optically ac-
tive. Both terms must be included, and both are
added to the sum of the single-particle Hamiltonians:

I:Iex - -HE + ﬁh + VC(rearh) + -Hexch7 (36)

where H, is given by Eq. (34) and Hj, by Eq. (9). The
direct Coulomb term is

N e2

Vo (r€7 rh) = (37)

_47T€0€|I‘e —rp|’
in which ¢ is the effective static dielectric constant
of the heterostructure. Since the core and the shell
are made of different materials, we take € to be the
volume-weighted average over the two regions,

= Ec‘/c + Z‘:s(‘/vl - Vc)
= v ;

47Tr8” Vi = 47r7°:1)’7
3 3

(38)

‘/C:

which uses the same two volumes that already ap-
peared in the q = 0 limit (33) of the Fourier trans-
forms. This simplification is justified because a fully
consistent treatment of a position-dependent e(r)
would require the solution of the Poisson equation
with the polarization charges induced at both het-
erointerfaces, which lies beyond the scope of the
present work. In addition, we consider QDs for which
the difference in dielectric constants is small.

The exchange term requires more care than in the
single-band description. Because the hole is described
by the four-band Luttinger model, it carries the an-
gular momentum j = 3/2 rather than a spin 1/2, and
the electron-hole exchange is not of the (6. x )
singlet-triplet type. The short-range exchange inter-
action between a I'g electron and a I'g hole is instead
the standard contact operator [22]:

A 2

Hexen = _7Eexch(re) ag 6(1'@ - I'h) (a' X j),

3 (39)

where & are the Pauli matrices acting on the electron
spin, J are the same 4 x 4 angular-momentum ma-
trices for 3/2 that enter the Luttinger kernel (10), ag
is the lattice constant, and ecyen is the bulk exciton
exchange constant. The J-function expresses the fact
that the exchange is a short-range interaction acting
on the scale of the unit cell. Since eqxe, differs appre-
ciably between the core and the shell materials, we
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keep it position-dependent; being piecewise-constant,
it obeys the same decomposition (3) as every other
parameter of the model,

g)lcch + (ngch exch) Xl( ) +

exch) XC( )

Eexch (I‘) =€

+ (ggxch (40)

so that its Fourier transform is again given analyti-
cally by (25), (28) and (29).

4.2. The exciton basis and the wave function

The single-particle Hamiltonian (34) of the electron
contains no spin-orbit coupling, so each electron level
E,(f) with the envelope 1, (r.) is twofold degenerate
with respect to the spin projection s, = +1/2, and
the spatial and spin variables of the electron factor-
ize. The hole, by contrast, is not a product of an enve-
lope and a spinor, because the state v obtained by di-
agonalization of (20) is an irreducible four-component
object

U, (ry) = Z \Ill/ ,m; (rh)|3/27mj)7
v) iG-r 41
\I/l, ,m; I'h f Z (ije h,7 ( )

in which the Bloch index m; is inseparably entangled
with the spatial dependence through the plane-wave
coefficients Cgy ) " This is the essential structural dif-
ference from the s1ngle band description, and it car-
ries over to every subsequent step.

The non-interacting electron-hole configurations
|ies.) ® |v) therefore form the natural basis of the ex-
citon problem, and the exciton wave function is the
full configuration interaction expansion

=2 D Gl >

Wy S

\Il.gi) (re7 O¢; rh

X wu(I'E)lSz) ® \I/V(rh)v (42)
or
\Ij(n Z Z ,usz7 v Wu (re) x
WV Sz,mj
X Wy, (13 [5:)15/2, ). (13)

The coefficients C’ugmu carry no m; index: the dis-
tribution of the hole over the four Bloch components
is already fixed by the single-particle state v. If N,
electron and N, hole levels are retained, the exciton
matrix has dimensions 2N.N;, x 2N_Ny,.
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Projecting (36) onto this basis gives the secular
problem

Z H,Z);zuu/s’zu’cfus’ v = Eny CLTGLZ,W (44)
w'siv
with
o s = (B 4+ EM) 8,06, 85. 0, +
xch
Wi Gt + KED (45)

The first term is diagonal and contains the single-
particle spectra of Secs. 2 and 3. The second term, the
Coulomb interaction, acts only on the spatial coordi-
nates and is therefore diagonal in the electron spin,
but it couples different configurations (u,v). The
third term is the only one that mixes the spin chan-
nels. The two remaining subsections reduce W and
K to closed-form expressions in the plane-wave
coefficients.

