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Abstract Excitons, i.e., the bound states of an electron and a positively charged hole, are the solid-state
analog of the hydrogen atom. As such, they exhibit a Rydberg series, which in cuprous oxide has been
observed up to high principal quantum numbers by Kazimierczuk et al. (Nature 514:343-347, 2014. https://
doi.org/10.1038 /nature13832). In this energy regime, the quantum mechanical properties of the system
can be understood in terms of classical orbits by the application of semiclassical techniques. In fact, the
first theoretical explanation of the spectrum of the hydrogen atom within Bohr’s atomic model was a
semiclassical one using classical orbits and a quantization condition for the angular momentum. Contrary
to the hydrogen atom, the degeneracy of states with the same principal quantum number n is lifted in
exciton spectra. This is similar to the situation in alkali atoms, where these splittings are caused by the
interaction of the excited electron with the ionic core. For excitons in cuprous oxide, these splittings
occur due to the influence of the complex band structure of the crystal. Using an adiabatic approach
and analytically derived energy surfaces, we develop a semiclassical spherical model and determine, via
semiclassical torus quantization, the quantum defects of various angular momentum states.

1 Introduction

At the end of the nineteenth century, it became evident that classical physics must be extended to describe
phenomena observed in microscopic systems, such as the distinct lines of atomic spectra, where the energy is
quantized. The first quantitative description was introduced by Balmer in 1885 providing a formula correctly
reproducing the lines in the range of visible light for the hydrogen atom [1]. This formula was extended by
Rydberg [2] predicting the existence of other series in addition to the Balmer series which only includes transitions
from or to states with principal quantum number n = 2. The Rydberg formula was confirmed after the Lyman
series [3] (n = 1) and the Paschen series [4] (n = 3) were found. The first theoretical explanation for the hydrogenic
spectra was given by Bohr [5] by postulating that the electron can only move on certain classical orbits fulfilling a
quantization condition for the angular momentum, which allows for a derivation of the empirically known Rydberg
formula. Sommerfeld extended the quantization of only circular orbits to ellipses via a quantization condition and
quantum numbers for all three spherical coordinates [6].

The work by Bohr and Sommerfeld preceded the modern formulation of quantum mechanics where the particles
are described by a wave function. A semiclassical treatment of the wave functions reveals that one also has to
account for the caustics when performing a semiclassical torus quantization. To this aim, one has to consider the
Maslov index counting the number of reflections and turning points along independent paths on the torus. The
resulting Einstein—Brillouin—Keller (EBK) quantization condition [7-10] for the corresponding action variables
provides good results for a wide range of integrable and even near-integrable systems. However, as already noticed
by Einstein [7], the EBK quantization cannot be applied to non-integrable or chaotic systems. Semiclassical theories
for such systems have been derived in the 1970s by Gutzwiller [11-14].

The hydrogen-like model is also appropriate to deal with non-hydrogenic atoms with one highly excited electron.
For these Rydberg atoms, the distance of the electron to the nucleus and the other electrons is large, meaning that
the ionic core can approximately be treated as one entity with net charge +e. For the hydrogen atom, all states with
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a given principal quantum number n are degenerate. For non-hydrogenic atoms, this degeneracy is partly lifted. In
the classical picture, this can be understood when looking at the corresponding orbits. For states with low angular
momentum quantum numbers [, the orbits of the excited electron come closer to the core, which in this region is no
longer fully screened by the other electrons. Thus, the excited electron experiences a stronger Coulomb interaction,
lowering the binding energy. To capture these deviations from the hydrogen spectrum, Rydberg himself introduced
a correction scheme to modify the expressions for the wave number by subtracting a non-integer quantum defect
0p,1 from the principal quantum number and substituting n by n* = n — §,,; in the Rydberg formula [2]. As the
screening of the core becomes stronger for increasing angular momentum quantum number, the quantum defects
typically decrease with increasing I.

