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Magneto-optical properties of Rydberg excitons: Center-of-mass quantization approach
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We show how to compute the magneto-optical functions (absorption, reflection, and transmission) when
Rydberg exciton polaritons appear, including the effect of the coherence between the electron-hole pair and the
electromagnetic field, and the polaritonic effect. Using the real density-matrix approach the analytical expressions
for magneto-optical functions are obtained and numerical calculations for Cu,O crystal are performed. The
influence of the strength of applied external magnetic field on the resonance displacement of excitonic spectra is
discussed. We report a good agreement with recently published experimental data.
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I. INTRODUCTION

The concept of excitons was formulated more than 80
years ago by Frenkel [1], who predicted their existence in
molecular crystals. A few years later, Wannier [2] and de Mott
[3] described these electron-hole bound states for inorganic
semiconductors. In 1952 Gross and Karriiev [4] discovered
such Wannier-Mott excitons experimentally in a copper oxide
semiconductor. Since that time excitons have remained an
important topic of experimental and theoretical research,
since they play a dominant role in the optical properties
of semiconductors (molecular crystals, etc.). Excitons have
been studied in great detail in various types of semiconductor
nanostructures and in bulk crystals. Since there is a large
number of papers, monographs, and review articles devoted to
excitons, we refer to only a small collection of them [5-10]. In
the past decades the main effort of the researchers was focused
on excitons in nanostructures [11-21], but very recently, new
attention has been drawn back to the subject of excitons in bulk
crystals by an experimental observation of the so-called yellow
exciton series in Cu,O up to a large principal quantum number
of n = 25. [22] Such excitons in copper oxide, in analogy to
atomic physics, have been named Rydberg excitons. By virtue
of their special properties Rydberg excitons are of fascination
in solid and optical physics. These objects whose size scales
as the square of the Rydberg principal quantum number » are
ideally suited for fundamental quantum interrogations, as well
as detailed classical analysis. Several theoretical approaches
to calculate optical properties of Rydberg excitons have been
presented [23-35]. Recently quantum coherence of Rydberg
excitons in this system has been investigated [34] which
opens an avenue for their further implementation in quantum
information processing.

When external constant fields (electric or/and magnetic)
are applied, the Rydberg excitons, especially those with high
principal number n, show effects which are not observable in
exciton systems with a low number of excitonic states. This
effect ranges from a large Stark shift, overlapping of states,
creation of higher-order excitons (¥, H, etc.) to quantum chaos
and type of statistics for exciton states [31]. Although the Stark
and other electro-optic effects on Rydberg excitons in Cu,O
have been measured and analyzed [24,25,32], there are only
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few results available regarding the magneto-optic properties of
Rydberg excitons [31] where the excitonic spectra of cuprous
oxide subjected to an external magnetic field up to 7 T have
been measured and the complex splitting patterns of crossing
and overlapping levels have been demonstrated.

Highly excited Rydberg excitons in Cu,O crystal provide
a well-accessible venue for combined theoretical and ex-
perimental studies of magnetic field effects on the systems.
From a different perspective magnetic fields may offer a
promising possibility for a controlled manipulation of Rydberg
excitons, which would be otherwise difficult to trap by standard
optical techniques, developed for ground states. Due to the
fact that free-space Rydberg polaritons have recently drawn
intense interest as tools for quantum information processing
one can expect that Rydberg excitons in solid may become
highly required object for creating high-fidelity photonic
quantum materials [36]. Magnetic fields can strongly affect
the Rydberg-Rydberg interactions by breaking the Zeeman
degeneracy that produces Foster zeros.

In the present paper we will focus on magneto-optical
properties of Rydberg excitons in Cu;O motivated by the
results presented in Ref. [31]. As in our previous papers
[26,32], we will use the method based on the real density-
matrix approach (RDMA). Our main purpose is to obtain
the analytical expressions for the magneto-optical functions
of semiconductor crystals (reflectivity, transmissivity, ab-
sorption, and bulk magnetosusceptibility), including a high
number of Rydberg excitons, taking into account the effect of
anisotropic dispersion and the coherence of the electron and
hole with the radiation field, as well to calculate the positions
of excitonic resonances in the situation when degeneracies
of exciton states with different orbital and spin angular
momentum are lifted by magnetic field. The present approach,
owing to application of the full form of Hamiltonian for
excitons in an external magnetic field, allows one to get
so-called positive shifts of resonances (connected with a
linear dependence on the field strength and quadratic exciton
diamagnetic shifts). Due to the specific structure of Cu,O
crystal, particulary to a small radius of Wannier excitons, it
is justified to assume infinite confinement potentials at the
crystal surface. All these factors result in a complex pattern of
spectra which, especially for higher order of excitons, becomes
even more intricate for states with higher principal number 7.

In a very recent paper Schweiner et al. [34] have pointed out
that an external magnetic field influences the system, reducing
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its cubic symmetry, and leads to the complex splitting of
excitonic lines in absorption spectra. They have solved numer-
ically the Schrodinger equation and then calculated oscillator
strengths including the complete valence-band structure into
their considerations. The most results for Rydberg excitons
was concentrated on the energy values of the excitonic states
(for example, [33]). We, in turn, extend such an approach
including the polariton effects. This will be done by means
of the so-called center-of-mass (COM) quantization approach
[37—-47]. Thanks to this approach one can include into account
the influence of the internal structure of the electromagnetic
wave propagating in the crystal. It is important because in
the experiments on the Rydberg excitons in Cu,0 [22,24,31]
the crystal size in the propagation direction exceeds largely
the wavelength. Finally, we will examine the influence of the
effective-mass anisotropy on the magneto-optic properties.

The paper is organized as follows. In Sec. II we recall the
basic equations of the RDMA and formulate the equations
for the case when the constant magnetic field is applied.
In Sec. III we describe an iteration procedure, which will
be applied to solve a system of coupled integrodifferential
equations and finally obtain the magneto-optic functions. The
second iteration step, from which the magneto-optic functions,
including the polariton effects, will be calculated, is given
in Sec. IV. The formulas, derived in this section, are than
applied in Sec. V to calculate the magneto-optic functions for
a Cu,O crystal, considered in Ref. [31]. Finally, in Sec. VI
we draw conclusions of the model studied in this paper. The
derivations of useful matrix elements and calculations with a
lot of technical details are established in the appendixes.

II. DENSITY-MATRIX FORMULATION

Having in mind the above-mentioned experiments on
Rydberg excitons, we will compute the linear response of a
semiconductor slab to a plain electromagnetic wave, whose
electric-field vector has a component of the form

Ei(z,1) = Einexplikoz — iot), %:%, (1
attaining the boundary surface of the semiconductor located at
the plane z = 0. The second boundary is located at the plane
z = L. Inthe case of the examined Cu,O crystals the extension
will be of the order 30 pum.

