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Coherent transfer matrix analysis of the transmission spectra of Rydberg excitons in cuprous oxide

Heinrich Stolz®,"-* Rico Schwartz®,! Julian Heckotter ®,2 Marc ABmann ®,2 Dirk Semkat®,3
Sjard O. Kriiger ®,' and Manfred Bayer?
Unstitut fiir Physik, Universitdit Rostock, Albert-Einstein-Strafe 23-24, 18059 Rostock, Germany
2Experimentelle Physik 2, Technische Universitdit Dortmund, 44221 Dortmund, Germany
3Institut fiir Physik, Ernst-Moritz-Arndt-Universitit Greifswald, Felix-Hausdorff-Strafle 6, 17489 Greifswald, Germany

® (Received 19 September 2020; accepted 29 June 2021; published 23 July 2021)

In this paper, we analyze the transmission spectrum of a thin plate of cuprous oxide in the range of the
absorption of the yellow exciton states with the coherent transfer matrix method. We demonstrate that, in
contrast to the usual analysis using the Bouguer-Lambert law, a consistent quantitative description over the whole
spectral range under consideration is possible. This leads to more accurate parameters not only for the Rydberg
exciton states but also for the strengths of indirect transitions. Furthermore, the results have consequences for
the interaction of Rydberg excitons with other systems, e.g., Rydberg states themselves or for the determination
of the density of electron-hole pairs after optical excitation.
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I. INTRODUCTION

The recent experimental observation of excitons with high
quantum numbers up to n = 25 in cuprous oxide Cu,O at
low temperatures [1] has triggered a series of papers on the
behavior of these Rydberg excitons in electric and magnetic
fields, as maser materials, for studies of quantum properties
of matter, etc. (for an overview, see Ref. [2]). On the other
hand, we expect that, due to their fragile character, Ryd-
berg excitons are extremely sensitive probes for every kind
of deviation from a perfect crystal, so that the presence of
other excitations in the crystal, e.g., a plasma of electron-hole
pairs, will influence the absorption lines. Indeed, as has been
found recently, the presence of an electron-hole plasma or
uncompensated impurities with densities around 10'° cm™3
already quenches the absorption of P states with high quantum
numbers (n > 20) [3-6].

These Rydberg excitons are usually detected as resonances
in the transmission spectrum of a thin sample. For details
of the experimental setup, see Refs. [1,2]. In the analysis
of the transmission spectra, one hitherto assumed [1,2] that
multiple reflections and interferences at the sample surfaces
can be neglected due to the high absorption. Then one can
convert a measured transmission 7 (Aprhe) into the absorp-
tion coefficient «(E) by the simplified expression based on
Bouguer-Lambert’s law [7,8]:

In (Crei Cstreu T) In [%{;vhe)]

a(E) = 7 = 7 ; ()
where Crq and Cyeye are the reflection and scattering losses
at the window and sample surfaces, d is the thickness of
the sample, and E = 27 fico/Aprobe 15 the photon energy (7
is Planck’s constant, and c( the velocity of light in vacuum).
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Also, the use of the optical density «(E)d is common [1,2].
Since the scattering losses are not well known, one usually
looks for a spectral region where, due to physical reasons (e.g.,
in a semiconductor well below the lowest exciton transitions),
the absorption coefficient is zero. Then one can take T as the
measured transmission in this region. In the spectrum shown
in Fig. 1, this has been done by starting the measurement
well below the yellow 1S ortho exciton quadrupole transition
(marked by *). For a very thin sample also, the thickness is
not well known. From mechanical measurements, we estimate
for our sample dcy,0 = (33 &= 3) um, but one can determine
it more accurately by adjusting the absorption coefficient to
the well-known value around the I'; absorption edge (at
Eygyr; =2.046165 eV [9]) given by [10]

«(E) = ao, JE — Eygyr- meV~'% ag = (8£0.25) cm™.

@)

The dependence of « for higher photon energies is also
well known [11,12], so that the indirect absorption coefficient
can be continued. Furthermore, it is well known [13] that
the absorption lines of the yellow P states are sitting on top
of this phonon background. Since both processes lead to the
same final state, we observe for the P lines an asymmetric
Lorentzian line shape.