4.3. Matriz elements
of the Coulomb interaction

Since the supercell is periodic, the Coulomb kernel is
expanded in the same discrete Fourier series as every
other quantity of the model,

4 i (re— ph)
lre — rh| Q Z
Voo RS
© E()EQ Z p26
p#0

where p runs over the reciprocal lattice of the super-
cell and p = |p|. The term p = 0 is excluded because
it describes the interaction of the two uniform charge
densities and is exactly cancelled by the neutraliz-
ing background, as it must be for a charge-neutral
electron-hole pair.

The structure of (46) shows that the only quanti-
ties needed are the matrix elements of e¥/P'* between
single-particle states, i.e., the transition densities in
reciprocal space. For the electron and the hole, re-
spectively, they are

(46)

ip-(Pe—Pn)
b

pri(p) = <w e P ap) =
_ A(M) 7
(h%: ( ) G+p (47)
pyu ( ) <\II |e_zp.r|\:[]l”),:
- ZG Z ( g)mj)*Cng)p,mj .
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These equations are obtained by inserting the plane-
wave expansions (14) and (41) and using the orthogo-
nality Q! Jo G =Gp)rgsy — 0G’,G+p, Which col-
lapses the double sum over the reciprocal lattice into
a single one. Note that the hole density in (47) is
summed over m;. The Coulomb operator is propor-
tional to the unit matrix in the Bloch subspace and
cannot change the Bloch index. Both densities obey

ph(=p) = [p5) (p)],

so that only one half of the p shell has to be stored.

Collecting Eqgs (46)—(47) and observing that the
electron and the hole absorb opposite momenta Fap,
the six-dimensional integral of the direct Coulomb in-
teraction reduces to a single discrete convolution over
the reciprocal lattice

i=-eh, (48)

_ (R)
W},Ll/,pb'l// - €0€Q Z 2 pP«H pyy’(_p)' (49)
Hermiticity, Ww, wv = Wy ¥, follows di-

rectly from Eq. (48) together with the evenness of
1/p?. Thus no six-dimensional numerical integration
is ever performed. The whole Coulomb problem is
treated algebraically in the plane-wave coefficients,
exactly as the single-particle problem was.

4.4. Matrixz elements
of the exchange interaction

The exchange operator (39) factorizes into a purely

spin part and a purely spatial part. Substituting

Egs (39) and (43) and integrating the d-function,

which collapses the six-dimensional integral onto the

diagonal r, = r; = r, we obtain

KZ);(Z:};/H,S/V %a’g Z <827mj‘&"]|3 m; >I;,Ll/]/:Tfl//’
mj,m;

(50)

where the four-wave-function overlap integral, weigh-
ted by the position-dependent exchange constant, is

100 = [ s (1) 0500 () 5, 1)
Q

X Wyt () d3r. (51)

In contrast to the Coulomb density (47), the hole

indices m; and m; are here not summed over. The

operator & x Jis off-diagonal in the Bloch subspace,
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and it is exactly this off-diagonal structure that mixes
the four hole components with the two electron spin
states.

To evaluate Eq. (51), we introduce the m-resolved
hole transition density,

(h),m;

Pov o (p) = ZG: (CG mJ) Cg-i-p m/;

h MMy
p(p) = 32 pl ™ (),

mj

(52)

where the second relation shows that the Coulomb
density (48) is simply its trace. The products of two
envelopes are then ordinary Fourier series determined
by these densities

l Z p(e) ip-r

§ : h)7m]m ezp-r
Q Puvr ’

and, inserting these together with the inverse trans-
form eexen(r) = Zq Eexcn(q)e’®T into (51) and inte-
grating, we arrive at

P (x)hy (r) =
(53)
\II* ( )\IIV’,m

v,mj

yuuu’zgzzgexch p)X
h),m; m
x oo™ (—q p) (54)

The three factors correspond to the momentum bal-
ance q + p + (—q — p) = 0. The inhomogeneity of
the exchange constant supplies the momentum q,
while the electron and the hole exchange momentum
p. For a homogeneous exchange constant, €excn(q) =
= Eexch0q,0, and (54) collapses into a single convo-
lution formally identical to the Coulomb expression
(49) but with the kernel 1/p? replaced by unity and
with the term p = 0 retained,

