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Преглед научне активности Милана Јоцића

Милан Јоцић се у свом научном раду бави изучавањем електронске структуре нанокристала
на бази халидних перовскитних материјала.  Нагли раст интересовања за истраживање ових
материјала је започео 2012. године када су пријављене соларне ћелије које су направљене
јефтиним поступком прераде  у  раствору  које  су  имале  ефикасност  преко  10% [1].  Даљи
развој ових материјала у наредних неколико година је довео до развоја соларних ћелија са
ефикасношћу  преко  20%.  Кристална  структура  ових  материјала  је  кубична  на  вишим
температурама, а њихова хемијска формула је ABX3. Притом је: X халогени елемент (Cl, Br
или I), елемент B је најчешће Pb или Sn, док A може бити или органска група (нпр. CH3NH3)
или елемент из прве групе (најчешће Cs).  Ови материјали имају јако велики коефицијент
апсорпције светлости, знатно већи него, на пример, често коришћени полупроводник GaAs
који  се  иначе  сматра  добрим  апсорбером  светлости  [2].  Eнергије  нивоа  највероватнијих
дефеката  су  близу  дна  проводне  или  врха  валентне  зоне,  док  је  вероватноћа  формирања
дефеката чији су нивои дубоко унутар енергетског процепа јако мала зато што је  њихова
енергија  формирања  велика  [2].  Иако  су  халидни  перовскитни  материјали  детаљно
истраживани са експерименталне стране током претходних година, остало је пуно отворених
питања за теоријска истраживања. Теоријска истраживања су углавном била фокусирана на
кристалне перовскитне материјале и била су базирана на примени метода из првих принципа
(ab-initio) за прорачун електронске структуре материјала. Такви методи се не могу у пракси
применити на нанокристале који садрже велики број атома и стога се одговарајући прорачун
не може извршити у разумном времену. Главни циљ истраживања Милана Јоцића је добијање
параметара  Хамилтонијана  који  описују  перовскитне  нанокистале,  боље  разумевање
електронских  стања  у  перовскитним  нанокристалима  и  одређивање  зависности  енергије
емисије од димензија нанокристала.

[1] M. M. Lee, J. Teuscher, T. Miyasaka, T. N. Murakami, and H. J. Snaith, Science 338, 643 
(2012).
[2] W.-J. Yin, T. Shi, and Y. Yan, Advanced Materials 26, 4653 (2014).

Досадашњи научно истраживачки рад Милана Јоцића, може се поделити на два дела:

1. Ab-initio конструкција симетријски адаптираних k.p Хамилтонијана за балк 
материјале и прилагођавање истих за случај наноструктура .

2. Прорачун електронског процепа халидних перовскита формуле ABX3 (A=Cs, B=Pb, 
X=Cl, Br, I) у кубичној структури..

1. Ab-initio конструкција симетријски адаптираних k.p Хамилтонијана за балк 
материјале и прилагођавање истих за случај наноструктура код полупроводника.

Развијен  је  метод  који,  користећи  таласне  функције  добијених  из  теорије  функционала
густине  (Density  Functional  Theory  -  DFT),  извршава прелазак  из  несиметријског  у
симетријски  облик  k.p  Хамилтонијана  који  поседује  најмањи  потребан  број  међусобно
независних k.p параметара. Овако добијени k.p параметри су побољшани корекцијом из GW
метода  који  урачунава  електрон-електрон  корелацију.  Поређењем  ових  резултата  са
резултатима које даје директан прорачун DFT-а проверена је  тачност развијеног метода и
проширена је његова примена на системе са спин-орбит интеракцијом и уведена је поправка



енергетских нивоа услед електрон-електрон интеракције. Приказани су резултати за случај
кадмијум  селенида  (CdSe)  у  случају  балка  и  наноструктуре  са  конфинирањем  у  једној
димензији. 

2. Прорачун електронског процепа халидних перовскита формуле ABX3 (A=Cs, B=Pb, 
X=Cl, Br, I) у кубичној структури.

Уведене  су  поправке  DFT  прорачуна  електронске  структуре  халидних  перовскита
коришћењем хибридног фукционала PBE0, са параметром функционала подешеним за сваки
материјал  посебно.  Поред  тога,  прорачуната  је  и  температурска  зависност  елктронског
процепа ових материјала у кубичној фази коришћењем Aлен-Хајне-Кардона теорије (Allen-
Heine-Cardona theory) која урачунава електрон-фонон интеракцију. Улазни параметри AHC
теорије  добијени  су  прорачуном  фононског  спектра  коришћењем  теорије  пертурбације
функционала  густине  (Density  Functional  Perturbation  Theory  -  DFPT)  и  из  прорачуна
анхармонијских фреквенци коришћењем самоконзистентног фононског метода (self-consistent
phonon method) за дате материјале.
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Ab initio construction of symmetry-adapted k · p Hamiltonians for the electronic
structure of semiconductors
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While k · p Hamiltonians are frequently used for the description of electronic states in quantum nanostruc-
tures, a method is lacking to obtain them in their symmetrized form directly from ab initio band structure
calculations of bulk material. We developed a method for obtaining the parameters and the symmetry-adapted
form of the k · p Hamiltonian from the output of an ab initio band structure calculation. The method consists of
(i) evaluation of momentum matrix elements between the wave functions obtained from band structure
calculation; (ii) identification of the unitary transformation that transforms these wave functions to the symmetry-
adapted basis; (iii) transformation of the k · p Hamiltonian to the symmetry-adapted basis. We illustrate the
methodology by obtaining k · p Hamiltonians that describe the band structure of zinc-blende CdSe and then we
use the Hamiltonians obtained to calculate the electronic states in CdSe quantum wells. Excellent agreement
between density functional theory and k · p is obtained for the electronic structure, even for quite thin wells.