The electromagnetic wave is then reflected, transmitted,
and partially absorbed. The wave propagating in the medium
has the form of polaritons, defined as joint field-medium
excitations. Polaritons are mixed modes of the electromagnetic
wave and discrete excitations of the crystal (excitons). Below
we assume the separation of the relative electron-hole motion
with well defined quantum levels and the center-of-mass
motion which interacts with the radiation field and produces
the mixed modes.

The real density-matrix approach (RDMA), which we wish
to apply below, is the extension to crystal states of the Bloch
equations of atomic physics, and allows the calculation of
transition probability amplitudes including lifetime effects.
It takes into account the following contributions: (a) the
electron-hole interaction, (b) the dipole interaction between
the electron-hole pairs and the electromagnetic field, (c) the
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particle-surface interaction, (d) effects of external fields. We
consider a semiconductor in the real-space representation,
characterized by a number of valence and conduction bands.
Electrons at site j in the conduction band are described by

fermion operators &' (¢¢) which correspond to the creation
J i

(annihilation) operators. Similarly, operators aAV;T(aAV}?) are cre-
ation (annihilation) operators for holes in valence bands at
site j. The physical quantities which are most relevant for the
optical properties can be expressed in terms of mean values of
the following pair operators:

excitonic transition density amplitude, Y{5" = (d{ ¢3),

electron density, C¢ = <6?T6§) 2)
. B jat 58

hole density, D} = (di'd}),

where the indices a,b, ... label the conduction bands, and
o, B, ...label the valence bands. The detailed derivation, which
leads to the constitutive equations for the above quantities, can
be found in Refs. [7,9]. Here we restrict our consideration
to the lowest order related to linear optics, by setting the
matrices C = D = 0, and use only the excitonic amplitudes
YV(r,,r;) of the electron-hole pair of coordinates r; (hole)
and r, (electron). In the case of Cu,0, v means P,F,H, ...
excitons. The constitutive equations have the form (see also
[26,32])

Y(R.r) + (i /i) He Y R,¥) + (1/W)TY (R,1)
= (i /i)M(r)E(R), 3)

where R is just the excitonic center-of-mass coordinate,
r = r, — r; is the relative coordinate, M(r) is the smeared-out
transition dipole density, E(R) is the electric-field vector of
the wave propagating in the crystal, and operator I" stands
for the dissipation processes; we assume that it is nonnegative
and commutes with Hg,. The smeared-out transition dipole
density M(r) is related to the bilocality of the amplitude Y and
describes the quantum coherence between the macroscopic
electromagnetic field and the interband transitions. The two-
band Hamiltonian Hy;, includes the electron- and hole-kinetic-
energy terms, the electron-hole interaction potential, and the
confinement potentials. When constant fields, magnetic and
electric, are applied, the Hamiltonian has the form

H—E + 1 QXB2+
=T o \Pe T

l’hXB 2
pr+e 5 +eF-(r,—ry)
I

&2

thH

+ Vconf(re ) rh) - (4)

4 egeplr, —1p|

B is the magnetic field vector, F is the electric-field vector,
Veonf are the surface potentials for electrons and holes, m,;,my
are the components of the hole effective-mass tensor, and the
electron mass is assumed to be isotropic. Separating the exciton
center-of-mass and relative motion, and considering the case
when B || z, F = 0, we transform the Hamiltonian (4) into the
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form
P2 P2 1 e
H = H z I - 224+ ° pr.
T ATV T G T
e
= 2 P @ X B) 4 Voo (R,1), 5)
I

where w, = eB/u is the cyclotron frequency, the reduced
mass /4| is defined as

1 1 1
— = ©)
Il me mp
and Hj is the two-band Hamiltonian for the relative electron-
hole motion,
ik e?
Ho= - wvyv— ™)
2up = dwepeplr, — 1]

as used in the papers [26,32], with p being the exciton reduced

mass tensor. The operator £, is the z component of the angular
momentum operator. We must solve the constitutive equations
with the above Hamiltonian to obtain the polarization and
finally the polariton modes.

The coherent amplitudes Y define the excitonic counterpart
of the polarization,

P..(R) = 2/d3rM*(r)Y(R,r), 8)
which is that used in the Maxwell field equation,
22 .. 1.
C VRE — ng(R) = gpexc(R)y (9)

with the use of the bulk dielectric tensor € ) and the vacuum di-

electric constant €p. In the present paper we solve Egs. (3)-(9)
with the aim to compute the magneto-optical functions
(reflectivity, transmission, and absorption) for the case of
Clle.

In semiconductors like, e.g., GaAs, when only a few lowest
excitonic states are excited, it is possible to solve the polariton
dispersion relation and to determine the amplitudes of the
polariton waves. Analogous methods cannot be applied in the
case of Rydberg excitons, whereas, for example, in Cu,0, even
25 excitonic states are observed. There is a question of what
approach is appropriate for such a case. One of the possibilities
is to use the above-mentioned exciton center-of-mass quanti-
zation. In this approach it is assumed that no electron or hole
separately is confined, but their center-of-mass is confined
within the crystal [37—47]. This approach is justified for
small-radius Wannier excitons, as is the case of Cu,O (about
1 nm), and certainly not appropriate for semiconductors with
large-radius excitons, like GaAs (about 15 nm). In the COM
approach mostly infinite confinement potentials at the crystal
surfaces z = 0,L are assumed, therefore the eigenfunctions
and eigenvalues of the COM motion have the form

2 . (Nm h* N2m? )
wN(Z)Z ESIH FZ s WN:Z_]WZ L2 =N S,

)
S = %(%) R*, (10)
Z
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where M, is the total excitonic mass in the z direction, a* is
the excitonic radius, R* is the excitonic Rydberg, and L* is
the effective crystal size in the z direction. When assuming the
existence of exciton free surface layers with the thickness L.,
we are left with the bulk region of the dimension L* = L —
2L¢ where the exciton polaritons are formed. This dimension
is sometimes called the effective crystal size. Since, in the case
of Cu,0, the L, being comparable with the excitonic Bohr
radius, are very small, we assume Lx = L (L being the crystal
size in the z direction).

