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ABSTRACT

We derive an effective spin-Hamiltonian accounting for the shape anisotropy of the zinc blende semiconductor nanocrystals within the
k- p formalism explicitly taking into account the spin-orbit split-off valence band. It is shown that, for small InP nanocrystals, neglect of
the spin-orbit split-off band can lead to significant underestimation of one of the two parameters determining the exciton fine-structure
splittings. This parameter is only important for nanocrystals with shape anisotropy.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0187728

I. INTRODUCTION

Colloidal semiconductor nanocrystals are finding more and
more applications. Their importance has been acknowledged with
the 2023 Nobel Prize in Chemistry. Single quantum dot spectroscopy
reveals that the symmetry of the nanocrystal shape, manifesting itself
in the exciton fine structure splittings, is usually significantly lower
than the symmetry of the underlying crystal lattice.”” The simplest
model accounting for the splittings is the model assuming that the
nanocrystal has the shape of a triaxial ellipsoid.” The observed small
energy scale of the splittings allows one to consider such an ellip-
soidal nanocrystal as a slightly deformed sphere. Since deformations
are small, they are linear, which allows one to first consider a uniaxial
deformation and then add up the results of the deformations along
the three axes.' ’ Uniform uniaxial deformations of the nanocrys-
tal spherical shape were considered by Efros and Rodina in the
model neglecting the spin-orbit split-off valence band.* Recently,
it has been shown” that taking into account the admixture of the
spin—orbit split-off band is crucial for calculating the effective g fac-
tor of top hole levels in CdSe and InP nanocrystals. The dark exciton
states resulting from the fine-structure splitting can only be revealed
in external magnetic fields mixing bright and dark zero-field states
and leading to the brightening of the latter."” Thus, a consistent
description of the exciton fine structure in CdSe and InP nanocrys-
tals within the k - p approximation should use the three-band model.
The electron-hole exchange interaction, responsible for the exciton
fine structure in quasi-spherical nanocrystals, has recently been con-
sidered within this model.” In this paper, we elucidate the role of

the spin-orbit split-off band in the evaluation of the effect of the
nanocrystal shape anisotropy.

Il. HOLE STATES IN THE THREE-BAND MODEL

The isotropic three-band model describing the valence band
structure of II-VI and III-V semiconductors utilizes the generalized
Luttinger Hamiltonian,” '

N 22 2 . A .. A

A(k) = 7%@1 +dy) + %()V(l(l)2 +36D-5 O
where 7 is Planck’s constant, my is the free electron mass, y, and
y = (2y, + 3y,)/5 are the Luttinger parameters, [o (a = x,y,2) are
the matrices of angular momenta I = 1, A is the spin-orbit splitting,
and 6, are the Pauli matrices. The bands in a bulk semiconductor
resulting from this Hamiltonian are shown in Fig. 1 for the case
of zinc blende CdSe (the parameters are taken from Ref. 5). The
most intuitive method of constructing states of a particle described
by such a Hamiltonian and confined in a spherically symmetric
potential was developed by Sercel and Vahala'’ for the two-band
model and applied to the three-band model by Richard et al.® It
has also been demonstrated that the same method proves to be
very efficient in describing the vibrational Lamb modes of spherical
particles.'” The formalism is based on the fact that the differential
operator H(-iV) commutes with the operator of the total angu-
lar momentum F = L + J, where L = =ik r x V and J, (a=x92)
are the matrices of angular momenta, which can refer to both
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FIG. 1. In the two-band model, levels of size quantization of the valence-band
hole originate from the parabolic bands of light (blue dashed line) and heavy (red
solid line) holes. In the three-band model, the parabolic band of heavy holes is
complemented by non-parabolic bands of the light (blue solid line) and spin—orbit
split-off (green solid line) bands. The isotropic energy dispersion is shown in a
vicinity of the I' point of the Brillouin zone as a function of the dimensionless wave
number kag, where aq is the lattice constant. The Bloch functions at the T’ point
transform under the I's (J = 3/2) and I'; (J = 1/2) irreducible representations
of the point group T4. Within the two-band (three-band) model, to each energy
correspond two (three) wave numbers from different bands.