DOI: 10.1103/PhysRevB.102.085121

I. INTRODUCTION

Semiconductor materials and nanostructures based upon
them are at the heart of the operation of almost all electronic
and optical devices. For this reason, there is a significant
interest in understanding the electronic states in these ma-
terials. The progress in developments of methodologies for
ab initio electronic structure calculations has led us to the
point where it is relatively straightforward to perform band
structure calculations of bulk semiconducting materials. Den-
sity functional theory (DFT) calculations based on local or
semilocal approximations for the exchange-correlation func-
tional give band gaps that are significantly smaller than experi-
mental band gaps [1]. However, improved treatments based on
the use of hybrid functionals [2,3] or many body perturbation
theory in GW (where G stands for the Green’s function and
W for screened Coulomb interaction) approximation [4] give
rather accurate band gaps and band structure of the bulk
material [5–7]. On the other hand, it is rather difficult to per-
form ab initio calculations of semiconductor nanostructures
because the calculation needs to be performed for a supercell
containing a very large number of atoms.

The method that proved to be both practical and successful
in treating the electronic states in semiconductor nanostruc-
tures is the k · p method [8–11]. It is based on the represen-
tation of the single-particle wave function in terms of Bloch
functions of the bulk material at a certain point in the Brillouin
zone (typically the � point) and slowly varying envelope
functions. The k · p Hamiltonian for a nanostructure is then
an operator that acts on the column of envelope functions
corresponding to each of the bulk bands.

*milan.jocic@ipb.ac.rs
†nenad.vukmirovic@ipb.ac.rs

Despite the success in using the k · p method for de-
scription of bulk band structure around a certain point in
the Brillouin zone (usually the � point) and for treating the
semiconductor nanostructures, there is still no systematic way
to construct the k · p Hamiltonian for a given material and
obtain the parameters of the Hamiltonian. The parameters of
most conventional k · p Hamiltonians (such as the eight-band
Hamiltonian [10,12,13]) for a few most common classes of
semiconductors can be found in the literature [14,15] and
were obtained from the band gap and effective masses in the
valence and conduction band. Parameters of k · p Hamilto-
nians with larger number of bands (such as, for example,
the 30-band Hamiltonian [16–20]) and recently introduced
atomistic k · p [21] are typically obtained by fitting to the
calculated band structure of the material or to experimental
data. However, given a relatively large number of fitting pa-
rameters, it is questionable if the fit gives unique parameters.
It is also not clear what part of the Brillouin zone should be
used in the fitting procedure, since it is not expected that the
k · p method describes the bulk band structure throughout the
whole Brillouin zone.

Given the fact that new classes of semiconductor materials
and nanostructures based upon them emerge or find new
applications quite often, it would be of significant interest
to develop the procedure for construction of desired k · p
Hamiltonians. Since all parameters of the k · p Hamiltonian
are related to momentum matrix elements between single-
particle wave functions of the bulk, it is in principle possible
to obtain them from electronic structure calculation of the
bulk material. This is indeed done when k · p is used as a
method for interpolation of ab initio calculated band structure
to a more dense grid of k points [22–25]. However, there
is a certain shortcoming of this approach when it comes to
the construction of k · p Hamiltonians that should be used
in future applications. Namely, due to the symmetry of the

2469-9950/2020/102(8)/085121(10) 085121-1 ©2020 American Physical Society
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crystalline material the energy levels in characteristic points
in the Brillouin zone are degenerate and for this reason
the choice of Bloch wave functions from the Hilbert space
spanned by the degenerate states is not unique. As a con-
sequence, one may end up with different forms of the final
k · p Hamiltonian depending on the particular choice of Bloch
functions from this space. The number of Hamiltonian param-
eters in these forms might be significantly larger than the true
number of parameters imposed by the symmetry of the crystal.

In this work, we develop the procedure for construction of
the k · p Hamiltonian in the symmetrized form with a minimal
number of parameters imposed by crystal symmetry. In Sec. II
we give a brief overview of the k · p method and present our
approach for the construction of the Hamiltonian. In Sec. III
we illustrate the method by applying it to bulk zinc-blende
CdSe and to CdSe quantum wells.

II. THEORETICAL APPROACH

A. k · p equation

We start this section by briefly reviewing the k · p method
to set the stage for description of our procedure for construc-
tion of k · p Hamiltonian. We start with the equation for an
electron in the periodic crystal that reads

�
p2

2m0
+ U + Trk + HD + Hsoc

�
|�nk� = En(k)|�nk�, (1)

where p2/(2m0) = −h̄2∇2/(2m0) is the kinetic energy opera-
tor and m0 is the free electron mass, U is the periodic crystal
potential (including nuclei, core and valence electrons), while
En(k) and |�nk� are the corresponding energy and wave func-
tion for the electron in band n at wave vector k in the Brillouin
zone. When the effects of spin-orbit interaction are included,
|�nk� is a two-component spinor. The last three terms in
brackets are the relativistic corrections accounting for kinetic
energy Trk = −p4/(8m3

0c2), fine structure through the Darwin
term HD = h̄2∇ · ∇U/(8m2

0c2) and spin-orbit coupling (SOC)
Hsoc = h̄(σ × ∇U ) · p/(4m2

0c2), where σ = (σx, σy, σz ) de-
notes a vector with Pauli matrices as its components.