Having the confinement functions, we look for a solution
of the form

Y(Z,l‘) = Z CanmRnlm(r)Ylin(97¢)wN(Z)v (11)
Nnlm

where Ry, are the radial functions of an anisotropic
Schrodinger equation [32],

p oy (2 (n+0)
ntm - na* ¢+ D'\ 2n(n— € —1)!
¢
« (2er> g~ Nm?/na’
na*

(12)
znfmr
xM(—n—i—E—i— 1,2E+2,—>,
na*
/ |YZWL|2
Nem = dQ N s
sin? 0 + () /1;) cos? 0
and E,;, are the corresponding eigenvalues,
2
Euim = —"2 R, (13)
n

M(a,b,z) being the confluent hypergeometric function in the
notation of [48].

II1. ITERATION PROCEDURE

The electric field E(Z) of the wave propagating in the
crystal, acting as a source in Eq. (3), must satisfy the Maxwell
equation (9) which, for the wave propagating in the Z direction
and with the harmonic time dependence fulfills the propagation
equation

N ICE(Z) * p (Z), ky = Jpe

ey = — 5 Iexc s =€,

dz? b c2e b e
and P.(Z) is the Z- dependent excitonic part of the crystal
polarization (8). The function Y (Z,r), with regard to (3) and
(11), and for the Faraday configuration, satisfies the equation

(14)

3 (Eg — i+ Wy + Epgm +m Ly R* —iI"
Nntm Ky

*

4aq*2

= M()E(2), (15)

+

yor? sin29)chRM(mYzm(e,@wN(Z)

where y =hw./2R* is the dimensionless strength of the
magnetic field. Even under applying the COM quantization,
we are left with a system of two coupled integrodifferential
equations for the functions Y and E. Having the field E(Z) we
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can determine the optical functions, reflectivity, transmissivity,
and absorption, by the relations

2 2

EQ©
© , A=1-R-T,

Ein

E(L*)
Ein

r=|E2

) T:‘

(16)

where Ej, is the amplitude of the normally incident wave.
The solution of Egs. (14)—(16), which enables one to get the
electric field and the optical functions, can be obtained by
several methods. The specific properties of Rydberg excitons
in Cu, make the calculations more difficult than in other
semiconductors with Wannier-Mott excitons. In GaAs only
the lowest exciton states contribute, which means that only
few polariton waves should be taken into account, and an
approximation, giving the amplitudes of the polariton waves
and thus the electric field in the medium, as described in
Ref. [49], can be used. In quantum dots, where, in the strong
confinement limit the separation of the relative and COM
motion cannot be made, one can try the direct numerical
solution of the relevant Schrodinger equation, giving the
eigenfunctions and eigenvalues, which, in turn, are used to
solve the constitutive equation and the optical properties (see,
for example, [50,51] and references therein). Both methods
cannot be applied for the considered case of Rydberg excitons.
When taking into account, for example, n = 25 excitonic
states, we deal with at least the same number of polariton
waves (or even twice when considering the waves in both
directions) and a method to calculate their amplitudes is, to our
knowledge, not known. When regarding the sample dimension
of 30 um, i.e., thousands of the excitonic Bohr radius, the direct
numerical calculation exceeds the possibility of computers.
This is the motivation to apply the COM approximation,
connected with certain iteration procedure. The first step of this
procedure is the solution of the system of equations (15), where
on the right-hand side we put instead of the full solution E(Z),
its (known) homogeneous part E},py, satisfying the equation

d’E
177 +k,E(Z) =0, an
and the appropriate boundary conditions. It has the form
2kof(L — Z
Enon(2) = Eg L= 2),
(kp + ko)W
. kp — ko ;
— ,ikZ ikpZ
7)=c¢e + e >
A ky + ko
i ko — Ko\ ;
W = ikyL _ [ 20 O lk[,L' 18
¢ (kb + ko) ¢ {19

Inserting the above expressions into the right-hand side of
Egs. (15), the following set of equations will be obtained,
from which the coefficients ¢y, can be determined from

R*
Z WNan + _V2r2 Sil’l2 0
4a*?

Nntm
X CanmRném(r)YZm(97¢)wN(Z)
= M(r)Ehom(Z),
Wrnem = Eg —how + Wy + Euem +mM_1|VR* —il. (19)
all
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The expression for the dipole density, which should be used in
(15), has the following form: for P excitons, £ = 1 [26],

M) = e, Mo "0 p=rin = ¢, M(r)
2r’r;
. r+ry [8m _
=i — = (Y, =Yy )e T
104ir2r§ 3 Y1,—1 1,1)
. r+ry |8m _
+jMig——/ =— (Y1 + Yy )e 70
Mo PRl (Y1,21 1,1)
4
+ kM0 Py erin, (20)
2r2rg V3

and for F excitons, £ = 3, in normalized (with respect to r)
form,

M (r)

=iMj

1 3 Sm .
—— |\ T (Y31 =Y3_1) — | = (Y33 — Y3_3) [e7"/70
r0r2|: 7 (Y31—Y3-1) 7 (Y33 — Y3 3)]6
M 3 S —rIr
+.]2—10 —|\/ 5 (Y31 + Y1) — /= (Y33+¥33) | pe /™
r*ro 7 7
MIO T —r/r

+k— (12, Ya0e ™/ ). 1)
rery 7

Having in mind the experiments by ABmann et al. [31], we
consider the field B as perpendicular to the crystal surface (|| z),
and the wave propagating in the z direction and characterized
by the electric field E. The wave is assumed linearly polarized,
E = (E,,0,0), with the component E, = Eyonm(Z). Thus we
take the x components of the densities M defined in (20) and
2D,

+ry |87 _
MOy = ML 12y, —vipe I, (22
L (r) 104ir2r§ 3 Y14 1)e (22)
1 3
M) = Myg— |/ = Y31 — Y5
T (r) 1or0r2[ 7 (Y31 — Y3-1)
Sm
- 7(Y33 - Y33)}€_r/r°, (23)

with the coherence radius rq [7,26,49]

_ 2p
rel = 1/h—z”Eg. (24)

The above expression gives the coherence radius in terms of
effective band parameters, but we find it convenient to treat the
coherence radii as free parameters which can be determined by
fitting experimental spectra. Mostly one takes it as a fraction of
the respective excitonic Bohr radius. Using the above formulas,
together with the expression (18) for homogeneous field Epon,
we obtain, in the first step of iteration, a system of equations

3 [Eg —liw+ Wy + Engm +m Ly R* —iI"
ném I
+ oy sin’ 9i|CNn£m Ryom (MY (0. $)wn (Z)
= M. E(2). (25)
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By appropriate integration and making use of the orthonormality of the eigenfunctions, the equations for the expansion coefficients

get the form

)
WNanCNan + V((chNn@m + Vg(g_)»,_zchnZJer + Vg(gzzchnifbn = (leEx)(RnZIml Y€m|Mx)s

R (24 e+m>—1)( n\*
v = 22 — ) [5n% 4+ 1 =3¢ + 1)],
wn = G- He+3) (m) n7 1 =36+ Dl
(26)

R [+2—mt+1—-mltm+Dlt+m+2) [
V(") _ 2 d 4Rn Rn )
ce+om 4)’\/ 20+ D20 13220+ 5) , PP fntfnee

R* C—mE—-—-m-—Hl+m)y&+m—1) [
V(n) =——y’ d 4Rn m Rue—2m
te=2m 4"\/ 20— 32— 1220+ 1) , PP Mntm Bt

where we used the notation

*

R .
V) = 2z (R 12| Ruem)(Ye,m, | $i0% 01 Ye).