Excitons consisting of a positively charged hole and a negatively charged electron are the solid-state analog of the
hydrogen atom. For most systems, only the lowest principal quantum numbers are experimentally accessible [15-17].
This was also true for first experiments on cuprous oxide [18]; however, this has changed since the observation
of high Rydberg excitons with principal quantum numbers up to n = 25 in the seminal work by Kazimierczuk
et al. [19]. Nowadays, a Rydberg series of p states can be traced up to n = 30 [20]. The rough features of the
spectra can be explained within a simple hydrogen-like model by the Coulomb interaction between electron and
hole; however, a detailed description requires the consideration of band-structure effects of the crystal [21-23], which
cause the reduction of the spherical symmetry to the cubic point group Oy, [24]. Additional central-cell corrections
become important when electron and hole come close to each other [25]. In the 1950s, Haken provided fundamental
contributions to this topic, including the Haken potential [26-31]. Later, he founded the field of synergetics dealing
with complex systems. Here, microscopic degrees of freedom are adiabatically eliminated, allowing for a description
of the system in terms of a small number of order parameters. We have tried to bridge the two topics by utilizing an
adiabatic approach to the spin degrees of freedom in the exciton dynamics [32]. This leads to a classical description
of the nonlinear exciton dynamics via energy surfaces in momentum space and the observation of a transition from
a regular to chaotic motion [33]. The classical periodic orbits have been linked to the quantum spectra of the
system by application of semiclassical techniques [34, 35]. A review on experimental and theoretical results on the
yellow exciton series in cuprous oxide is given in a recent article by Heckotter et al. [36]. The highly excited p
states of the yellow exciton series can be described by a Rydberg formula with quantum defects [19]. This concept
can also be applied to other angular momentum states [37, 38]. Uihlein et al. [39] adjusted a spherical model to
experimental spectra.

Our goal in this article is to derive quantum defects of the yellow exciton series from a semiclassical spherical
model. We start, in Sect. 2.1, from the full model including the cubic contributions and apply, in Sect. 2.2, an
adiabatic approach to obtain energy surfaces for a classical description of the exciton dynamics. Analytical formulas
for these energy surfaces are derived in Sect. 2.3. In Sect. 3.1, we obtain spherically symmetric energy surfaces
using numerical and analytical methods, which are the basis for the semiclassical EBK quantization in Sect. 3.2.
Considering the probability distribution of the exciton in momentum space leads to order parameters describing
the different angular momentum manifolds. A conclusion and outlook are given in Sect. 4.

2 Theory

Excitons in a semiconductor are formed when an electron is excited from the valence band into the conduction
band. Instead of taking into account the interaction of the excited electron with the solid and all its constituents,
one treats the missing hole in the valence band as positively charged quasi particle, which can, via the Coulomb
interaction with the electron, form a hydrogen-like bound state, the exciton.

2.1 Hamiltonian for excitons in cuprous oxide

The Hamiltonian for a theoretical description of excitons is given as

€2 1

H = H(p,) + Hn(py) — Amege [re — Th|
e

(1)

with the kinetic energy of the electron H,(p,) and the kinetic energy of the hole Hy,(py,). The Coulomb interaction
is screened by the permittivity € due to the crystal environment. In cuprous oxide, the kinetic energy for the hole
follows a parabolic dispersion [23, 37, 38]:

2
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He(p,) = By + . )
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with the gap energy E, and the effective electron mass m.. The kinetic energy of the hole is more complicated,
because the uppermost valence band has a threefold degeneracy at the I' point. This situation can be modeled by
introducing a quasispin I = 1. Due to the spin—orbit coupling of the hole spin Sy, = 1/2 and the quasispin

2 1
Hy = 3A<1 = sh), (3)

the valence band splits, leading to a yellow series and a green series with heavy holes (hh) and light holes (lh).
The Hamiltonian for the hole in the valence band needs to consider all terms including momenta, quasispin and
hole spin in line with the cubic O;, symmetry of the crystal. Up to second order of the momenta, the Hamiltonian
for the hole reads [22, 23, 37, 38, 40]