For an electron in a periodic potential, the Bloch theorem
holds, by which the components of |�nk� are of the form

�
(a)
nk (r) = eik·ru(a)

nk (r), (2)

where u(a)
nk (r) are periodic Bloch functions satisfying the

condition u(a)
nk (r + R) = u(a)

nk (r), with R being the direct
lattice vector. Inserting Eq. (2) into Eq. (1), we obtain the
one-electron equation in terms of periodic Bloch functions:

�
H + h̄2k2

2m0
+ T �

rk (k) + h̄k · psoc

m0

�
|unk� = En(k)|unk�, (3)

where H = p2/(2m0) + U + Trk + HD + Hsoc is the initial
Hamiltonian from Eq. (1), psoc = p + h̄(σ × ∇U )/(4m0c2) is
the momentum modified with the SOC part and T �

rk (k) is given
as

T �
rk (k) = − 1

8m3
0c2

[4(h̄k · p)p2 + 4(h̄k · p)2

+ 4(h̄k)2(h̄k · p) + 2(h̄k)2 p2 + (h̄k)4]. (4)

We further express |uak� in the basis of orthonormal functions
|umk0�:

|uak� =
�

m

B(a)
m (k)|umk0�, (5)

which are solutions of eigenproblem given by Eq. (3) at a
certain k0 with eigenvalues En(k0). Inserting Eq. (5) into
Eq. (3), multiplying from the left by �unk0 | and exploiting the
orthonormality condition we arrive at the equation

�

m

��
En(k0) + h̄2(k2 − k2

0 )

2m0

�
δnm

+ h̄(k − k0)

m0
· �unk0 |p|umk0�

�
B(a)

m (k)

= E (a)(k)B(a)
n (k). (6)

We have omitted T �
rk (k, k0) that would appear in Eq. (6)

because its contribution depends directly on the distance
between k and k0 and becomes significant at distances far
greater than the one where k · p theory is applicable. We have
performed a numerical check of this claim in case of zinc-
blende CdSe and we have shown that the influence of this term
on bulk eigenenergies is smaller than 0.3 meV throughout the
whole Brillouin zone. For similar reasons, we neglected SOC
modification to momentum (i.e., we take psoc ≈ p). We note
that SOC is fully included in our approach unlike in many
theoretical treatments where it is treated as a perturbation. We
further rewrite Eq. (6) in somewhat more convenient form by
exploiting the relation

��nk0 |p|�mk0� = h̄kδnm + �unk0 |p|umk0�. (7)

We then obtain

�

m

��
En(k0) + h̄2(k − k0)2

2m0

�
δnm

+ h̄(k − k0)

m0
· ��nk0 |p|�mk0�

�
B(a)

m (k)

= E (a)(k)B(a)
n (k), (8)

which takes the form of an eigenproblem:
�

m

H (1)
nm B(a)

m = E (a)B(a)
n , (9)

where H (1)
nm is given by the term in square brackets in Eq. (8).

The indices m and n in Eq. (9) go over the bands that were
included in the expansion in Eq. (5). The accuracy of k · p
Hamiltonian can further be improved by adding the effect
of remote bands [the bands not included in the expansion in
Eq. (5)] perturbatively using the Löwdin’s perturbation theory
[11,26]. This yields additional term in the k · p Hamiltonian
which reads

H (2)
nm = h̄2

m2
0

�

l

�unk0 |K · p|ulk0��ulk0 |K · p|umk0�
[En(k0) + Em(k0)]/2 − El (k0)

, (10)

with K = k − k0 and the summation goes over the bands l
that were not included in the expansion in Eq. (5).

085121-2



AB INITIO CONSTRUCTION OF … PHYSICAL REVIEW B 102, 085121 (2020)

B. Construction of symmetrized k · p Hamiltonian

The expression (8) can be, in principle, used to construct
the k · p Hamiltonian directly from ab initio calculation of
band structure of bulk. Namely, all Hamiltonian matrix ele-
ments can be calculated from band energies En(k0) at point
k0 and momentum matrix elements ��nk0 |p|�mk0� between
the wave functions at k0. However, an issue arises regarding
the uniqueness of the constructed Hamiltonian matrix as a
consequence of the fact that some of the eigenstates |�nk0�
are degenerate. A typical choice for the k0 point is some high
symmetry point where band dispersions exhibit minima or
maxima (such as for example the � point) and the group Gk0

of the wave vector k0 is some high symmetry point group.
For this reason, there is a degeneracy between the eigenstates
at k0, where the degree of degeneracy is determined by the
dimensions of irreducible representations (irreps) of the group
Gk0 corresponding to each of the states. For example, in the
case of zinc-blende CdSe material used as an example in this
work, the top valence band is threefold degenerate and the
bottom conduction band is nondegenerate when spin degrees
of freedom are not taken into account and the effect of spin-
orbit interaction is not included. When spin-orbit interaction
is included, the bottom conduction band is twofold degen-
erate, while two top valence bands are twofold and fourfold
degenerate.

Let d be the degeneracy of the set of eigenstates
|φ1�, |φ2�, . . . , |φd� at k0 at let Hd be the Hilbert space
spanned by these states. The states |φ1�, |φ2�, . . . , |φd� form
an orthonormal basis of Hd but any other orthonormal basis
may well have been chosen. With the use of different basis, the
momentum matrix elements in Eq. (8) would be different and
the k · p Hamiltonian would have a different form. Moreover,
it might even appear that the Hamiltonian has a different
number of parameters. Our goal is to overcome this issue by
fixing the choice of the degenerate states and obtaining the
k · p Hamiltonian in the form where it has a minimal number
of parameters imposed by the symmetry group Gk0 of the
wave vector k0.