27

As in the case of previously discussed electro-optic properties
[32], we take into account only the states n = n;. This
assumption is justified by the fact that the diamagnetic shift,
related to these matrix elements, is much smaller than the
Zeeman splitting.

The effect of overlapping of different states is included in
the resonant denominators. The detailed form for the coeffi-
cients cnuems (Rneym, Yeym, |Mx),(Ex|wy) and the derivation
of the matrix elements VZ(ZL are given in Appendixes A
and B. Equations (26) are the basic equations in the present
paper, which will be used in the numerical calculations of the
optical functions.

10" ]
. —theory
10 ¢ experiment]]
2165 2166 2167 2168 2169 2170 2171
E [meV]

FIG. 1. The absorption A of Cu,O crystal of thickness 30 um
and for B = 0, calculated from Eq. (16). A comparison between the
theoretical results from Ref. [26] (blue curve), and experiments [56]
(orange curve).

(
IV. SECOND ITERATION STEP—MAGNETOOPTIC
FUNCTIONS

In the first iteration step we have computed the coefficients
CNnem- Having them, we determine the amplitude Y (Z,r) from
Eq. (11) and the excitonic polarization from Eq. (8), obtaining

Poco(Z) =2 / M*(r)Y(Z,v)d’r

= 2/ M*(l') Z CNanRanY/meN(Z)dSr
Nnilm
= Z Pywy(2),
N

(28)
Py = ZZCNn€m<M*|Rn€mY€m>

ném

= €0ep AL (WN | Evom(Z2)) Y Xintm

nlm
P
= €06y A7 Iy Enom(0) Y Xwntm-
ném

where Iy are defined in Eq. (D6), and xyuen in Egs. (F3) and
(F4). The so-obtained polarization will be used as a source in
the Maxwell equation (14). It is known that the solution of

O

2169.6

2169.4 2169.8 2170

E [meV]

2168.8 2169 2169.2

FIG. 2. Changes in absorption spectrum due to the applied
magnetic field for n = 4 exciton.
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a nonhomogeneous differential equation is composed of two
parts, which are the solution of a homogeneous equation and
of a nonhomogeneous one,

E(Z) = Ehom(Z) + Enhom(Z), (29)

where the homogeneous part satisfies Eq. (17). The nonho-
mogeneous part will be obtained by means of the appropriate
Green function, satisfying the equation
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and having the form (see, e.g., [9])

kp + ko

% kp — ko kv L—ikyZ” + o~ ikoLtik,Z> ’
ky + ko

GE(Z,Z/) — 2le (e—ikbz< + kb — k() eikbz<>
b

€29}

d2 - , )k ) , where Z= = min(Z,Z'),Z> = max(Z,Z’). Using the above
dz2 GZ,Z)+ k,G™(2,2)) = =6(Z = Z)), (30) Green’s function we obtain the nonhomogeneous part in the
107 10%
10° 10° |
107 107} 1

2169 2169.2 2169.4 2169.6 2169.8 2170 2170 2170.2 21704 2170.6 | 2170.8 2171
10° > .
10 F .
10° |

o
l

107 E
10—2 / ]
107° 1 *

2164 2165 2166 2167 2168 2169 2170 2171 2172

E [meV]

10° 10?
10’ 10’ :
10 107} 1

2165 2165.5 2166 2166.5 2167 2167 2167.5 2168 2168.5 2169

FIG. 3. The bulk magnetoabsorption of Cu,O crystal calculated from the imaginary part of the bulk susceptibility (37) for B = 2 T. Insets
show the detailed spectra around the excitonic lines corresponding ton = 4, 5, 6, 7.
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form

E 7) = k(% t E / / /
nhom(Z) = . G™(Z,Z")Pxc(Z)dZ".  (32)
0

Equations (29), (31), and (32) give the total electric field of the
wave propagating in the crystal, from which the reflectivity R
and transmissivity T are obtained. They have the form

2

EQ©
R= ’ ©_,
Ein
= Rpp|l +1i ]E (1 — rgo)(l — Vooei(')?z(l _ rgoei(-))
Foo(1 — €i©)
11% (P) 2
x Z (f) Z NG 7 XNntm | 33)
N ném
E(L) 2 ) E (1 — rooei(")) IZ%/
T = — Twol1 E (1= raee) 7
‘ Ein Fp +1<2EL>(1 —rgoele)); L
2
X Z A(LPT)Xanm , (34)
ném
where © = 2k, L, ro is defined by
kO - kb
B : 35
"~ otk (35)

In2 /L are given in Eq. (D7), and Rgp, Trp are the well-known
formulas for the Fabry-Perot normal incidence reflectivity and
transmissivity of a lossless dielectric slab of thickness L (see,

e.g., [52]),

F sin?(®/2) 1
Repp=———5—+, Top=—F—F5—,
1 4 Fsin*(®/2) 1+ Fsin*(®/2)
4r§O
F=—>F. (36)
(1-r%)

The derivation of formulas (33) and (34) is given in
Appendix E.