Hh(p) = Hy, + (1/2h2m0){h2(71 + 4’72)172 + 2(771 + 2772)P2(I . S1)
— 67 (p%I% +c.p.) — 121, (p%[lshl +cp.)
= 12v3({p1, p2H{I1, I2} +c.p.)
—12n3({p1, p2}(I1Sn2 + I2Sn1) + c.p.)}, @)

with the Luttinger parameters +;, 7;, and c.p. for cyclic permutation. While, in principle, higher orders of the
momenta are possible, their contributions can be neglected for our purposes [25]. In our classical and semiclassical
approach, we also ignore central-cell corrections, which affect the even-parity excitons [25]. Using relative and
center-of-mass coordinates and neglecting the center-of-mass motion, the full Hamiltonian for excitons in cuprous
oxide reads

H = Ey + Hyo + (1/20%mo) {R* (71 + 472)P° + 2(m1 + 2n2)p*(I - Sh)
— 672 (piI; + c.p.) — 1200 (PTI1Sn1 + c.p.) — 1293({p1, p2}{I1, I2} +c.p.)

e? 1
—12n3({p1, p2}(L1Sn2 + I28m1) + ¢.p.)} — P

(5)

with 4’1 = v + mg/me. The Hamiltonian (5) can be split into terms with spherical symmetry and terms with
reduced cubic symmetry using irreducible tensors [23, 41-43]

2 1 2 1 / !
H=E,— <~ -4 A(1+I(1)-S}gl)>+ 11 lh“'p?—‘;P@).I(?)

& Adreger 3 h2 2h2mg

o’ @ V70 (4) 3m |1
hl 2 « 1@ YU p®@ 1@ L 22, g
(3 ] SR o))" [ (0 s10)
v T @ V70 (4)
- p®@.p® L P « D@ P2« p® ) 6
3 + 3 k;i 8 L + 5 [ % }0 (6)

For the tensor operators, we use the same convention as in Refs. [23, 43]. The coefficients

6 4 6 4
r_ bty 0.0586, v = Ons +4n2 2.167, (7)
5Y'1 oM

give the strength of the spherical contributions, whereas the strength of the cubic contributions is characterized
by

§ =BT 04, 7= g 500, (8)

Y1 m
For the calculation of quantum defects in Sect. 3, we use a spherical model; however, contributions of the cubic

terms in Eq. (6) will be considered in a semiclassical picture by averaging the energy surfaces, derived in Sect. 2.3,
over the spherical angle coordinates.
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2.2 Adiabatic approach to the exciton dynamics

In this article, we use a semiclassical picture to compute the quantum defects of Rydberg excitons in cuprous oxide.
For the classical exciton dynamics, we resort to the adiabatic approach presented in Ref. [32]. The basic idea is
that for Rydberg excitons with principal quantum numbers n 2 3, the energy spacing between adjacent Rydberg
levels is small compared to the spacings caused by the spin—orbit coupling, and thus, the exciton dynamics in the
coordinate and momentum space is much slower than the spin dynamics. In analogy to the Born—Oppenheimer
approximation for molecules, this allows for a classical or semiclassical treatment of the exciton dynamics, where
the coordinate and momentum operators in the Hamiltonian (5) are replaced by classical variables and only the
spin degrees of freedom are considered quantum mechanically. The energy surfaces are obtained by diagonalizing
the Hamiltonian Hpang defined by the Hamiltonian in Eq. (6) excluding the gap energy Eg, the term v'1p?/(2my),
and the Coulomb potential, for given values of the classical momenta p in the basis |my, mg, ) for the quasispin
and hole spin degrees of freedom, with m; = 0, £1 and mg, = +1/2. This yields a (6 x 6)-dimensional eigenvalue
problem