(h),m;

s m/;
Pyyr ! (_p)

mjm}; _ €exch (e)
pv,p’'v T o) ! (p)
P

(55)
It remains to specify the spin factor of (50). In the

product basis |s,)|3/2,m;), the operator

1
(O'+J_ +U J+)
Jr = J, +idy,

c-J=0.J,+ (56)

6i =S 695 +4 ZJy,

is an 8 x 8 matrix whose non-zero elements connect
the channels with s, +m; = s, +m/;, i.e., it conserves
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Fig. 2. Dependence of the two lowest hole multiplets on the core displacement D for a CdSe/CdS NCSCSQD with a fixed shell
radius r1 = 5 nm: core radius ro = 2 nm (a); core radius ro = 3 nm (b). Curves I, 2 correspond to the ground multiplet; curves
3, 4 — to the first excited one. Within each multiplet, curves I and 3 are the states with |F;| = 3/2, curves 2 and 4 — those with
|F.| = 1/2. Every curve is a Kramers doublet, so that the four curves represent eight hole states. At D = 0, the curves of each
pair merge, recovering the fourfold degenerate multiplet of the concentric structure

the projection of the total angular momentum of the
pair. All matrix elements of (50) are pure numbers,
so that K" is obtained from (56) by a finite 4 x 4
contraction of the overlap integrals (54) with an 8 x 8
numerical matrix.

5. Results

The calculations were performed for a NCSCSQD em-
bedded in an infinite matrix. The core displacement
was varied over the whole physically admissible range,
0 < D < r; — rg. The following material parame-
ters were used [23, 24]. For the core, 7§ = 3.265 mo,
~5 = 1.162myg, v§ = 1.443 mg [23], which by (7) yields
the spherical parameter v¢ = 1.331mg. For the shell,
vi = 2.10myg, 75 = 0.70mop, 7§ = 0.90mg, whence
v° = 0.82mg. For the matrix, we set 7{* = 1 and
~™ = 0, for the reasons discussed in Sec. 2.3. The
top of the CdSe valence band is taken as the refer-
ence level, U, = 0. The valence-band offset at the
core-shell interface is Us = 450 meV, consistent with
the bulk band-gap difference AE,; ~ 750 meV and
a conduction-band offset of ~ 0.3 eV reported for
CdSe/CdS heterostructures [25, 27|, and the barrier
at the shell-matrix interface is U,, = 4000 meV. The
static dielectric constants entering the effective value
(38) are . = 5.8 and €5, = 5.5 [24-27]. Since these
QDs are grown by colloidal synthesis, the surrounding
matrix is a non-polar organic solvent with a consid-
erably lower dielectric constant (&, ~ 2.4 for toluene
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[28]). It does not enter into (38), because the exciton
is confined almost entirely within the heterostructure
by the high barrier U,,, and the volume averaging in
(38) is therefore restricted to the core and the shell.
First, we calculated the dependence of the hole en-
ergy on the location of the core for different core
sizes and a fixed shell radius (Fig. 2). Since in the
spherical approximation (7) the kinetic-energy oper-
ator commutes with the total angular momentum, it
is convenient to classify the hole states by the total
angular momentum operator F=L+J , where L is
the angular momentum associated with the envelope
motion and J is the operator of spin 3/2. For a con-
centric structure (D = 0), the confining potential (6)
is spherically symmetric, both F' and its projection
F, are good quantum numbers, and every level with a
given F'is (2F+1)-fold degenerate. A displacement of
the core along the z-axis reduces the symmetry from
spherical to axial. F' ceases to be conserved, whereas
the projection F, = m; + m (where m is the az-
imuthal quantum number of the envelope component
with the Bloch index m;) remains a good quantum
number for arbitrary D. Since F, is half-integer, time-
reversal invariance guarantees Kramers degeneracy
E(F,) = E(—F;), so that the states can be labelled
by |F.| and each level remains at least twofold degen-
erate for any core displacement. At D = 0, the con-
fining potential is spherically symmetric, and, accord-
ingly, curves 1 and 2 in Fig. 2 start from a common
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energy, and curves 3 and 4 likewise merge too. The
exact coincidence of the branches in the concentric
limit is a direct consequence of the spherical symme-
try and simultaneously serves as an internal consis-
tency check of the numerical method.