The set |φ1�, |φ2�, . . . , |φd� is obtained from DFT and they
form d × d matrices �(g) of the irrep of group Gk0 that are
given as

�mn(g) = �φm|P(g)|φn�, (11)

where g is an element of the group Gk0 and P(g) is the
operator that applies the symmetry operation g on the given
wave function. The matrices �(g) are then obtained by directly
calculating the matrix elements in Eq. (11). We then calculate
the characters of � to match it with one of the equivalent
conventional irreps �� of the point group Gk0 . The matrices
of irreps �� can be found in databases of irreps of point
groups, for example in Bilbao crystallographic data server
[27]. The matrices �(g) and ��(g) are connected via a unitary
transformation

U †�(g)U = ��(g), (12)

which is satisfied for each g ∈ Gk0 . Therefore, to obtain the
basis of states in Hd which is adapted to conventional ma-
trices ��(g) in databases of irreps, one has to make a unitary

transformation of the basis

|ψ j� =
d�

i=1

Ui j |φi�. (13)

Now, the representation of the operator P(g) from Eq. (11)
in the new basis set |ψ j� is the conventional representation
��. In the |ψ j� basis, the k · p Hamiltonian has a convenient,
symmetry-adapted form, in which relevant parameters of the
Hamiltonian can be straightforwardly identified.

It remains to define a procedure for obtaining the unitary
matrix U that connects the two representations � and ��.
Such a procedure has recently been developed in Ref. [28]
and we outline it here. One first obtains a set of coefficients
rab as

rab =
�

n�

|G|

⎛
⎝�

g∈G

�aa(g)��
bb(g−1)

⎞
⎠

1/2

, (14)

where �aa(g) and ��
bb(g−1) are known matrix elements for

symmetry operation (group element) g and its inverse g−1,
respectively, |G| is the order of group G while n� is the
dimension of representations � and ��. Then, one chooses the
pair (a, b) for which rab > 0. The existence of such a pair has
been proven in Ref. [28]. The matrix U is then given as

Ui j = 1

rab

n�

|G|
�

g∈G

�ia(g−1)��
b j (g). (15)

With this, we complete our procedure for construction of
symmetrized k · p Hamiltonian. For clarity, we review all
steps of the procedure here:

(i) Perform ab initio calculation of band structure for bulk,
using DFT with local functionals, hybrid functional DFT, or
by including quasiparticle energy correction within the GW
approximation.

(ii) Choose the point k0 in the Brillouin zone, that is most
suited for k · p expansion and extract band energies En(k0)
and their eigenstates |�nk0� from desired ab initio method.

(iii) Identify the groups of degenerate states at k0 and the
symmetry point group Gk0 . Select the groups of degenerate
states (usually those around the gap) that will form the k ·
p Hamiltonian. Extract these groups of degenerate states |φi�
from ab initio eigenstates |�nk0�.

(iv) For each of selected groups of degenerate states
calculate the matrices �(g) of corresponding irrep � using
Eq. (11). Using characters of �(g), match � to the equivalent
conventional representation �� found in databases of irreps of
point groups.

(v) For each of selected groups of degenerate states, cal-
culate the unitary matrices U using sets of matrices �(g) and
��(g) as inputs for Eqs. (14) and (15).

(vi) Proceed with calculation of the new, symmetry-
adapted basis, consisting of selected groups of degenerate
states |ψ j� using matrices U , obtained from the previous
step, and corresponding groups of degenerate states |φi� with
Eq. (13).

(vii) Evaluate the momentum matrix elements in the
new basis using Eqs. (7) (8), (9), and (10) which then
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give all parameters of the symmetrized k · p Hamiltonian
Hnm = H (1)

nm + H (2)
nm .

It is important to note that these steps constitute a well-
defined and straightforward procedure that gives the desired
k · p Hamiltonian starting from output of an ab initio calcu-
lation. It does not involve any kind of fitting which would
introduce certain arbitrariness.

Next, we discuss the form of the Hamiltonian that we
obtain and its relation to the form of the Hamiltonian that
would be obtained using Luttinger’s method of invariants
[11,29]. The form of the Hamiltonian that we obtain consists
of blocks B(��

a,�
�
b), where each block originates from two

groups of states: the states |ψ (a)
1 �, . . . , |ψ (a)

da
� that transform

in accordance with the representation ��
a of dimension da

and the states |ψ (b)
1 �, . . . , |ψ (b)

db
� that transform in accordance

with the representation ��
b of dimension db. The Hamiltonian

consists of the terms quadratic in electronic momentum K ,
the terms linear in K and the terms that do not contain K .
Luttinger’s method of invariants [11,29] gives a systematic
way to obtain the form of each B(��

a,�
�
b) for terms of given

order in K . For this reason, our procedure yields the same
form of the Hamiltonian as Luttinger’s method of invariants
applied to obtain the terms up to second order in K . By its
construction, Luttinger’s method fully exploits the point group
symmetry and yields the Hamiltonian in the form where a
minimal number of parameters appears. On the other hand,
it is clear that Luttinger’s method cannot give the values
of these parameters, since it exploits the symmetry of the
system only and does not consider other details of the sys-
tem. Our procedure in some sense links Luttinger’s method
from 1950’s to modern ab initio calculations as it enables to
obtain the form of the Hamiltonian that would be obtained
using Luttinger’s method and additionally gives the values of
these parameters starting from ab initio wave functions and
energies.

In Sec. III we apply our procedure to zinc-blende CdSe
crystal whose point group at the � point is the Td group.
However, we note that our procedure is by no means limited
to this particular crystal symmetry. It can be used for crystals
of any kind of symmetry, at any point k0 in the Brillouin
zone. Of course, benefits of this method will be greater if the
symmetry point group Gk0 at k0 is of higher order. Having a
symmetry-adapted form of the Hamiltonian also gives great
advantage when it comes to calculation of nanostructures.
Numerical codes for calculating nanostructures using k · p
Hamiltonians could be easily adapted to another material of
the same symmetry by just changing the numerical values of
the parameters, that can be straightforwardly obtained using
ab initio calculation for bulk material and the procedure
described in the paper.