V. RESULTS

We have performed numerical calculations of magneto-
optical functions (absorption, reflectivity, and transmissivity)
for the Cu,O crystal having in mind the experiments by
ABmann et al. [31]. Considering the specific properties of
Cu, 0 and the crystal dimension, which is large compared to the
exciton Bohr radius, we observe that the COM quantized ener-
gies Wy (10) are small compared to the remaining components
of the excitonic energies Wy,¢, (19). Therefore, in the first
approximation, we can neglect them in the formulas defining
the coefficients ¢y, (Appendix A) and in expressions X ynem
(F3) and (F4), and calculate the bulk magnetosusceptibility:

x(w) = GbA(LPT)[XNzn + Xn21-1 + X311 + XN31-1

+ XNn3+£3 + Xnni1 + Xnnsxt -l (37)
Using the formula « = (w/c)Im /€, + x we have calculated
the magnetoabsorption, taking into account the lowest
n = 2-10 excitonic states. The parameters we used are the
energies E,gy,, the gap energy E,, the LT energy A(LPT) , and
the dissipation parameter I". We have used the electron
and hole effective masses: m, = 1.01, my = 0.5587, u =

PHYSICAL REVIEW B 95, 075204 (2017)

0.3597, u, = 0.672 (the masses in free electron mass) m,

and from them calculated the reduced mass ,u,]l = —1.25,
which gives u/p| ~ —0.2876. By the relation
13600
R =220 (38)
my €}

using the Cu,O dielectric constant €, = 7.5, we determined
the value R* = 86.970 meV. Since the longitudinal-transverse
splitting energy A, r splitting for P excitons is not known,
we have established a relation between the known A1 for §
excitons and the quantity AQPT) for P excitons. First, using the
bulk dispersion

212

% et 2 / PPrm*y, (39)

w €0
for k =0,n =2, we establish the relation between the
splitting and the dipole matrix element

)

2 1 1
e Al = —|11+12|2[—+ }
€0 B=0

Win  Wna

(40)
4606ba*3A(LPT)
7 (ro/a*)nj,
where 1;,l, are defined in Egs. (B3) and (B4). Using an
analogous expression for for S excitons [53],

2
[Miol” =

s
neoeba“A(L;
3 b
Moo

2
M|~ =

(S)

. P .
one can determine A(LT) as a function of A7,

2 2.5
Py _ T To\ M1 A9
AP = T(Z*) F(;)(‘)ALT. (41)

The energies Wy ¢, were obtained from relations (13) and (19)
(without Wy ) with the effective Rydberg energy R*. We have
used the values E, = 2172 meV [52,54], R* = 86.970 meV,
A®) =10 eV [52,55], and p/p. = 0.5351. We have re-
stricted the upper limit of energy for our numerical illustrations

0.5

1.5

BITI]

2.5

3.5

2164 2164.5 2165 2165.5 2166 2166.5 2167 2167.5 2168
E [meV]

FIG. 4. Absorption spectrum in the energetic region of n =4
excitonic state as a function of the applied magnetic field strength.

075204-7



SYLWIA ZIELINSKA-RACZYNSKA et al.

0.5

-

1.5

BI[T]

25

3.5

2164 2165 2166 2167 2168 2169 2170 2171 2172
E [meV]

FIG. 5. The same as in Fig. 4, in the energetic region of n = 4-25
excitonic states.

to 2172 meV, which determines the band gap; above this
energy one could take into account effects which follow from
interaction with the continuous spectrum. The choice of the
set of parameters is confirmed by the excellent agreement
of our theoretical absorption spectra with experimental data
for the case B = 0 [56]; see Fig. 1. Fitting the experimental
data we have determined the damping parameters [, [the
eigenvalues of the damping operator I'; see Eq. (3)], which
were then used in further calculations. The results for the
absorption, which seem the most important, are reported in
Figs. 2-7. In Fig. 2 we observe how the applied magnetic
field changes the spectra. The positions of absorption maxima
are changed due to the diamagnetic shift, and the Zeeman
splitting occurs. The same effects, for a larger number of
excitonic states and stronger field, are displayed in Fig. 3.
For the principal quantum number n > 4 the effects due to
both P and F excitons, for example, the overlapping of states,

10 E

2166 2166.5 2167 2167.5 2168

E [meV]

. .
2164.5 2165 2165.5

FIG. 6. The bulk magnetoabsorption of Cu,O crystal, individual
excitonic resonances are identified.
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-1
1 L L L L
02162 2164 2166 2168 2170 2172

E [meV]

FIG. 7. The influence of the choice of the coherence radius ry on
the magnetoabsorption spectra of Cu,O crystal.

are observed. This is shown in Fig. 4 for the n = 4 exciton
state, where the dependence of the absorption on the applied
field strength is shown. The Zeeman splitting is clearly visible
and the lines are shifted towards higher energy with increasing
field strength. Moreover, some absorption lines become visible
only for sufficiently strong magnetic field. Our calculation
scheme can be extended to higher principal quantum number;
the absorption spectrum for n = 4-25 excitonic states is shown
in Fig. 5.In Fig. 6 we show that our method allows us to identify
the excitonic states. In the RDMA approach we consider the
role of the coherence of the radiation field with excitons, which
enters via the smeared dipole density M(r) and its parameters
M, ry. The influence of the coherence radius ry is illustrated
in Fig. 7. One can observe that an increase of ry causes an
increase of absorption, which is due to the related increase
of the longitudinal-transverse splitting and oscillator strength;
—With excit‘ons

Without excitons ‘//,\\’\H
0.5¢ \‘\ 1

0.6
o 0.3y

L . |
0.5
0.1r B
0 N ‘ 2169 216Q.5 2120 21 79.5 21?1
2164 2165 2166 2167 2168 2169 2170 2171 2172

E [meV]

FIG. 8. The magnetoreflection coefficient of Cu,O crystal of
thickness 30 um, when the magnetic field 2 T is applied. The
dashed curve (labeled without excitons) corresponds to Fabry-Perot
reflection. Inset: reflection spectrum for n = 5, 6, 7 exciton.
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’ 0.67
0.9/ |

/ 0.64

0.8 /
4

/ 0.61

0.7f |
~ \ '
A

0.6/ \ 21713 2171.4 1

0.5} (J‘\['I 1

—— With excitons
Wlthout exmtons

2164 2165 2166 2167 2168 2169 2170 2171 2172
E [meV]

FIG. 9. The transmissivity coefficient of Cu,O crystal of thick-
ness 30 «m, when the magnetic field 2 T is applied. The dashed curve
(labeled without excitons) corresponds to Fabry-Perot transmissivity.
Inset: transmission spectrum for n = 7 exciton.

see Eq. (41). The COM quantization approximation, used in
our calculations, allowed us to calculate the reflection and
transmission spectra, taking into account both the microscopic
electronic excitations (excitons) and their interaction with
the radiation field, resulting in creation of polariton modes.
Having analytical formula for the reflection coefficient R and
transmissivity 7 we are able to examine their dependence of the
crystal size (Figs. 8—11). The calculations have been performed
up to N = 350 and for excitonic states with principal number
n = 5-7. One can observe the Fabry-Perot modes, typical for
dielectric slab, with overlapping excitonic resonances. The
Fabry-Perot resonance is dominant and strongly affects the
reflection and transmission over the whole energy range and
establishes the background on which the excitonic resonances

AN
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Vo ||
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I
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W|thout excnons

I
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!
1
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I
l

.