Displacing the core lowers the symmetry to ax-
ial. The projection F, remains a good quantum num-
ber, but the degeneracy with respect to its modulus
is lifted, and each fourfold multiplet splits into two
Kramers doublets, |F,| = 3/2 and |F,| = 1/2. Kra-
mers degeneracy is preserved for arbitrary D.

The splitting is strongly non-linear in D. Up to
D ~ 1.5 nm for /p = 2 nm (and D ~ 1.0 nm
for 7o = 3 nm) the branches remain practically in-
distinguishable, and only when the core approaches
the shell boundary does the splitting grow rapidly,
reaching ~ 1.2 meV for the ground multiplet and
~1.5 meV for the excited one at the maximal displace-
ment D =1y —ro =3 nm (Fig. 2, a). This behaviour
reflects the fact that a hole localized predominantly
within the core is only weakly sensitive to the posi-
tion of a distant interface. The perturbation becomes
appreciable when the shell thickness on the side of
the displacement becomes comparable with the pen-
etration depth of the hole wave function into the bar-
rier. The excited multiplet splits more strongly than
the ground one, as its envelope extends further to-
wards the shell boundary and therefore probes the
induced anisotropy earlier.

Simultaneously, all branches shift upwards with in-
creasing D, reflecting the enhanced confinement. A
comparison of the two panels reveals the expected
quantum size dependence. Increasing the core radius
from 2 to 3 nm lowers the absolute energies by nearly
a factor of two and reduces the splitting at the maxi-
mal admissible displacement from =1.2 to ~0.5 meV,
since a larger core leaves a thinner shell and hence a
smaller range of accessible displacements.

Analogous calculations can be carried out for the
electron states. Within the single-band effective-mass
approximation (34), the conduction band is non-dege-
nerate and isotropic near the I' point, so the electron
envelope is a scalar rather than a four-component ob-
ject. Consequently, the electron levels carry no ana-
logue of the F, splitting discussed above. Each level
remains twofold degenerate with respect to the spin
projection s, = +1/2 for an arbitrary core displace-
ment, but there is a splitting with respect to the az-
imuthal quantum number m; [11,12], and the effect
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of non-concentricity reduces to a monotonic shift of
the levels. A detailed calculation and analysis of the
electron energy spectrum in NCSCSQDs, including
its dependence on the core displacement and on the
geometrical parameters of the heterostructure, have
been performed in [11, 12], and we therefore do not
reproduce it here and use the electron levels and wave
functions obtained there.

Having both single-particle spectra at our disposal,
we can now turn to the exciton problem. The elec-
tron and hole states obtained above enter the con-
figuration basis (42) of the full exciton Hamiltonian
(36). It should be emphasised that the splitting of the
hole multiplets described above does not simply carry
over to the exciton spectrum. The Coulomb interac-
tion mixes the configurations of electrons and holes,
while the exchange operator (39) additionally couples
the four hole components with the two electron spin
states, so that the resulting exciton levels are classi-
fied by the projection of the total angular momentum
of the electron-hole pair.

For the exciton calculation the geometry was fixed
at a core radius rg = 1.3 nm and an outer shell radius
r1 = 2.6 nm. These dimensions were chosen to repro-
duce the CdSe/CdS sample S5 of the experimental
study [9], so that the computed spectra can be com-
pared directly with the measured data. In the concen-
tric limit this corresponds to a shell thickness ry—rg =
= 1.3 nm, and the physically admissible range of the
core displacement is therefore 0 < D < 1.3 nm. The
exciton wave function was expanded in the configu-
ration basis (42) constructed from the N, = 3 lowest
electron levels (without spin) and the Np, = 8 lowest
hole levels, which yields an exciton matrix of dimen-
sion 2N, N, = 48 (including both electron and hole
spins). This basis was found to be sufficiently con-
verged for the ground and first excited exciton mul-
tiplets reported here.

Figure 3 shows the dependence of the two low-
est exciton states on the core displacement D. These
are the optically inactive (dark) and the optically ac-
tive (bright, “light”) states. Both branches shift mono-
tonically to higher energy with increasing D, from
~2123 meV (584 nm) in the concentric structure to
~2173 meV (x571 nm) at the maximal displacement
D = 1.3 nm, an overall blueshift of about 50 meV
(~13 nm). This trend follows directly from the en-
hanced quantum confinement already identified for
the single-particle hole spectrum. As the core ap-
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proaches the shell boundary, the shell thickness on
the displacement side becomes comparable with the
penetration depth of the carrier envelopes, the elec-
tron and hole wave functions are compressed, and the
single-particle confinement energies rise. Since this
single-particle blueshift exceeds the concurrent, more
modest increase in the Coulomb binding, the net ex-
citon transition energy grows with D.