J =3/2 and ] = 1/2. In what follows, however, we will only use the
notation f, for J = 3/2 and use the Pauli matrices for the case of
J = 1/2. The orbital angular momentum L. does not commute with
H(-iV). Thus, while the total angular momentum F serves as a
good quantum number along with its projection F; onto the z axis
and the parity, several values of L, determined by the summation
rules for angular momenta, usually contribute to each state of the
confined hole. The lowest optically active exciton state is composed
of the even hole state with total angular momentum F = 3/2 and
the ground electron state. The hole state is contributed by L = 0,2
for J =3/2 and by L = 2 for ] = 1/2. Therefore, this state is labeled
1SDDj),.* In this paper, we will be concerned with only this hole
state. It can be written as

[1SDDs 5, Fz) = 3 Ry (1)l v), @
Jv

where |J,v) is the Bloch state at the top of the band I's when J = 3/2
or at the top of the band I'; when J = 1/2 (cf. Fig. 1),

Ry (1) = ZL: (-1 "R (r)

3
] 2
x 2 Z 2 iLYLM({), (3)
M\y M -F, r
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3

where 2
v M -F,

ble values of L and M, Y1 ( f) are the spherical harmonics satisfying
Yiu ( ; ) = (- YL,M( : ), and R} (r) are the hole radial wave func-
tions satisfying zero boundary conditions at the nanocrystal surface
and defined as follows:*

is the Wigner 3jm symbol that restricts possi-

R*(r) = C | ju(kur)

(D" kg (poo + x0)  ja(kma)
ki, (pso + Xso) + Ko (pn — xm) j2(kina)

jr(kmr)

(D" K on—xn) oK)
ki (pso + Xs0) + ko (i — xin) 2 (Kso)

jL(ksor):|: (4)

R/(ry=c™ (P — xm) (P;n + Xs0)
YA~ K (pso + Xso) + ko (P — xin)

ja(kmr) jZ(ksor)]
jo(kma)  ja(ksoa) |

Here, a is the nanocrystal radius, j, (x) is the spherical Bessel
function of the order L, and we adapted notations of Ref. 8,

x jo (knna) [ (5)

p(k) = Zi\/%/zh‘lk4 - 2)/moAh2k2 +mpA?,
mo

A yRK
ky=--",
x(k) =3 2me

p, = p(ky), p = x(ky), n = lh,so. The wave number of the heavy
holes is related to the hole energy through

ZH’IQ|E|
W (y1-2y)

while those of the light and spin-orbit split-off holes satisfy the
following equation:

2
khh =

4t R (y1 + 2y)
— -2 4 — 7 A
i (11 =2p) (31 +4y) + 2
I (y1 +
- gy gy - ) = ©

One can see from Fig. 1 that, for E <0, klzh is always positive, while,
from Eq. (6),

2 __ |EI(E|-A) 4m]
ko= 212
Wk (y1 = 2y) (71 + 4y)
and becomes negative for |E| <A, as shown in Fig. 1. In this

case, one should make the following substitutions in Eqs. (4) and
(5): kso = iKso» jr(ksot) = iLiﬁl)(xsor), and ji (ksa) — it iEl)(Kma),
where ig) (x) is the modified spherical Bessel function.
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The energy of the confined hole state is determined from the
following dispersion equation:”

jo (k) ja (ki) o (kso) [ Ky (pso + Xs0) + Koo (pun = 1) |
+ o (k) [ K (pso + Xs0)jo (ki) 2 (o)

+ keo (pin — Yo (ksoa)j2 (ki) ] = 0 (7)
for |[E| > A, and

jo(kna)jz (kya)is" (50@) [Kii (pso + Xe0) = o (o = Xu1) ]
. 2 . .(1)
+ ja(kpna) [klh (pso + xs0)jo(kma)iy * (ksoa)

+ 1 (o = 118" (02 (ki) | = 0 ®

for |E| < A. The normalization constant C in Egs. (4) and (5) is found
from the condition,

adrrz I (r g
2 [ar (ki)