The result for the indirect absorption background is shown
by the dashed blue lines in Fig. 1. Obviously, there is no
agreement between the measured and calculated absorption
coefficient around the P lines. The absorption coefficient from
Eq. (1) is smaller than that expected from the indirect process.
On first sight, this means that the determination of 7 is not
correct. However, an additional absorption band around the
indirect absorption threshold must have a very peculiar line
shape (it must exactly compensate for the square root behavior
around the threshold) and would also require a much smaller
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FIG. 1. Experimental results for absorption coefficient of Cu,O [calculated with Eq. (1)] from the transmission spectrum (red line) plotted
vs the difference of photon energy and band gap from the yellow 1S ortho quadrupole transition (marked by *) to beyond the band gap of the
yellow exciton (zero of the abscissa). The left side shows the spectrum around the indirect band gap with enlarged scale (x5). The blue lines
are the calculated phonon-assisted absorption. The red vertical arrow indicates the indirect I';” absorption edge. The inset shows the absorption
below the band gap with P lines up to n = 22. The blue vertical arrow denotes the apparent gap position.

sample thickness. Changing the value of « in Eq. (2) is not
possible, as it is an intrinsic property of Cu,O. Therefore, a
highly likely other reason that might lead to such a behavior
is an interference effect. Its occurrence seems to be quite pos-
sible due to the long coherence length of the single-frequency
laser used as a light source. Another possibility would be the
existence of surface layers, either as a layer of cupric oxide
(CuO [14]) due to surface oxidation or as an exciton free dead
layer [15].

In this paper, we therefore analyze the transmission spec-
trum of a thin plate of Cu,O shown in Fig. 1, fully considering
the coherence of the measuring laser beam by using the well-
established coherence transfer matrix (CTM) [16] method to
calculate the transmission spectra directly from the dielectric
function (DF) of the crystal. We find that a single layer of
Cu,0 without any exciton dead layer or other surface films
is sufficient for a qualitative description, but a quantitative
comparison at the level of accuracy of the experimental data
requires a more complex structure with thin additional layers
of a copper oxide, probably CuO or Cu3O,, which are known
to exist on the surface of Cu,O [17]. Furthermore, we consider
the optical properties of the whole setup including reflection
and scattering of the quartz windows of the cryostat and
possible scattering from the optical surfaces of the sample.
Also adjusting the strength of the indirect absorption process
into the green exciton states, which is not so well known, it is
possible to achieve excellent agreement between experiment
and theory.

II. TRANSFER MATRIX CALCULATION OF THE
TRANSMISSION SPECTRUM

In deriving the dielectric response of the excitons from the
transmission spectrum by the CTM method, which is our final
goal, we face the serious problem that, despite the long coher-
ence length of the probe laser, we did not observe interference
effects in the experimentally measured spectrum (see Fig. 1).
The reason why no interference effects are observed may be
twofold. On the one hand, the sample may show a slight
wedge. Here, it turns out that already a small wedge of the
order of w = 1 um/mm is enough to completely remove any
interference effect by incoherently averaging the transmis-

sion over the finite laser spot size(fullwidthathalfmaximum =
170 um). The other possibility would be a certain surface
roughness, which also reduces the interference effects (see,
e.g., Ref. [18]). In the following analysis, we include both
effects. Therefore, we describe the light propagation through
the sample by the coherent transfer and propagation matrices
method (CTM), whereby the transfer matrices are modified
due to interface scattering [18]

ﬂf”)' 3)

The reflection and transmission coefficients for perpendic-
ular incidence are given by

H. — A (szlzle +aBpz
g )/'L'ij a:oij

27i; ng—n;
Pij = — ~{, 4)

Tij =

~ ~

ni—i—nj

and the roughness parameters are defined as

2 2
ZJTSijI’li 27TS[jl’lj
o = exp [_2(—k ) i|, B = exp |:_2<—)\ ) i|’

2
y = exp [—%(27?17) (nj — n,-)2:|, Q)

with a surface or interface roughness of root mean square
deviation s;;. Note that already a roughness of the order of
/10 reduces the coherence effects significantly.

The propagation matrix is

e B0 2 )
L;= 0 éb) Bi= )\-_()(nj — ikj)dj, (6)

with d; the thickness and 7i; = n; — ik; the complex index of
refraction of layer j.

For a single plate of Cu,O, the system matrix would be
(with 1 denoting the outside vacuum and 2 the sample)

S = H;,L,H,;. @)
The reflection and transmission coefficients are obtained as
Sz 1
p = > T=—, (8)
S» S»
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from which we obtain the reflectivity R and transmission 7
by taking the modulus square, as the medium on both sides
is vacuum. These expressions can be easily extended to more
complicated layer structures.

Since the diameter of the probe beam is finite, we
must average over the thickness variation across the
probe beam. Assuming a Gaussian intensity distribution o<
exp(—p?/20}) and a wedge w, we have a thickness dis-
tribution exp(—,o2 /20’3) with o, = wor. The effects of
the six cryostat windows can be considered by normaliz-
ing the transmission by the reflection and scattering losses
[(1 — RoO)I[1 — So(X)]'2, where Rp(X) and Sp(}) are the
reflection and scattering of a single surface (note that, due to
the window thickness of several millimeters, we can neglect
the coherence of the light beam here).