Finally, we briefly discuss on the conventions for matrices
of the representations ��. In all examples in this work we have
taken the matrices from Bilbao crystallographic data server
[27] and consequently we used the conventions used therein.
Unfortunately, this is not the only convention in the literature.
The discussion on the effect of the choice of the convention
for �� on the form of basis states |ψi� and the form of k ·
p Hamiltonian is given at the end of Secs. II B and II C of
Ref. [30].

III. RESULTS

In this section, we apply the methodology described in
Sec. II to bulk zinc-blende CdSe crystal and to zinc-blende
CdSe quantum well. We apply the methodology to obtain the
form and the parameters of the 8 × 8 (4 × 4) and 26 × 26
(13 × 13) symmetry adapted k · p Hamiltonian with (without)
spin-orbit interaction included for CdSe in the zinc-blende
structure. We will refer to the 8 × 8 (4 × 4) Hamiltonian as the
standard Hamiltonian, while 26 × 26 (13 × 13) Hamiltonian
will be referred to as the extended Hamiltonian.

The band energies and wave functions were obtained
from DFT where exchange-correlation energy was modeled
using the Perdew-Burke-Ernzerhof generalized gradient ap-
proximation revised for solids (PBEsol) [31]. Calculations
were performed using the Quantum Espresso code [32,33].
Core electrons were modeled using fully relativistic opti-
mized normconserving Vanderbilt pseudopotentials [34,35].
The 10 × 10 × 10 grid in reciprocal space of the Brillouin
zone was used, while the kinetic energy cutoff of the plane
waves used to represent the wave functions was 90 Ry. The
lattice constant of a = 6.096 Å, obtained by minimization
of the energy of the structure, was used in all subsequent
calculations.

Since local and semilocal approximations in DFT do not
give accurate values of the band gap [1], we have also
performed the band structure calculation using many-body
perturbation theory in the GW approximation [4]. Within
this approach, the electron self-energy is approximated us-
ing the expression containing the Green’s function G and
the screened Coulomb interaction W. In this work, we used
the G0W0 variant of GW approximation in which the self-
energy is obtained from Green’s function G0 of an electron
in DFT Kohn-Sham potential, without further iterations. The
calculations were performed using the YAMBO code [36,37],
with input Kohn-Sham wave functions obtained from a pre-
vious DFT calculation on the 4 × 4 × 4 grid in reciprocal
space. Plasmon-pole approximation was used to account for
the frequency dependence of the dielectric function. Kinetic
energy cutoff used for the calculation of dielectric function
in G0W0 calculation was 50 Ry. The corresponding number
of bands was 400 (800), while the number of bands used in
the evaluation of self-energy was 300 (600) in the case when
spin-orbit interaction is omitted (included). We estimate that
these values yield numerical accuracy of 20 meV or better for
band energy corrections.

A. Bulk zinc-blende CdSe

We used the procedure described in Sec. II to obtain
the standard and extended k · p Hamiltonian in symmetry-
adapted form. � point was chosen as the point k0 in our
procedure, since zinc-blende CdSe exhibits a direct gap at
the � point. The corresponding group Gk0 is then the point
symmetry group of the crystal, which is the Td group in the
case of zinc-blende structures. We will denote irreps of this
group using the convention of Ref. [38].

We will refer to the states that are included in the standard
k · p Hamiltonian as the main states, while remaining states
included in the extended Hamiltonian will be referred to as
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FIG. 1. The form of k · p Hamiltonian obtained when spin-orbit interaction is (a) omitted; (b) included. Each block of the matrix contains
the terms that originate from matrix elements between the states that transform according to irrep specified on the left and above the matrix.
The superscripts v, m, and c denote the lower valence band states, the main states, and the higher conduction band states. The central square
marked with thick black lines denotes the standard Hamiltonian.

lower valence band and higher conduction band states. When
spin-orbit interaction is omitted, main states used to construct
the standard Hamiltonian are the threefold degenerate �4 and
nondegenerate �1 states that lie below and above the gap,
respectively, giving a total of four states. Extended Hamil-
tonian is constructed by adding the twofold degenerate �3

and threefold degenerate �4 valence states and �4 and �1

conduction states, yielding a total of 13 states. When spin-
orbit interaction is included, the states transform according
to irreps of the double Td group. The states corresponding
to �4 will split into fourfold �8 and twofold degenerate
�7 state, the states corresponding to �3 become fourfold
degenerate �8 and the states corresponding to �1 become
twofold degenerate �6 states. The characters of the irreps of
the single and the double point group Td are given in Sec. I of
Ref. [30].

In Fig. 1, we show the form of both extended and standard
Hamiltonian, in cases when the effects of spin-orbit interac-
tion are omitted and included. The Hamiltonian is divided
into blocks, where each block originates from two groups of
degenerate states with the corresponding irrep shown on the
left and above the matrix. These blocks can be absolutely
diagonal (connecting same irreps from same states), irrep-
diagonal (connecting same irreps from different states) and
off-diagonal. When our procedure is applied, each block is
obtained in the form with smallest number of parameters
in the block, determined by the point group of the crystal.
Analytical expressions for the elements of all blocks of the
k · p Hamiltonian are given in Sec. II of Ref. [30]. We have
checked that the same form of the blocks of the Hamiltonian
is obtained when Luttinger’s method of invariants [11,29] is
applied. Numerical values of each parameter appearing in the
blocks of the Hamiltonian are given in Sec. III of Ref. [30]. We
note that the standard four-band Hamiltonian that we obtain
coincides with the second-order four-band Kane Hamiltonian
[11]. The standard eight-band Hamiltonian that we obtain
coincides with Weiler eight-band Hamiltonian [11,12] after
an appropriate unitary transformation is made. The details of
this unitary transformation are given in Sec. II B of Ref. [30].