The results of the two-band model can be regained in the
limit A — co. In particular, in this limit, p., +x,, ~ A, i — xim
~ 2y*h*kj,/ Am3. Therefore, Eq. (7) yields "

Jjo(knna)jz(kma) + j2(knna)jo(kpa) = 0,
while from Eq. (4), we obtain’

R2(r) > C | ju(kur) + (-1)“2]]2((']‘(’“1")) wkmr) | ©)

I1l. SHAPE ANISOTROPY

In order to account for the nanocrystal shape anisotropy, we
will adapt an approach pioneered by Migdal'“'* who used it to find
energy levels of a deformed nucleus. For nanocrystals, this approach
was applied by Efros and Rodina within the two-band model.”'
Consider a spheroidal nanocrystal with the surface,

2 2
x;;y +%:1. (10)

Substituting x — bx/a, y — by/a, and z — cz/a transforms it into a
sphere x* + y* + z* = a”. Introducing the ellipsoidality parameter,

c-b
c+b’

szz (11)

and assuming |y | << 1, from the condition ¢ b* = a’, one obtains

b~ (1—&) cwa(1+%).
3 3
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The above-mentioned change of variables also implies ki),
- key (1+u,/3) and k; - k. (1 -2u,/3). When applied to the
Hamiltonian (1), the latter receives the following addition:

2 2 2
MA(K) = HP ) (K ga) | 2Ry )
3 “ mo

mo

BBy o b
‘TO[(kI)kzIz+kZIz(kI)]. (12)

Using explicit expressions for the Bloch wave functions,'’ "
one can write this Hamiltonian in the following basis,
ok

( )3/2

The Fourier transform of the matrix (3) can be formally considered
as the following change of basis:

1 i
W /dre o Ryr, (1)

T, v) = ). (13)

(k.J,v[1SDD;),, F.) =

(2 )3/2 R]vp (k) (14)

The anisotropy-induced correction to the hole energy can be
calculated in the first order of the perturbation theory as matrix ele-
ments of the operator (12) on the functions (2). Inserting the unit
operator expanded over the functions (13) and taking into account
that matrix elements of the operator (12) on these functions are
diagonal in k, we obtain

(1SDDs),, F,|AH|1SDDs 5, F.) =

2

(2 )3 7'V v
o [a R, (0T VIAHM L) Rye. () (15)

or performing the angular integrations and summations,

afr =2 (12 2), (16)
where
su g Tanely (2}~ [Pco]
. 13/2(k) 12(k) + 3/2(k) Il/z(k))
+ % (2 (k) B (k) + [I;/Z(k)r)}, 17)
(k) = 471(—1)L/2a/dr 7 R (r)jL(kr). (18)
d

The form of Eq. (16) means that the shape anisotropy leads to
splitting between the sublevels of the confined hole with |F;| = 3/2
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FIG. 2. Ratio of the characteristic energy A, to the unperturbed energy of the
confined hole in the state 1SDDj, as a function of the zinc blende-CdSe nanocrys-
tal radius calculated within the three-band (solid line) and two-band (dashed line)
models. The two-band result corresponds to 2v(3) in terms of Ref. 4.

and |F,| = 1/2. The splitting amounts to |y, Ay|. To avoid confusion,
we note that both the Hamiltonians (1) and (16) refer to the valence-
band electron rather than the hole states (cf. Fig. 1).

When A — oo, then I;/Z(k) — 0, while Ri/z(r) approach their
two-band model limits according to Eq. (9). In this case, we
obtain the two-band model result, which was given in Ref. 16 in a
slightly different analytical form. In the two-band model, Ri/ ()
=a > fi(r/a), where fi(r/a) is the function depending on the
ratio r/a. For this reason, as it follows from Egs. (17) and (18), in
the two-band model, I (k) o< a** and Ay, < a=? o« E;(a), where
Ej(a) > 0 is the unperturbed energy of the confined hole in the