To obtain the optical parameters of the P excitons like
oscillator strength, linewidth, and resonance energies, we have
to calculate the full DF ¢(w) = ¢,(w) + ig;(w) from which the
complex index of refraction

n=n-ik, 9)
with ¥ > 0 can be calculated as
n@)z/aam»+dawf+amﬁL
Km0=/ﬂ—am»+wawf+am¥L
(@) = () (10)
o

the last line giving the absorption coefficient. The real and
imaginary part of the DF are related by a Kramers-Kronig
transformation:

[ee]

) 1
&@U=nﬂw%+;@/

1 ° 1
gi(w) = | s
—0o0

,—Si(w)dw,
o —w

g (w)dw.

an

From Eq. (10), it is clear that we need the expression for
the DF that includes all excitonic resonances, i.e., the indi-
rect processes involving the various phonons (see Ref. [11]),
the P absorption lines, the corresponding continuum (see
Refs. [3,19]), and also a background due to the higher exci-
tonic transitions, for which we take the refractive index n,(w)
given in Ref. [20].

The treatment of the indirect absorption processes that
contribute to the background absorption requires great care,
as there are several constraints on the positions of the exci-
ton states (from absorption measurements) and the possible
phonon modes (from symmetry [11] and resonance Raman
studies [21]) that must be considered.

J

iEy

It has been known for a long time that the lowest energy
transition is due to the I';” phonon (energy 13.5 meV) side-
band of the 1S yellow ortho exciton [22-24], which recently
has been reanalyzed, revealing a strong wave vector depen-
dence of the deformation potential [11]. Its contribution to the
imaginary part of the DF is given by [11]

Eiina,r; (W) = Gipg ry /i — Eygyp;

x[1 +b,15yr; (hw_Eilsy,F; )]ch(hw_ElSyT; );
(12)

where Eg, - = (2.04622 £ 1 x 107%) eV is the threshold
energy [9], and @;,q r; is a parameter that must be adjusted
by matching the absorption coefficient at energies near the
onset to the empirical law Eq. (2). It turns out to be a;pq r; =

(7.20663 £ 0.23) x 107%/ueV'/2. The parameter bysy,ry de-
scribes the nonlinearity due to a wave-vector-dependent
deformation potential of the phonon mode 1 and has been
determined to be 0.91 x 103 /meV [11]. Besides the indirect
absorption process involving the I'; phonon (energy 10.8
meV, strength ~ 3% of the I'; process [10]), the only other
important absorption process is due to the longitudinal optical
phonon (symmetry I',) with energy 82.1 meV. Its strength is
not so well known and varies between 1% [10] to 20% [11]
of djpg,r; - Therefore, we consider these strengths as fitting
parameters in the following.

The next strong absorption band is due to the green exciton
series with the lowest 1S ortho state at 2154.4 meV [25].
Here, we expect the I';” phonon to be strongest. In Ref. [11],
the strength parameter is given as 2.4 times that of the 1§
yellow state. Its nonlinearity parameter is 2.8 x 1073 /meV
[11]. All other green states are outside the considered spectral
region. However, we must consider that the yellow S states
with quantum numbers n = 2, 3, and 4 are strongly mixed
with the green 1S state [26]; so they should contribute to the
absorption according to their green content of 11% and 4%,
respectively. Since for n = 3 and 4 the absorption threshold
is above the yellow band edge energy (E,, = 2172.087meV),
only the 25 state must be considered below the gap. Since both
the 1S green and the 2S yellow absorption strength is not well
known, we consider them as fitting parameters as well.

However, there is another complication connected with
these indirect processes, namely, that the exciton states are
considerably broadened due to their short lifetime. The life-
time broadening can be easily derived from the recent second
harmonic spectroscopy [25] to be 0.44 meV for the 1§ green
ortho state and 0.40 meV for the 2§ yellow ortho state. For
the 15 yellow ortho state, this effect can be neglected (width
~ 2 ueV as determined from the transmission spectrum in
Fig. 1). The contribution in the broadened case is given by

iEy

siy(hw) = ?T—n(—l)l/“{ Vin — i(iw — E,) arctan |:

\/m
+ ;—;{2\/1170%1 + (—1)1/4m[i%} + (hw — E,)] arctan |:

i|—,/y,7 + i(hw — En)arctanh|:

I

VY Hilho — E)

]

iEy

S — i(hw — Ey)
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iE,

+(—=1)"* [y, + i(hw — E,)]*/* arctan [

i
bZ
+52 {zmyn[Eo + 61w — E,)] = 3(=1)*ly, — i(hio — E;)I* arctan [

iviEy

Yo — i(hw — Ey)

— 3(=1)**y, + i(hw — E,)]’/* arctan [

, 13
,/)/,;-i—i(hw—Eﬂ):H (13

where E,, v,, and a, = A, ainq denote the absorption threshold, the damping of the exciton state, and the strength of the indirect
process 1, respectively. Here, Ej is a cutoff energy (for which we assume Ey = 2.5 V), and b, denotes the nonlinearity.