Hyana(p)e = Wi(p)e 9)

for energy surfaces Wy (p). In general, the eigenvalues of a 6 x 6 matrix cannot be found analytically; however,
solutions can be obtained numerically, e.g., using an appropriate LAPACK routine [44]. It should be noted that
the eigenvalues of the eigenvalue problem (9) are twofold degenerate, i.e., there are only three independent energy
surfaces, where the lowest one belongs to the yellow exciton series and the two upper surfaces are related to the
green series with heavy and light hole. This is due to the Kramers degeneracy in time-reversal symmetric systems
with a half-integer total spin [45]. The calculation of the energy surfaces by numerical diagonalizations of the
6 x 6 matrices is rather time-consuming. Furthermore, for the computation of classical exciton orbits by solving
Hamilton’s equations of motion and their stability analysis, first and second derivatives of the energy surfaces
Wi (p) are required. In addition, the energy surfaces are equivalent to the electronic band structure. Therefore,
analytical expressions for the energy surfaces are highly desirable [46]. Indeed, as will be shown below, it is possible
to exploit Kramers’ degeneracy to find analytical expressions for the energy surfaces.

2.3 Analytical expressions for the energy surfaces

The starting point for the derivation of analytical expressions for the energy surfaces is the characteristic polynomial
of the 6 x 6 matrix in Eq. (9), which takes the form

X(A) = A%+ esA% + e At + 3\ + oA + 1A + ¢ (10)

In general, there are no analytical formulas for the roots of a polynomial of degree five or higher. However, for the
special case of excitons in cuprous oxide, analytical expressions can be obtained by exploiting Kramers’ degeneracy.
Since every energy surface is twofold degenerate, the characteristic polynomial (10) can be expressed as

Wy (P) = AW (p) — A’ [Wen(p) — AI” = 0. (11)

By comparing the left-hand side of Eq. (11) with Eq. (10) and using the abbreviations W3 = Wy (p), Wa = Wy nn(p),
and W7 = Wy, (p), the following system of equations for the energy surfaces is obtained:

c5 = —2(W1 + Ws + Wg), (12&)
ey = (Wi 4+ Wy + Ws) + 2W, Wy + 2W, W + 2W, W, (12b)

cs = —2(WiWa + WiW; + Wi W3

+ WAW3 + WiWs + WoW3 + AW, Wo W), (12c)

co = WiW35 + WiW3 + WiW5 + 4(WEWoWs + WiW3 W5 + Wi WaW3), (12d)
o = —2(WEWiWs + WEWa W3 + Wi W3W5), (12e)

co = WEWEW2E. (12f)

@ Springer



Eur. Phys. J. Spec. Top. (2026) 235:4299-4310 4303

Since there are six equations for three potential surfaces, this system is overdetermined. However, these equations
are not independent. To obtain a solution for the energy surfaces, it is therefore sufficient to consider the first three
Eqgs. (12a)—(12c). Using these expressions, one arrives at a polynomial of degree three for the energy surfaces that
needs to vanish

W£+325W3+ 404—C§Wk+ 803—40405—1—0:5)’

8 16 0 (13)

The solutions of Eq. (13) can be found by applying Cardano’s formula, which for real-valued solutions takes the

form [47]
1 1 2 2k —1
W, = _%5 + Mcos l?) arccos (_q; _pz> _ 7T(k3)] 7 (14)

where p. and ¢, are given by the coefficients of the characteristic polynomial ¢;, that is

Pe = 7T — —— qec = +7 (15)

Cq 5c§ _ €3 C4Cs 50‘2
2 24" 2 3 54 °

To evaluate the energy surfaces in Eq. (14), we need to insert the expressions for c¢s, p., and ¢g. in terms of the
momenta p and the material parameters of cuprous oxide. The following expressions are obtained:
cs = —4A, (16a)

pe = ao + a1 (p} + p3 + p3) + a2 (pi + p3 + p3)* + as(pip3 + pipi + P3p3), (16b)

e = bo + b1(pT + 3 + p3) + ba(pT + p3 + p3)* + bs(pi + p3 + p3)°
+ ba(pip3 + pip3 + pap3) + bs(pF + p3 + p3) (iP5 + Pips + P3p3)
+ b6 (pp5p3), (16¢)