(0]
2164 2165 2166 2167 2168 2169 2170 2171 2172
E [meV]

FIG. 10. The same as in Fig. 8, for crystal thickness 100 pm.
Inset: reflection spectrum for n = 7 exciton.
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1
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0.7 i
\
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|
0.5
= 171.25 171135
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Without excitons

2164 2165 2166 2167 2168 2169 2170 2171 2172
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FIG. 11. The same as in Fig. 9, for crystal thickness 100 pm.
Inset: transmission spectrum for n = 7 exciton.

appear, although the variations of R and T due to them
have comparably smaller amplitudes. As can be seen from
Figs. 8—11 the Fabry-Perot pattern strongly depends on the
crystal size, which is consistent with Egs. (33) and (34). In
Figs. 8 and 9 magnetoreflectivity and magnetotransmissivity
are presented for a sample of 30 um and in such a case only
one Fabry-Perot maximum is visible. For a thicker crystal of
100 um the Fabry-Perot effect is more pronounced and more
maxima appear (Figs. 10 and 11). The excitonic resonances
approach each other and amplitudes of their changes are more
distinct. All insets in Figs. 8—11 indicate that these two effects
are readily separable.

VI. CONCLUSIONS

The main results of our paper can be summarized as follows.
We have proposed a procedure based on the RDMA approach
that allows us to obtain analytical expressions for the magneto-
optical functions of semiconductor crystals including high
number Rydberg excitons. Our results have general character
because arbitrary exciton angular momentum number and ar-
bitrary applied field strength are included. We have chosen the
example of cuprous oxide, inspired by the recent experiment
by ABmann et al. [31]. We have calculated the magneto-
optical functions (susceptibility, absorption, reflection, and
transmission), obtaining a fairly good agreement between the
calculated and the experimentally observed spectra. As each
method using the iterative procedure, the present approach is a
kind of approximation. Although we have solved the problem
of excitons in a semiconductor when an external magnetic
field is applied, we do not include the interaction between
states with different n into the Hamiltonian we have used. It
should be emphasized that the present approach is analytical
until the last step in which the numerical code is used. The
choice of dipole density model and therefore the oscillator
strengths, which is an intricate function of free parameters, has
an impact on the accuracy of our calculations and might be the
source of discrepancy between theoretical and experimental
results. Our results confirm the fundamental peculiarity of
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magneto-optical effects: shifting, splitting, and, as a result for
higher excitonic states, mixing of spectral lines. In particular,
we obtained the splitting of P and F excitons, with increasing
number of peaks corresponding to the increasing state number.
All these interesting features of excitons with high n number
which are examined and discussed on the basis of our theory
might possibly provide deep insight into the nature of Rydberg
excitons in solids and provoke their application to design
all-optical flexible switches and future implementation in
quantum information processing.

APPENDIX A: EXPANSION COEFFICIENTS cypem

Using the eigenfunctions (12) and transition dipole den-
sities (22) and (23) we calculate the expansion coefficients
CNnem- For n = 2,3 we only have the coefficients related to the
P excitons:

Wi a1Cnme1 + Vi cnms = (wa, | E)(Ro11 Vit | MEP),

(le iEx)<RnllYli1 |M)(Cl)>
Wizt + Vi,

CNinl£l = (A1)

For n > 4 we must consider contributions of both excitons P
and F. For n = 4 we have three equations,

4 4
Wya1z1Cn 4121 + Vl(l)ilCN,41i1 + V1(33|:16N143il
1
= (w, |E:)(Ra11 Y1a1 | M),
114 + Vi) vy
N143+£1CN43+1 3341CN43+1 + V31 Cna1£1
3
= (ww, |E:)(Raz1 Yau1 [ M),
4 3
Wia3230n, 4343 + VisisCnases = (wa, | Ex)(Raz3 Y33 | MP),
(A2)

with solutions

CN41+1

an(Ran Y121 | ML) — a1o(Ryzi Yau [ M)
A

= (wN1|EX)

)

CN,43+1
ai(Ruz1 Va1 | M®) — ain(Ra11 Yia1 |[MD)
:<le|Ex) 11< 431 3il| X >A 12( 411 1i1| <!
(wn, | Ex){Ra33 Y331 M)

4
Wi 4343 + V3(3i3

CN4343 =

2
A = ayan — ap,

) 4)
a1 = Wyase1 + Vi, an =V, =a,

an = Wyuss + Vgi]. (A3)
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In a similar way, the higher-order coefficients can be deter-
mined:

(wa, | Ei)(Ru33 Y33 | MS)

c _ |
Nin3+3 WN1113i3 + V3(§13
CNinl+l
_ (w ‘E >a22(Rn11Y1:|:1 |M)(Cl)> — a12<Rn31Y3i1 iM)(cS))
= Ny X pv— a122 |
CNn3+1
- (w |E >a“(Rn31Y3il !MQ) - alZ(Rnllylj:l }M)(Cl))
—\WN | Ex |

aydax — a%z
ajy = Wi+ + Vl(?)il, ap = Vf;’il = a1,
an = Wyns+1 + V3(;l:)|:17 A = apan — ap,
CNinl+l

(wn [ Ec)(32)y 57 Mo gt 25

(Wainix1 + V](;ll))(WN]"3il + V?:(gl)) - (Vl(;l))z

. 52
x {”71{ (Wana1 + Vas))

2 2 2
o T n® —9n*—4
+0.015272V1(31)<a—2) m) %}

n
CNn3+1
(wwi [Ex)(32)y/ 37 Mo e 55t

(WNlnlil + Vl(ff)(WN,nsil + Vé?f) - (Vl(;;)z

ro 2
x{[WN,,,m +v0.015 272(;) 2

(n? —9n?—4)

7 + Vf;’fin?{z}- (A4)

n

APPENDIX B: DETERMINATION OF THE QUANTITIES
(Ru11Y121I ML), (Ry31 Y321 |1 MD), (Ry33 Y3231 M)

Below we calculate the quantities (Ry,1iYi+i|MD),
(Ru31 Va1 IMD), (Ry33 Y343l MP), which enter in the above
derived formulas for the coefficients ¢y ¢y,. Using the defini-
tion (22) and (23) one obtains

(Rut1 Y141 |MVx)

8 M 0
—w s [ e e R, @)
3 41r§ 0 r2
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Inserting on the right-hand side the expression for the radial
function R, [see Eq. (12)] we get

(Rut1 Y1a1|MVx)

8t My [ 20\ % 1
=F —ni/ dr (r—i—ro)e_“(—n”) —
0 na

3 41r§ * 3!
n! /2 2n1
W [ D (2ar 0 g 2T sy
2n(n — 2)!'\ na*
where A =14 L = m I - The right-hand side of

na* ro

Eq. (B2) conststs of two parts:
I — 8m Mo (2n1 2
' 41r na* na*

—(n~|—1)! Ooa’r P2e M| —n+24 2mur
2n(n —2)! Jo "7 na*

87 My (2n11\"* 1 1!
_ |87 dU N1 1 [ (4D r@-3
3 4lr2 na* 31\ 2n(n — 2)!
xF(_n+234 "_)
na* +nury
8t Myy  (2n1”\ 1 [ n+1)!
12 = r() —_— — |
3 41r0 na* 31V 2n(n — 2)!
o0 2
x/ rdre_)"M< n+24,— il )
0 na*
8w Mio . (2 21+ 1)
= — —7 - - .
3 4ir2 " na* ) 31\ 2n(n — 2)!