The absolute position of the transition provides a
direct test against experiment. In our earlier work [12]
the optical response of the same NCSCSQD was ob-
tained from single-particle electron—hole transitions,
i.e. neglecting both the Coulomb attraction and the
electron-hole exchange. Within that approximation,
the transition energy is essentially the single-particle
gap E.+ FEy,, which for the present geometry lies about
100 meV above the excitonic value and hence corre-
sponds to a markedly shorter wavelength (=560 nm),
in poorer agreement with the measured absorption of
sample S5. The direct Coulomb term, which for the
exciton ground state amounts to ~-97 meV at D = 0,
redshifts the transition and brings the computed ab-
sorption edge to 584 nm, in quantitative agreement
with the value reported in Ref. [9]. This demonstrates
that the inclusion of excitonic effects is not merely a
refinement but is essential for a realistic description
of the optical response, and that it substantially im-
proves the agreement with experiment relative to the
single-particle treatment of Ref. [12].

The lower branch in Fig. 3 is the dark exciton,
and the upper one is the bright exciton; their sep-
aration is the dark—bright (singlet—triplet) splitting
Agt produced by the short-range electron—hole ex-
change interaction (39). Even in the concentric QD
(D = 0), the exchange already lifts the degeneracy of
the band-edge multiplet [22], giving a small splitting
Agt ~ 0.45 meV. As the core is displaced, Agt first
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passes through a shallow minimum near D = 0.3 nm
and then rises steeply, reaching ~4.5 meV at the max-
imal displacement D = 1.3 nm, which corresponds to
a wavelength separation A\ of order 1 nm (Fig. 3, b).
The growth of Agr mirrors the behaviour of the
exchange matrix elements (54)—(55). Displacing the
core toward the shell boundary squeezes both carri-
ers onto the thin-shell side and increases the electron-
hole overlap that enters the contact exchange opera-
tor (39), so that the splitting grows accordingly. The
same mechanism enhances the direct Coulomb bind-
ing, which strengthens from ~-97 meV at D = 0
to ~-101 meV at D = 1.3 nm. The exciton there-
fore becomes slightly more tightly bound as the non-
concentricity increases.

Physically, the non-concentricity thus acts on the
exciton in two distinct ways. It reduces the symme-
try of the confining potential from spherical to axial,
which (combined with the exchange interaction) is
responsible for the dark—bright splitting and its pro-
nounced enhancement at large D, while simultane-
ously enhancing the overall confinement and shift-
ing the entire spectrum to higher energy. Because the
resulting exciton levels are classified by the projec-
tion of the total angular momentum of the electron-
hole pair rather than by the hole quantum number
F, alone, the hole-multiplet splitting discussed above
does not carry over unchanged. The Coulomb and
exchange couplings redistribute it among the exci-
ton configurations, and the observable dark—bright
splitting Agr is the physically relevant fine-structure
quantity.

6. Conclusions

We have developed a consistent theoretical frame-
work for the electronic and excitonic states of non-
concentric CdSe/CdS core-shell quantum dots, treat-
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ing the valence band within the four-band Luttinger—
Kohn model and incorporating the displaced-core po-
tential exactly over the full range 0 < D < r;—
—ro. Non-concentricity acts as an effective symmet-
ry-breaking field that lifts the degeneracy of the
hole multiplet and produces a fine-structure split-
ting of the hole levels that grows monotonically with
displacement.

The exciton states, obtained by configuration in-
teraction including the direct Coulomb and short-
range exchange interactions, are strongly tunable by
the core displacement: the ground-state transition
blueshifts by =50 meV as D increases, while the dark—
bright splitting Agr grows from ~0.45 meV in the
concentric dot to ~4.5 meV at D = 1.3 nm. For the
geometry of sample S5 of Ref. [9], the computed ab-
sorption edge falls at 584 nm, in quantitative agree-
ment with experiment — an agreement reached only
when excitonic effects are included, since the single-
particle treatment of Ref. [12] overestimates the tran-
sition energy by =100 meV. Core displacement thus
provides an effective means of tuning both the emis-
sion energy and the exciton fine structure of core—
shell nanocrystals without changing their composi-
tion or size.
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EKCUTOHHI CTAHN YV COEPUYHUX
HEKOHIOEHTPUYHINX KBAHTOBIX TOYKAX
TUITY AJPO-OBOJIOHKA