with the constant coefficients

AQ
0= 37 (17a)
o= (17b)
mo
_ 3 2 2 o ,
2= " 100m2 {71 (60" = 5p')" + [25 +2(5v — 67) } } (17¢)
9 2 2
as = m [’71’ (5’ _ 56%’) + 277%7'(—51/ + 7-)} , (17d)
and
2A3
= (18a)
AP
"= 18b
YT B3mg (18b)
b2 = %[2711(66l _ 5/1’/)(5]/ — 67—) — 7’]1(—5 + S5v — 67—)(5 + 50 — 67’)]7 (18C)
0
1
bs = 25— 0" (68" = 51)" = Bufn/ (66" — 5') (=10 + 5w — 67)(5v — 67)
mg
— 03 (=5 + 100 — 127)(5 + 5v — 67)7], (180
6A
bi=- 57:21 6" (5 = 27) + 7(57 "1 + S — )], (18e)
0
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9 3 43 2 3
bs = = { — 661" + 356",
50m}
— 27 [2 (5 + 5v — 67) (50 — ) + 5711’ (10 — 100 + 77)]
Iy [—2571’2;/2 Fn2(25(—2 + )y + 10(2 — Tv)T + 1872)} } (18f)
27 / / 12 12 /o
be = ——= (6’7" —m7)[20" " +muT (157 1" — 30mv — 4 7)
10mg
+ 8y (157 1 + 2m ). (18g)

We finally obtain the Hamiltonian

7/1 5 e2 1

H=E;+ Wi(p) (19)

2m0p B 47T€0€ ;

for a classical description of the exciton dynamics via three distinct analytically given energy surfaces Wy (p) in
momentum space. To investigate the yellow exciton series, we can now choose the lowest energy surface W (p)
and integrate Hamilton’s equations of motion

oWy (p) . e?
87 ,  Di=
Pi

. ’7/1
Ty =—p;i+ (20)
mo

dmege |rP

For our calculations, we use exciton-Hartree units obtained by setting i = e = mg /11’ = 1/(4wepe) = 1, and the
material parameters of cuprous oxide as given in Egs. (7) and (8).

3 Results and discussion

The energy surfaces Wy (p) in Eq. (14) incorporate the complex band structure of the system and thus model the
complex interaction of the exciton with the other electrons of the solid. Considering the reduced O; symmetry of
the system, the exciton dynamics described by the equations of motion (20) exhibits a mostly regular dynamics
on tori for the yellow exciton series and a strong transition to chaotic dynamics for the green exciton series [33,
35]. Here, our goal is to obtain the quantum defects of the yellow excitons in cuprous oxide. While a hydrogen-
like model due to the high O(4) symmetry of the Coulomb problem is not capable of producing a splitting of the
different [ states, this can be achieved using a model with spherical symmetry. To this aim, in a first step, we derive
spherically symmetric energy surfaces, which are then used, in a second step, for semiclassical EBK quantization.

3.1 Spherically symmetric energy surfaces

The energy surface Wy, (p) for the yellow exciton series in Eq. (14) has cubic symmetry O, i.e., the energies depend
on the orientation of the momentum. One possibility to obtain spherically symmetric energy surfaces is to neglect
the terms with cubic symmetry in the Hamiltonian (6) and thus to set v = ¢’ =7 = = 0 in Eq. (14). In this
case, the coefficients ag, by, b5, and bg in Egs. (16)—(18) vanish. The remaining non-zero coefficients belong to
powers of p? and thus make the energy surface Wy (p) spherically symmetric. In this special case, Eq. (14) can be
further simplified to

. 1 Iy ! Tmys ! 12,12
Wylp) = ¢ [ 28+ “m“ P — \/4A2 + 4A“mlp2 + 9%;94 . (21)
0 0 0