To better illustrate the advantage of using a symmetry-
adapted form of the k · p Hamiltonian (that is obtained from
symmetrized wave functions |ψi�) rather than the form of the
k · p Hamiltonian that would be obtained directly from DFT
wave functions |φi�, we compare the number of parameters
in the two forms of the Hamiltonian. The two forms of the
four-band Hamiltonian are presented in Sec. II C of Ref.
[30]. The number of parameters of the symmetrized form
is significantly smaller (1 versus 9 parameters for the terms
linear in k and 5 versus 46 parameters for the terms quadratic
in k), which clearly shows its advantage in terms of simplicity
for further use in the study of nanostructures.

In Fig. 2 we plot the band structure of zinc-blende CdSe
obtained from DFT calculation and by diagonalizing the
standard and extended k · p Hamiltonian in cases with and
without the effects of spin-orbit interaction. As expected,
extended Hamiltonian gives results that are qualitatively and
quantitatively closer to full DFT than the standard one. It
should be noted that it is preferable to add the states in
extended Hamiltonian symmetrically around the main states.
We found that expanding the standard Hamiltonian by a
noneven number of valence and conduction states can lead
to closing of the gap at points far away from � point. This
was more prone to happen if the number of conduction states
added was greater than number of valence states added. The
presence of such spurious states then prevents the application
of the k · p Hamiltonian to the nanostructure. Our choice of 13
(26) bands used to construct the extended Hamiltonian was
therefore a compromise between (i) the goal to accurately
describe the band structure within the part of the Brillouin
zone which is as large as possible; (ii) the desire to use the
number of bands (and therefore the number of parameters
of the k · p Hamiltonian) that is not extremely large; (iii)
the aim to avoid the appearance of spurious states that close
the gap. To quantify in more detail the ability of derived
k · p Hamiltonians to reproduce the ab initio calculated band
structure, we plot in Fig. 3 the maximal difference between
k · p and DFT results within the sphere of radius kr (which is
centered at the � point) for main bands. We find that standard
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(a) (b)

FIG. 2. Band structure of zinc-blende CdSe calculated using DFT and using standard and extended k · p Hamiltonian when the effects of
spin-orbit interaction are (a) omitted; (b) included.

(extended) k · p results differ no more than 4 eV (1.75 eV)
inside the sphere inscribed in the first Brillouin zone, with a
difference not greater than 45 meV (35 meV) inside a sphere
of radius kr = 0.2 in units of 2π/a, where a is the lattice
constant. Figure 3 shows that in the reasonable vicinity of �

point, in any direction, extended k · p Hamiltonians produce
a band structure that is significantly closer to DFT results,
than the standard k · p Hamiltonians. The use of extended
Hamiltonians is necessary in many practical cases. If one
wishes to study only the low field electrical properties or the
optical properties at photon energies just above the band gap,
the standard Hamiltonians are usually sufficient. However, if
one is interested in optical properties in a wider energy range
(which is relevant, for example, for solar cells) or transport
at larger electrical fields (which is relevant in field-effect
transistors) extended Hamiltonians are required to properly
describe all relevant electronic states.

For the results presented so far, the k · p Hamiltonian was
constructed starting from the wave functions and energies of
Kohn-Sham orbitals obtained from DFT using the PBEsol

functional. It is well known that the DFT band gap is typ-
ically significantly smaller from experimental gap and for
this reason the same applies to k · p band structure obtained
starting from DFT wave functions and energies. The method-
ology that we described is by no means limited to using the
DFT wave functions and energies. To demonstrate this, we
have calculated the self-energy corrections to energies En(k0)
within the G0W0 approximation. The G0W0 calculation gives
the band gap values of 1.77 and 1.60 eV without and with
inclusion of spin-orbit interaction, respectively. These results
are in good agreement with experimental value of 1.71 eV
[39]. As expected, this is a great improvement over DFT,
which underestimates the gap at 0.47 eV (without spin-orbit
interaction) and 0.40 eV (with spin-orbit interaction).

The energies En(k0) obtained from G0W0 calculation were
then used in Eqs. (10) and (8) to construct the standard
and extended k · p Hamiltonian. The parameters of these
Hamiltonians are given in Secs. III G and III H of Ref. [30],
while the band structure obtained from diagonalization of
these Hamiltonians is presented in Fig. 4.
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FIG. 3. Maximal absolute difference 	E between the band energy obtained from DFT and k · p within the region of the Brillouin zone in
the shape of a sphere of radius kr centered at � when the effects of spin-orbit interaction are (a) omitted; (b) included. The difference is shown
for main bands where the results obtained using standard k · p Hamiltonian are shown using empty symbols, while the results obtained using
the extended k · p Hamiltonian are shown using filled symbols. Insets show a zoom of the same graph in the region around kr = 0.
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FIG. 4. Band structure of zinc-blende CdSe calculated using
standard and extended k · p Hamiltonian parametrized starting from
band energies obtained in G0W0 calculation. DFT results are given
for comparison.

B. CdSe quantum well

We finally demonstrate the usefulness of the procedure
developed and the Hamiltonians derived by applying them to
calculate the electronic states in zinc-blende CdSe quantum
wells of various well widths. We perform the calculation both
using the k · p method and using DFT and we compare the
results that we obtain using the two approaches.