2
xF(_n +z,2,4,&),
na* + niro

F(a,B,y,z) being the hypergeometric series. Performing the
summation we obtain

87 Muoro (201" [_(n +1)!
3 8 \ na* 2n(n —2)!’
where the assumption ry < a* has been used. Finally

[22(n2 — 1) Myo 1
1 1
(Ru11 Y121 | M =% T35 a* a*sl/z

The following expression will be useful in calculation of
oscillator strengths:

(B3)

(B4)

L+bL~

(BS)

m,n>—1
|11+12|2——n|M10|2< 2) a5 (BO

In the next step we calculate the quantity (R,3; Y31 |M®x).
Using the definitions (21) and (12) one obtains
(Ru31Yax1 | MPx)

3n M o0
=7F __10f dr e/ Ry3i (r)

7 ro 0
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37 My (2031 /°° ek (n +3)!
=F == drrie _—
7 ro \ na* 0 'V 2n(n — 4)!

><M<—n+4 8, ﬂr>
na*

with
L

k:——i— =
ro na*

na* + n31ro
na‘rg

Performing the integration we arrive at the formulas

3w Mio (2031 [ (0 +3)!
7 ro \ na* 2n(n — 4)!

3!
ZATYF 4,438,
T ( n *)\)

(Ruz1Yas1|[MP)) =

2 o\’ ’72{2
~ F 0.015272 §JTM10< *> 32

\/ (n? — 9)n? — H)(n> — 1)
X b
no
where again the assumption ry < a* has been used. The

formula
IM 1o| 9 6
(m31)

n* —9m* —dHn* -1
X 9 9

|<Rn31Y3:t1|M)(C3))|2 ~ 2.332 x 10_4§

n

will be used in calculations of the oscillator strengths related
to the F exciton. The remaining formulas, connected to the
Y3 13 harmonics, have the form

(Ruz3Yaus| M)

5w My 203\ | (n+3)! 3
VT 7 G 2n(n — 4)! 7!

2
x F(—n + 448,21 )
na*a

| 1o| 9 0
(133)

% —9m* —dHm* -1
X .

nd

[{Ross Y| M)

2
~ 3.887 x 10—4§

APPENDIX C: DERIVATION OF THE MATRIX
ELEMENTS v

Lymmy

In order to calculate the matrix elements V;Z';‘l:nl as defined
in Eq. (27), we start with the integral containing the angular

dependence,
Lieymm, = (Yem, | sin 0]Ye) = /dQ Yy (1 = cos®0)Yy,

= 80¢,8mm, —/dsz Yi,m, c08>6 Yy, (C1)
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Making use of the definition of the spherical harmonic
functions,

20 + 1)(€ — m)!

47 (€ + m)! P{"(cos 0)e™?,

Yen(0.9) = (C2)

in terms of the associated Legendre polynomials P;", the
second of the integrals on the right-hand side of Eq. (Cl)
can be put into the form

I = /dQ Yy, €08> 0 Yy

s o Q€+ D —m)! 20, + 1)l —m))!
e 47 (L + m)! A (L) + my)!

+1
x / dx P"(x)x>P}" (x). (C3)

1

Making use of the recurrence relation for Legendre polynomi-
als [57] we arrive at the integral

+1
/ dx P (x)x>P}" (x)
-1

+1 1
=[1 dx{%H[(Z—m+1)P;11(x)+(£+m)Pg“1(x)]

X 2+ 1[(El—m‘l—l)PZ_H(X)—f—(z]—i—m)Pé?_l(x)]}_

(C4)

Performing the multiplication and integration, using the
orthogonality relation for Legendre polynomials one obtains

+1
/ dx P"(x)x* P}" (x)
—1

20202 +2¢ — 1 —2m>) (€ + m)!
T 20— D2+ DL+ 3)E —m)!
20 —m+DU+m+2)l+m+1)!
20+ DL+ 3)20+5)(E + 1 —m)!

20 —m — D +m)L+m—1)!
(20 —3)20 — D20+ 1) — 1 —m)!

Ly

Bet1,0,—1

41,01
(€5)

Inserting the above result into Eq. (C3) gives for the angular
integration

s (20 + 1)(€ — m)! 2€; + D)) — my)!
o 47 (€ 4+ m)! 47 (0 4+ my)!

[ 20202 +2¢ — 1 —2m2)(€ + m)!
(20 — D2+ DL+ 3)(l —m)!
200 —m 4+ D 4+m +2)( +m + 1)!
L+ DR2L+3)2+5)L 41 —m)!
206 —m — D€+ m)E +m — 1)! ]
80, +1,0—1 |-
(20 —3)20 — DL+ D — 1 —m)!
(Co)

C+1,4,—1
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Using the above results we obtain the diagonal matrix

element V;")  whenn = ny,
V(Z@]mlml
R* , 202420 — 1 —2m3
= —Y 6N|mm| 1-
4 (241 — 1)(2€, +3)

[o.¢]
X/ dp,O4 RnZRle
0
R* 2002+ L+m*>—1) [
=8€Z1mm1_y
47 -Dee+3) Jo
_s R @teem-nn
= Ot Y 0 T 26 + 3)
x[5n* + 1 —3e(¢ + 1],

dp p* [Rue(p))?

Nem
(€7
where we used the formula (for example [58] where 7, = 1)
(%) = 3[5n% + 1 = 3L(L + 1)]. (C8)

In a similar way the off-diagonal elements can be computed
with the results displayed in Eq. (26). The integrals containing
the radial eigenfunctions R, by using the relation between
the hypergeometric function and the Laguerre polynomials,
can be expressed by the integrals

00
Logsm = / dpp4 Ryem Rusm
0

_( n \’ [m—t—D! [(n—s—1D)
B zmm) 2n(n+ O\ 2n(n + 5)!

o
L4s+4 7 20+1 2541 _
><f0 XL (0L (x)e dx

n—_{— s—

For example, takingn = 4, = 1,s = 3,m = 1, one has

o0
L4131 =/ dpp* Rati Rz
0

_ (! 28' 1(90 90 + 20)
o/ V58!