-0.24
-0.26 4

—~ -0.28

=

S

S -0.30+ InP

4
-0.32 1
-0.34 -

a, A

FIG. 3. Same as Fig. 2 but for InP nanocrystals.
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FIG. 4. Ratio of the characteristic energy Ag, to the unperturbed energy of the
confined hole in the state 1SDD3;, as a function of the ratio of the spin-orbit split-
ting to the same energy for InP (red lines) and zinc blende CdSe nanocrystals
(blue lines). The dashed lines represent the corresponding two-band model limits
[2v(B) in terms of Ref. 4].

ground state.’In Figs. 2 and 3, we compare the results of the three-
band and two-band models for the zinc blende CdSe and InP
nanocrystals, respectively. We used the parameters in Refs. 5 and
8 for CdSe and InP nanocrystals, respectively. One can see that the
ratio Ay, /E,(a) in the three-band model becomes size-dependent.
While for CdSe nanocrystals with relatively large spin-orbit splitting
(A = 470 meV), this dependence is not that strong, for InP nanocrys-
tals (A = 108 meV), the difference of the ratio from its two-band
limit reaches 30% for small nanocrystals. Provided that the confine-
ment energy scales as a2, the role of the shape anisotropy can be
significantly underestimated by the two-band model for small InP
nanocrystals.

Another illustration is shown in Fig. 4. Here, we plot the ratio
of the characteristic energy Ay, to the unperturbed energy of the
confined hole in the state 1SDD3); as a function of the ratio of the
spin-orbit splitting to the same energy for InP and zinc blende CdSe
nanocrystals. When Ej(a) < A, the contribution of the spin-orbit
split-off band to the hole wave function is associated with the
purely imaginary wave number (cf. Fig. 1) and the ratio Ay,/E,(a)
asymptotically approaches the limit of A — co. When Ej,(a) > A, the
spin-orbit split-off band contributes a real wave number and the
difference from the two-band model becomes significant.

IV. EXCITON FINE STRUCTURE FOR A NANOCRYSTAL
IN THE SHAPE OF A TRIAXIAL ELLIPSOID

Now, let us suppose that a spheroidal nanocrystal with the sur-
face given by Eq. (10) is further stretched along the x direction and
simultaneously squeezed along the y direction while preserving its
elongation along the z axis. This yields a nanocrystal in the shape of
a triaxial ellipsoid,

2 2

x Y
+5 +
b

2
= S (19)

C
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One can introduce the in-plane anisotropy parameter

be—b,
vy =2
by = v b,

and assume that \yxy\ <« |p,|- This model” allows one to describe the
fine structure of the lowest optically active exciton state 1S.1SDD3/,
in realistic colloidal quantum dots with zinc blende crystal lat-
tice and strong carrier confinement.”” The resulting exciton fine
structure is given by the following spin-Hamiltonian:'

. A, 5
HX = _I/Iexch(&]) - % (]g - Z)

-l (o p), (20)
where 7, ., is the electron-hole exchange energy, and we have
neglected a small contribution due to the anisotropy of the
long-range part of the electron-hole exchange interaction. The
electron-hole exchange energy within the three-band model has
recently been evaluated in Ref. 6, while the parameter Ay, is given
by Eq. (17). The spin-Hamiltonian (20) leads to the splitting of the
otherwise eightfold degenerate exciton level 1S.1SDD3y; into eight
distinct sublevels' * even at zero external magnetic field. Analytic
expressions for their energies may be found in Ref. 3.

V. CONCLUSIONS

We have studied how a uniform uniaxial deformation chang-
ing the spherical shape of a semiconductor nanocrystal to that of
a prolate (¢, > 0) or oblate (u, < 0) spheroid affects confined hole
states. Ananalytical expression for the splitting of the confined hole
state, contributing to the lowest optically active exciton, has been
derived within the three-band model explicitly taking into account
the spin-orbit split-off valence band. It is shown that, for small InP
nanocrystals, neglect of the spin-orbit split-off band can lead to
a significant underestimation of one of the two parameters deter-
mining the exciton fine-structure splitting. This parameter is only
important for nanocrystals with shape anisotropy. Our results can
be used to describe nanocrystals in the shape of triaxial ellipsoids,
which provide an adequate model for realistic nanocrystal shapes.'
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