Within DFT, we perform the calculation of electronic states
of a quantum well by considering the slab of CdSe material
whose surfaces are perpendicular to the [001] direction. We
terminate the slab with Cd layer at both surfaces and add
pseudohydrogen atoms of charge 1.5 to passivate the dangling
bonds at surfaces. Pseudohydrogen atoms are positioned at
a distance of 1.58 Å from the corresponding Cd atom. For
slabs of the width � 6a (>6a), the vacuum region of the
width equal to 3a (half of the slab width) was added on both
sides of the quantum well, to avoid the interaction of the
quantum well with its images caused by periodic boundary
conditions in the calculation. The calculation was performed
for quantum wells containing from 1 to 18 CdSe unit cells.
We define the quantum well width as the distance between
the two pseudohydrogen passivating layers. We performed
the calculation without the effect of spin-orbit interaction
included to lower the computational cost and therefore extend
the range of well widths for comparison of DFT and k · p
results.

In the case of a quantum well whose plane is perpendicular
to the z direction, electronic states within the k · p model can
be obtained by solving the eigenvalue problem

�

n

Hmn

�
kx, ky,−i

d

dz

�
� (a)

n (z) = E (a)� (a)
m (z), (16)

where Hmn(kx, ky,−i d
dz ) is the k · p Hamiltonian of the bulk

with kz component of the wave vector replaced by the differ-
ential operator −i d

dz , � (a)
n (z) is the envelope function corre-

sponding to the state (a) of band n, while E (a) is the energy
of that state. We solve the eigenvalue problem using the plane
wave expansion method [40–45]. The well is embedded in the
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FIG. 5. Dependence of zinc-blende CdSe quantum well band
gap on well width. The results obtained from DFT without the
effects of spin-orbit coupling and from standard 4 × 4 and extended
13 × 13 k · p models are presented. The inset shows the zoom of the
same dependence to the narrower range in the figure. The horizontal
dashed line denotes the bulk DFT band gap.

region of length Lz and the envelope functions are expanded
into a linear combination of plane waves

� (a)
n (z) = 1√

Lz

Nz�

nz=−Nz

c(a)
n,nz

ei 2π
Lz

nzz
, (17)

where c(a)
n,nz

are expansion coefficients that have to be deter-
mined and Nz is an integer that defines the total number of
plane waves. After substitution of Eq. (17) into Eq. (16) we
obtain the eigenvalue problem of the Hermitian matrix that
we diagonalize using standard numerical routines to obtain the
coefficients c(a)

n,nz and the energies E (a). For a fair comparison
with DFT calculation of CdSe slab in vacuum, we perform the
calculation for a quantum well inside a large energy barrier.
We therefore model the region outside the quantum well as
an artificial material whose all parameters are the same as
CdSe parameters except the band energies at the � point. In
this artificial material, we increase all energies of conduction
bands by 	E with respect to corresponding energies in CdSe
and decrease all energies of valence bands by the same
amount 	E . In the calculation we use the values 	E = 5 eV,
Lz = 20 nm and Nz = 50. We have checked that these are
sufficiently large values whose further increase would not
affect the results.

In Fig. 5 we present the dependence of the band gap on
well width obtained within DFT and within the k · p model.
For a fair comparison, the results of DFT calculation without
the effects of spin-orbit interaction were compared with k · p
models without spin-orbit interaction; the 4 × 4 and the 13 ×
13 model. The agreement between DFT and k · p results and
between the results of the two k · p models is excellent. For
quantum well widths of three lattice constants and larger the
band gap differences are smaller than 20 meV. The agreement
is quite satisfactory even for rather thin wells of 1 and 2 unit
cells, where one might not have expected that k · p performs
so well. It is also important to note that the calculation of
electronic structure of the quantum well using the k · p ap-
proach takes only up to a few seconds on a single-core desktop
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(d)(a)

(e)

(f)

(b)

(c)

FIG. 6. The wave-function moduli squared of quantum well
states obtained from DFT without the effects of spin-orbit cou-
pling and the four-band k · p model. The DFT wave functions
are presented by performing the in-plane average of wave-function
moduli squared. The k · p wave functions are presented by a sum�

n |�n(z)|2. The wave functions that are presented in the figure
correspond to the following states: (a) VBM-4, (b) degenerate VBM-
3 and VBM-2, (c) degenerate VBM-1 and VBM, (d) CBM, (e)
CBM + 1, (f) CBM + 2, where VBM (valence band maximum)
denotes the highest energy state in the valence band, while CBM
(conduction band minimum) denotes the lowest energy state in the
conduction band.

computer, regardless of the width of the quantum well. DFT
calculations, however, take minutes or hours depending on
the width of the quantum well on a computing cluster with
several nodes. For example, our calculation times range from
approximately 3 min (using 32 cores) to 21 h (using 64 cores)
for narrowest and widest quantum wells calculated by DFT,
respectively. In the case of nanostructures confined in all three
spatial directions, such as quantum dots, the advantages of
k · p over DFT become even more pronounced. Due to a
lack of periodicity in any direction, one needs to calculate
supercells with quite a large number of atoms in DFT and the
problem becomes computationally intractable for DFT. On the
other hand, k · p is almost routinely used to study quantum
dots, see for example, Refs. [40–45].