1\? /8! 1)\?

=20<—> —%367(—).
n10 5! n10
APPENDIX D: CALCULATION OF

THE COEFFICIENTS (wy|E)

The homogeneous solution of the field equation (18) can
be put into the form

Epom(Z) = Ae*? + Be 7, (D1)
where
A=K imip
(ko + kp)W
2ko(ky — ko)
p = 2kotk — ko) i, Ein. (D2)
(ko + kp)*W
With these expressions one obtains for (wy|E)
(wy|E) = AI + BI*, (D3)
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with the notation

. 2 L N .
1=<wN|e‘khZ)=,/—/ sin L 7ebZ47. (D4
) L

With the use of the relations

ix —ix

sinx = %, et N7 — cos N, (D5)
i
the integral / becomes
. Nm
I =1y =~2L(1 —cos N« eXp[lkbL])(Nn)2 “GL?
(D6)

The quantity /3 /L which appears in the expressions for the
optical functions, has the form
2 IN2?

T T L)y - Nmap L o N expliky L1)". (D7)

The expression k, L can be transformed to k, L = ﬁ—“’ JeL =

. For Cu,0, ¢, =7.5,50 E; = 72; meV; L is expressed
1n pm and for the probe of length L = 30 yum one gets E; =
2.41 meV. Since Iy = I} one obtains

(Wy|Epom(2)) = IN(A + B) = Iy Enom(0), (D8)

where

l+re 6
tr (1 —reue®. (DY)

Epom(0) = Ejp———>—
hom(@) = Ein g p(i©)

APPENDIX E: OPTICAL FUNCTIONS

Below we derive the formulas (33) and (34). They will
be obtained from Eq. (16) by using the total electric field

E(Z) = Ehom(Z) + Ephom(Z). In particular, for the reflection
coefficient one obtains
=|rl%, (E1)
with
roo(l _ €i®)
=710+ Fexe, Yo = W,
k2 L
oe = —2 / GE(0.2)Poc(2)dZ.  (E2)
€ Ein Jo
Since
E (1 —reo) ik, Z i0—ik,Z
G"(0,2) = —————("" —rype »2y, (E3)
2kp(1 —r2, €i®)
we obtain

2

kO L E
Fexe = — G (OaZ)Peks(Z)dZ
€0Ein Jo

Ko i = reo)
2€0Ein ky(1 — 12 €®)

x Y [wyle™?)
N

K il —re) ©
= . (1—}"0061 )ZINPNv
2€0Ein k(1 — rZ €®) —~

— reo €@ (wyle M%) Py
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from which, with respect to Eq. (28), we get
k(% Enom(0)  1(1 — ro0) )
1 _ 1
2En k(1 y e

xep Z Y A Xvnem (E4)

ném

Texe = -
— r2 el@

Inserting in the above equation the expression (D9), we obtain

i (kbL)(l — rc%o) | — o, €192
o

Texe =

2 (1-r2, ei@)z
Iy
x Y <T> > A Xntm- (ES)
N ném

Now the total complex reflection coefficient r has the following
form:

F =7+ Fexc

_ _ 10942 _ 2 6
_r0[1+1<E>(] r)(] re)(l re)

2E; Foo(1 — €1©)
x Z ( ) >.A T)anm] (E6)
ntm

which, using Eq. (E1) immediately gives the result (33).
Analogically, we determine the transmissivity

EW) [
=17l (E7)
resulting from the equation
T =%, (E8)
where
1—r2 ©
= — &) i©/2
F=ltloe fo= 1—V§oei® ’
ROt
Texe = G (L,Z)Pxc(Z2)dZ. (E9)
€ Ewn Jo
Since
GE(L,7z) = wloﬂ(l—_w —ikZ _ gtk
’ 2ky(1 — r2,e©) ’
we have

k " &
fexe = —— G (va)Pexc(Z)dZ

Ein Jo
kyL)ie®/2(1 — r -
( ) ( 002)(1 +roo)(1 —ree 10)
2 (1 — 2 e10)
(P
Z( )ZA 7 XNntm>s

ném

and

r=1+t o] 1+ (1 = rece®®)
= = ] —_—m—mm
0 exc 0 2EL (1 — rgoel())

x Z( )Z ;XN”M}. (E10)

ném
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Inserting the above result into Eq. (E8), we obtain the
transmissivity (34).

APPENDIX F: DERIVATION OF THE QUANTITIES xnuem

Using the dispersion relation

27,2

k 2
g+ —/d3rM*Y,
w €0

2 2
— d3rM*Y = — d3rM)(cl)* Z CNnem Ruem Yom
€0 €0 ntm

2
+ 6_ d3rM)(c3)* Z CNnEmRan YKm (Fl)
0 ném

we define the quantities X ypnem and Xynem:

2 P) -,

_/d3rMil)*cN1nli1Rn11Y1il = GbA(LT)XNlnlil<Ex|le),
3 P) .

—-/d3er( P enmast Rug1 Yasr = GbA(LT)XN1n3i1<Ex|wN1),

_-/d3rM)(<3)*CN1n3:t3Rn33Y3:t3 = ebA(L];)XNln3i3<Ex|le>~
(F2)

The notation ¥ denotes that the formula contains contributions
from both excitons P and F. Using the formulas (22) and

PHYSICAL REVIEW B 95, 075204 (2017)

(23), and the expressions (R,11 Y141 M), (Ry31Yae1 | MD),
(Ry33Y343| M )(63)> derived in Appendix B, we obtain obtaining
the following formulas: for n = 2,3
a1 16n%—1
Xnmig1 = ——— = fan =5 —5—. (F3)
Wnl:tl + Vll:l:l n

Forn > 4 we observe the overlapping of the P and F excitons,
which is reflected in the formulas

Ju33
Win3+s + V;;la
3 (r_0)4 (n2=9)(n*—H)(n*—1)
My \a* n’ 7
Ft{(Wanaer + V;;’f) —ipy V1(g1)}
n n my2’
(Wanztl + Vl(ll))(WNﬂ3i1 + V3(3¥) - (V1(31))
(F4)

XNn3+3 =

foz =2.073 x 1073

XNnlxl =

L Pa{[Wapnie1 + Vm]l’n +i Vf;’}}
(Wainizr + Vi) Waazr + Vi) — (Via)?

2.9/2 [~5 2
_ ro N31 (n* = 9Nn*—4)
11

(F5)

ANn3+l =
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