Using exciton-Hartree units with v1'/mg = 1, Eq. (21) only depends on the spin—orbit splitting A = 0.753
(= 131 meV) and the material parameter p’ = 0.0586 describing the strength of band-structure contributions. The
obtained energy surface Wy (p) for these parameters is shown as the green line in Fig. 1. The chosen momentum
range 0 < p < 4 is obtained from the semiclassical quantization condition for the angular momentum L = [ + %,
i.e., we can estimate that the maximum momentum for a given [ in a Rydberg state is given by

4
max — 57 . 1 22
P 20+ 1 (22)
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p

Fig. 1 Comparison of the spherical average Wy (p) in Eq. (23) (red line) with the spherical model Wy (p) in Eq. (21) using
u' = 0.0586 (green line) and p’ = 0.47 (blue line). A fit of the spherical model to the spherical average yields p' = 0.497
(orange line). The spin—orbit splitting is fixed to the experimental value A = 0.753 except for the black dashed line where
nearly perfect agreement with the spherical average is obtained when A = 1.66 and i’ = 0.545 are used as fit parameters
for A and g’ in Eq. (21)

which yields ppax = 4 for s states.

The complete neglection of all terms with cubic symmetry may not be justified and thus may not lead to
quantitatively reasonable results. A more reliable approach is obtained by a spherical average of the energy surfaces
in Eq. (14) over all orientations of the momenta, that is

1 2m ™
W =g [ [ W00 (23)

For the computation of the integrals, we use an efficient spherical design [48]. Note that due to the Oy, symmetry of
the energy surfaces, the full 2 space consists of 48 fundamental regions, which are related by symmetry properties,
and thus, in principle, the average over a reduced fundamental area Q¢ = 47/48 would be sufficient. The energy
surface Wy(p) obtained from Eq. (23) is shown by the red line in Fig. 1. Evidently, the green and red energy
surfaces do not coincide, which illustrates that ignoring of the cubic terms is indeed not justified. However, when
using A and g’ in Eq. (21) as free parameters, the analytical form of the spherically symmetric energy surface

Wy(p) can be adjusted to the numerical surface Wy (p) in Eq. (23). With the obtained fit parameters A = 1.66
(=288 meV) and i’ = 0.545, the corresponding dashed black line in Fig. 1 nearly perfectly coincides with the red
line for the numerical surface Wy (p). When taking for A the true value of the spin—orbit coupling and only using
i’ as a fit parameter, we obtain p’ = 0.497; see the orange line in Fig. 1. The agreement with the red line is less
perfect but still reasonable when only using a single fit parameter. It is interesting to note that p' = 0.497 is close
to the value of p/ = 0.47 (see the blue line in Fig. 1), obtained in Ref. [39] when fitting a spherically symmetric
Hamiltonian to experimental spectra. This is a remarkable result, the small deviations of the two fit parameters

may be due to the usage of slightly different material parameters. The analytical functions Wy(p) in Eq. (21),

adjusted to the spherically symmetric energy surfaces Wy (p) given in Eq. (23), are the basis for the computation
of quantum defects via semiclassical EBK quantization in Sect. 3.2.

3.2 Semiclassical EBK quantization

In the spherically symmetric case, the action angle variables are characterized by spherical coordinates and a
semiclassical quantization can be obtained using the EBK quantization conditions [7-9]

1
Jo = o szdw =m, (24a)

_1 [r2 L2 . 1
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Fig. 2 (a) Quantum 0.8 \ T
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f states obtained with the 0.7 | ]
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I n
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quantum defects &, ; < . " S o o o o o 0 0 0 0 0 0 c
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01 F ° 1
0 I I I I I
0 ) 10 15 20 25
n
1 1
Jr = . prdr =n, + > (24c)

where the first two equations describe the quantization of the angular momentum vector L with angular and
magnetic quantum numbers [ and m. The radial momentum p,(F, r;l) in the third equation depends on the

energy surface Wy (p), the angular momentum L, and the energy E, and is obtained by a numerical root search of
the equation