We next discuss the origin of somewhat surprisingly good
agreement between DFT and k · p for thin wells. Within k · p
the atomistic wave function (shown in Fig. 6 in full lines) is
represented in terms of the product of slowly varying envelope
functions (shown in Fig. 6 in dashed lines) and rapidly varying
bulk Bloch functions, while the only additional approximation
in k · p with respect to the atomistic method (DFT in our case)
comes from truncation of the wave-function expansion to a
limited set of bands. For this reason, we believe that excellent
agreement between k · p and DFT results for wide wells is
expected because basis functions used in k · p provide a good
basis set in this case. In the case of very thin wells, one could
argue that the representation of the wave function in terms of
the product of envelope functions and bulk Bloch functions
for a few bands only cannot be a good representation because
the system is rather different from bulk and therefore the basis
formed from bulk Bloch functions cannot be a good basis.
Our results for CdSe wells confirm that such an argument is
certainly valid to some extent because the agreement between
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FIG. 7. Well width dependence of zinc-blende CdSe quantum
well band gap calculated using the k · p method. The parameters
of the k · p Hamiltonian were extracted from G0W0 calculation of
bulk band structure. The results obtained with and without the effects
of spin-orbit interaction are shown, respectively, in full and empty
squares. The results obtained from k · p Hamiltonians parametrized
from DFT are shown for comparison in full (the case with spin-
orbit interaction) and empty (the case without spin-orbit interaction)
circles.

DFT and k · p becomes somewhat worse for quite thin wells.
Nevertheless, we find that the agreement between DFT and
k · p is quite satisfactory even then and we note that it would
be quite interesting to investigate in the future if this is also
the case for other materials. It should be noted as well that the
use of pseudohydrogen surface passivation also contributes
in making the wave functions of thin wells closer to wave
functions of bulk material.

We finally present the results of the calculation of CdSe
quantum well electronic states, using the k · p Hamiltonians
parametrized from G0W0 calculation of bulk band structure
(the parameters of these Hamiltonians are given in Secs. III F
and III H of Ref. [30]). To obtain an accurate quasiparticle
band gap, we add to the band gap obtained from k · p Hamil-
tonian the correction which takes into account the dielectric
mismatch between the quantum well and the vacuum, i.e., the
image charge effect. The correction was added using the ana-
lytical formula presented in Ref. [46], which was also recently
applied in a DFT study of CdSe nanoplatelets [47]. The results
obtained are presented in Fig. 7 along with the results obtained
from k · p Hamiltonians parametrized from DFT, which are
given for comparison. As expected, we obtain significantly
larger band gaps using k · p Hamiltonians parametrized from
G0W0 calculation of bulk. We note that we focused in this
work on single particle energies and the reported gaps are the
quasiparticle band gaps. To obtain the optical gap, one would
additionally need to consider excitonic effects, which was also
recently done for CdSe nanoplatelets in Ref. [47].

IV. CONCLUSION

In conclusion, we presented the method that allows
automatic construction of k · p Hamiltonians in their
symmetry-adapted form starting from output of ab initio band
structure calculation of bulk material. We then presented
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the application of the method to construct the k · p Hamil-
tonians for zinc-blende CdSe material. These Hamiltonians
were subsequently used to calculate the electronic states in
CdSe quantum wells. Interestingly, excellent agreement was
obtained between the results obtained from k · p and DFT
calculations of quantum wells, even for rather thin wells.
While construction and parametrization of k · p Hamiltonians
is usually believed to be a rather difficult and time consuming
task, we expect that the method that we presented will change
this situation and that it will be straightforward in the future
to obtain k · p Hamiltonians for new materials and apply
them to study electronic properties of nanostructures based

on these materials without the need to perform any kind of
fitting.
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Electronic structure of semiconductors and their nanostructures can be described
using the well known k · p perturbation theory of Kane for bulk materials and Burt
for heterostructures. Corresponding Hamiltonians are represented in a basis of Bloch
wave-functions and parameters of the Hamiltonian are related to momentum ma-
trix elements between the basis states. Due to crystal symmetry some of these
matrix elements vanish, while some have the same value and consequently the k ·

p Hamiltonian has a relatively simple form with a limited number of parameters.
However, there is still no automatic way to obtain the k · p Hamiltonian in this
standard symmetrical form from ab-initio electronic structure calculation. In this
work, we established the procedure to achieve this. The first step of the procedure
is to perform density functional theory calculation of material band structure and
obtain the Kohn-Sham wave-functions. Next, for each of these wave-functions we
determine the corresponding irreducible representation of the symmetry group and
transform them to a standard symmetry-adapted basis. We then calculate the mo-
mentum matrix elements in this basis which leads to the parameters of desired k · p

Hamiltonian. We illustrate the method by applying it to cubic lead-based perovskite
CsPbBr3 as seen in Figure below.

43



Figure 7: Calculated band structure of CsPbBr3 near the band-gap (point R) ob-
tained from DFT (squares) and from symmetry-adapted k· p Hamiltonian (full line).
Valence and conduction states at R correspond to irreducible representations Γ

′
2
and

Γ
′
25

, respectively. Alternative labels for irreducible representations, their partners
and their product as well as an example of momentum matrix element are shown
in the top inset. The symmetry-adapted k · p Hamiltonian is shown in the bottom
inset.
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Using ab-initio methods like DFT for nanostructures is computationally very expensive, even 
with modern supercomputers. However, we will show that an accurate quantitative picture 
can be obtained with a k.p method by starting with Kohn-Sham (KS) states obtained from 
ab-initio calculations for bulk structure. We demonstrate this by comparing k.p with DFT 
calculations for the case of CdSe quantum wells. We obtain the analytical form and 
numerical parameters of well-studied 4x4 and 8x8 k.p Hamiltonians found in literature, for 
the case where spin-orbit coupling is omitted and included, respectively. Also, we 
demonstrate an improvement over 4x4 and 8x8 Hamiltonians, by expanding the number of 
states from 4(8) to 13(26), which yields more accurate excited states. Another improvement 
can be made, by using the GW approximation within the many-body perturbation theory, 
thus correcting the DFT electronic structure. This method can give more accurate bulk band 
gaps, which in turn yields improved results for nanostructures.  
 