TeopeTnvyHO JOCITIIZKEHO €JIEKTPOHHY Ta EKCUTOHHY CTPYKTYDPY
HEKOHIIEHTPUIHUX C(PEPUIHUX KBAHTOBUX TOYOK THILY SIPO—
obosonka CdSe/CdS, y sAkux #1po 3MilleHe BiIHOCHO LEHTPA
obosnouku. JlipkoBi cTaHm OOYHUCIEHO B paMKax YOTHPHU30H-
"ol Mozeni Jlarunkepa—Kona, po3kiagenol 3a 6a3ucom mo-
CKHX XBHJIb, IPHYOMY HOTEHIia KOHMANHMEHTY 31 3MillleHIM

776

SIZIPOM BPaxoBaHO 0e3I10CepeHbO, a €eKCUTOHHI CTaHM 3Haiie-
HO METOJOM KOHMIrypaliifHol B3aeMOil 3 ypaxyBaHHSAM IIPsi-
MOl KYJIOHIBCBKOI B3a€MOJil eJeKTPOH—JipKa Ta KOPOTKOMIil-
HOro OOMIHHOIO JOJaHKa. 3MIIEHHsS si/ipa 3HUXKYE CUMETPIIo
moTeHIfialy KOH(MAWHMEHTy Bix cdepudHol I0 akciaabHOI Ta
3HIMa€ BUPO/RKEHHSI KPaWoOBOI'O JiPKOBOI'O MYJIBTHILIETY, 3Y-
MOBJIIOIOYN TOHKY CTPYKTYpPY PO3IIEIIEHHSI, sIKa MOHOTOHHO
3pocTae 3i 36inburenuaM 3mimenns. Toil camuilt MexaHi3M Ie-
pebyloBy€ i €KCUTOHHUIl CIIEKTD: €Heprisi OCHOBHOT'O II€PEXO-
Iy 3a3HAa€ CUHBOIO 3CYBY 3 HaOJIMIKEHHSIM sipa 0 MexXi 060-
JIOHKH, TOJi SK 3yMOBJIEHE OOMIHHOIO B3a€MOJIEI0 PO3IIeIie-
HHSI TEMHOI'O Ta, CBITJIOTO CTaHIB MOHOTOHHO 3POCTa€ 3i 30i/1b-
MIeHHsAM 3MilenHsi. Po3paxoBanuii Kpail MOrJIMHAHHA KiJIbKi-
CHO Y3TOJPKYETbCsI 3 €KCIIEPHMEHTAJIbHO BUMIDSHUM 3HAYEH-
HsIM. Take y3rOJI>KEeHHsI JIOCSTAE€ThCsl JIMIE 33 YMOBU Bpaxy-
BaHHS €KCUTOHHUX e(dEeKTIB, OCKIJIbKU caMe KyJIOHIBCbKa B3ae-
MOZisI eJIEKTPOH—ipKa 3abe3medye IepBOHMI 3CyB, HeOOXI JHI
JJI y3roJizKeHHsl Teopil 3 ekcriepuMenTtoM. OTpuMani pesysb-
TaTH BKa3yIOTb Ha 3MIIIEHHS spa sK Ha e(DEKTUBHUI CTPYy-
KTYPHUI CTYIHb CBOOOIY /I KEPYBaHHS SIK €HEPri€l0 BUIIPO-
MIiHIOBaHHS, TaK 1 TOHKOIO CTPYKTYPOIO €EKCHTOHA B KOJIOIJTHUX
HAHOYACTUHKAX TUILY siIPO—OOOJIOHKA.

Katrwoei caoea: KBAHTOBA TOYKA SAAPO—O0DOJIOHKA, He-
KOHIeHTpU4Ha HaHocTpyKTypa, CdSe/CdS, ToHka cTpyKTypa
€KCHTOHA, PO3IIEIIEHH: TEMHOI'O Ta CBITJIOTO CTaHiB, OOMiHHA
B3a€MO/Iisl eJIEKTPOH—JIipKa, ramisnibronian Jlaruaaxepa—Kona,

MEeTO/[ PO3KJIaJaHHA 3a IIJIOCKUMHU XBUJIAMMU.
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