1
2p

1

B = B+ o= (0 + (1+1/22/1%) + Wy (p = V2 + 1+ 1/2)7/r%) — . (25)

The Lh.s. of the quantization condition (24c) is evaluated by numerical integration of p, = p,(E, r;1) between
the classical turning points rmin and rmax. The quantized energies F), ; are finally determined, for a given radial
quantum number n, = n — [ — 1, from Eq. (24c) via numerical root search. The energy eigenvalues F,, ; can be
expressed by quantum defects 6, ; via

E Ryd

Bt = =g

)

(26)

with the excitonic Rydberg energy Eryq. The spherical symmetric semiclassical model, of course, does not provide
the [ splitting of the E,, ; levels in the crystal; however, they can be compared with the mean energies of the exact
quantum mechanical [ manifolds, when weighting each level by its multiplicity.

For our semiclassical calculations, we use the spherically symmetric energy surface (21) with A = 0.753 and
' = 0.47 to allow for direct comparisons with the results in Ref. [39]. The quantum defects §,, ; up to n = 25 for
s, p, d, and f states are shown in Fig. 2(a). It can be seen that the quantum defects are positive and increase and
saturate with increasing n, while for increasing [, the quantum defects decrease as expected.

The quantum defects obtained within the semiclassical picture are accurate enough to reproduce the measured
energies in Ref. [39] up to meV precision. In Refs. [37, 38|, experimental spectra have been compared with an
improved spherical model obtained using a weighted average of the band structure with cubic symmetry along the
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Fig. 3 Comparison of T m 0 T
energies E,,; of odd-parity quantum p quantum f

states withn =2 to 5
obtained by numerically
exact quantum calculations
(top) with the semiclassical
model using order - —
parameters (bottom) semiclassical p

T T

T T
semiclassical f

2.145 2.15 2.155 2.16 2.165 2.17
En,l (eV)

[100] and [111] directions, where analytical expressions are known. A comparison of these results with the quantum
defects in Fig. 2(a) unveils that the semiclassical quantum defects are overestimated in the simple spherical model
for higher angular momentum quantum numbers. A possible reason is that the fit to the spherical average was
performed up to the maximum allowed value of the momentum in a hydrogen-like s state. As can be seen from
Eq. (22), the classically allowed momentum range decreases for increasing . The determination of the parameter
i/ can be improved by considering the probability distribution of the exciton in momentum space. Since the
energy surfaces only play a role in the quantization for the radial direction, we assume a WKB wave function
Y ~ |p,| 712 exp(iS,) in this direction, which leads to the approximate probability distribution

—1/2

2
O R [ﬁ — <l+ ;) p4/41 : (27)

When the fitting procedure is adapted to the corresponding momentum range and probability distribution, this
in fact leads to improved values p'; for different angular momentum quantum numbers [. We obtain u'; = 0.51,
wp =040, p'q = 0.37, and g/ = 0.34. Each value can be understood as an order parameter characterizing the
exciton dynamics on a specific [ manifold. For increasing [, the spherical corrections become less important leading
to a more dominant hydrogen-like behavior. Repeating the quantization procedure for the different models provides
the quantum defects shown in Fig. 2(b). The 6,,; are now slightly increased for [ = 0 but shifted downwards for
[ > 1. This provides a good agreement of semiclassical and quantum mechanical values, where the quantum
defects for large n saturate to §; = 0.65, 0, = 0.34, §q = 0.18, and §; = 0.12 [49], marked by the solid lines in
Fig. 2(b). In the semiclassical framework, we find ¢5 = 0.63, 6, = 0.29, 64 = 0.15, and d; = 0.09, providing a good
agreement with the literature values. In fact the semiclassical results are closer to the quantum mechanical results
and experimental findings in Refs. [37, 38] than some values obtained by perturbative approaches [49].

Finally, we compare our semiclassical results with numerically exact eigenvalues of the Hamiltonian (6) obtained
by the method introduced in Ref. [23]. We restrict the comparison to odd-parity states with n = 2 to 5, which
are not affected by central-cell corrections [25] and a coupling to the green 1s exciton [50, 51]. The ! manifolds
obtained via exact diagonalization are presented in the top of Fig. 3. The splitting of different [ manifolds cannot
be described within our spherical model. However, the levels obtained by the semiclassical model (bottom) show a
good agreement with the groups for p and f manifolds of the numerically exact results. The semiclassically obtained
energies lie systematically below the numerically exact eigenvalues and approach the quantum results for increasing
principal quantum number n and angular momentum quantum number [ as expected. Note that our spherical model
with order parameters outperforms the spherical models introduced previously in the literature [37-39], for which
the quantum defects were even bigger than our results and thus further away from numerically exact calculations.

The result of Sect. 3.1 that a spherical model explains heuristically the energy surface for the yellow excitons
raises the question whether such a fit can make any reasonable prediction also for the green exciton lines. The
yellow and green exciton series are described by separate energy surfaces Wy, Wy i, and Wy, for the yellow
series, green series with heavy holes, and green series with light holes, respectively. Within the adiabatic approach,
this leads to a bound series of exciton lines for the three distinct series. While this is a good description for the
yellow exciton series, the green states are located in the yellow continuum and thus become resonant states [52].
For a direct comparison with the green states, one would need to include non-adiabatic coupling terms to correctly
model this behavior. In addition, only the two-to-three lowest states of the green series have so far been observed
experimentally in Ref. [20], which further complicates a direct comparison.
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Comparing our model to DFT calculations from, e.g. Ref. [53], the spherical fit seems to provide a good average
description for the two bands belonging to the green series in the relevant regions of the Brillouin zone, even though
it was performed for the yellow exciton series. We thus believe that our model can provide reasonable predictions
for the green exciton series if a more thorough analysis is carried out.

4 Conclusion and outlook

In this article, we developed and applied a spherically symmetric semiclassical model for the description of excitons
in cuprous oxide. Therefore, we used an adiabatic approach to calculate the energy surfaces corresponding to the
yellow exciton series by diagonalization of the band-structure Hamiltonian in a basis for the quasispin and hole
spin degrees of freedom, while treating the components of the momentum p as classical parameters. Exploiting
Kramers’ theorem, we could derive analytical formulas for the energy surfaces with a cubic Op symmetry. The
exact band structure of semiconductors such as cuprous oxide can be computed, e.g., by application of density
functional theory (DFT) [53]. Since our energy surfaces are equivalent to the band structure, the derived analytical
formulas can be used for fitting the Luttinger parameters of the Suzuki—Hensel Hamiltonian to match spin-DFT
calculations.

Spherically symmetric energy surfaces have been obtained by numerical averaging of all orientations of the
momenta, and have been fitted with few parameters to analytical functions. The different [ manifolds can be
characterized by order parameters describing the strength of the band-structure contributions. They are the basis
for an EBK quantization to obtain semiclassical energy eigenvalues and quantum defects. The results have been
compared with earlier spherical models [37-39] and exact quantum computations for CuzO. The same procedure
can in principle also be applied to other semiconductors with different symmetries.

The spherically symmetric model does not provide the energy splittings of (n, [) manifolds. While the existence of
a classical exciton dynamics has already been demonstrated using energy surfaces with the full cubic symmetry [34,
35], a direct semiclassical calculation of the energy levels is still missing. In the future, it will therefore be interesting
to see whether the semiclassical quantization scheme can be extended to correctly reproduce the fine-structure
splittings of the yellow exciton series in cuprous oxide. Furthermore, the analytical expressions for the energy
surfaces may be used to describe the spectra of magnetoexcitons in regions where quantum mechanical calculations
are no longer feasible [54]. To this end, the closed-orbit theory developed by Du and Delos [55, 56] may be adopted
using energy surfaces to describe the photoabsorption spectra of magnetoexcitons near the ionization threshold.
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