The real part of the DF can in principle be obtained by a Kramers-Kronig transform, which for a contribution of the form of
Eq. (12) is given by (here, E,; denotes the threshold energy of the phonon process)

&rind(lw) = ding

Qinaby

37 |2 /Ey — Egi(Ey — 4Eg; + 3ho) + 3(hw — Eg)** In

For the broadened expression, there exists no closed so-
lution, so we must do it numerically. However, it turns out
that the difference to the nonbroadened results in Eq. (14) is
negligible compared with the dominant contributions due to
the background dielectric constant.

All the parameters used in the analysis are given in Table 1.

From semiconductor optics [13,19,27], we get the follow-
ing expression for the contribution of the P absorption lines to

—%[\/EO —E,; — \/E,; — hwarctan (
—%[\/Eo —Egi — /ho — Eg,,'atanh(‘ / Z:—gj’)] for iw > Eg;

2By = Egi(Eo — 4Eg; + 310) + 6(Ey; — hw)* atan|

Ey—Eg;
Egﬂi—ha)

] for iw < Eg;

Eo—Egi
m] for hw < Eg,i

g0

ey ) (14)
= for fiw > Eg;

Eg—E, )

8.0
fiw=Eg; +1

(
the imaginary part of the DF

Jo . (15)

T (0—w,)* +T2

oo
~ 1 1—‘n + 2An(w - wn)

& p(w) = Z
n=2

Here, the sum goes over the P states, and f,, denotes strength
constants proportional to the oscillator strengths per vol-
ume [27] (f,/V = 2mogo/me3* - ), @n, T, andA, are the

TABLE I. Values of general parameters used in the fit of the transmission spectrum.

Parameter Notation Value Note Parameter Notation Value Note
Thickness Dcy,0 (nm) 32.11 Fit Indirect transitions aing (neV=12) 7.20663 x 10~° Ref. [11]
Wedge w (ﬁ) 1 Fit 1Sy(5+) = I'y A 1.000 Ref. [11]
E, Sury (meV) 2046.228 Ref. [9]
B (1/meV) 0.91 x 1073 Ref. [11]
Visyry (HeV) 2 Fit
Roughness Syng(NM) 25.0 Fit 28y(5+) - TI'y A 1.313 Fit
E2Sy.r; (meV) 2152.60 Ref. [33]
Vasyrs (meV) 0.40 Ref. [33]
B (1/meV) 2.0x 1073 Ref. [33]
Band gap shift A (ueV) —178.6 Fit 1Sy(5T) - T}, A 0.188 Fit
EIS),T;(z)(meV) 2114.83 Ref. [11]
Visy.r; (neV) 2 Fit
Strength da. 1.645 x 1073 Fit 1Sg(5%) —T'y A 2.470 Fit
E15g(5+),r; (meV) 2167.7 Ref. [33]
B (1/meV) 2.0 x 1073 Fit
Yasy.ry (meV) 0.44 Ref. [33]
Urbach-tail 1 E, . (neV) 98.0 Fit 1Sg(5") —TI's A 0.975 Fit
Elsg<5+),r; 2165.5 Ref. [33]
Urbach-tail 2 E.» (ueV) 3442 Fit 1Sy(5%) —T'5 A 0.115 Fit
E1Sy<5+>,r; (meV) 2143.53 Ref. [9]
Visyry (neV) 2 Fit
Fraction Ay 0.90 Fit
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FIG. 2. (a) Reflection (red) and transmission (blue) spectra of
a plate of Cu,O with a constant thickness of 30 um, calculated
with the coherent transfer matrix (CTM) method. (b) Comparison
of the measured transmission spectrum (red line) with the calculated
spectrum assuming a single layer of Cu,O (with parameters given in
Tables I and II) The green line gives the difference of the spectra.
Note the logarithmic energy scale.

resonance energy, damping, and asymmetry of an exciton
state, which are to be determined. Furthermore, my, ¢y, and g
denote the electron mass, charge, and the permittivity of
the vacuum, respectively. Both the damping I', and the
asymmetry parameter A,, which in principle are energy de-
pendent, will be assumed to be constant. However, there arises
the problem that, far away from the resonance, the contri-
bution of each P state to &; decreases only proportional to
1/(w — wy,), which leads to a negative overall DF above the
band edge, resulting in a peak in the transmission spectrum
directly above the band edge in contrast to experiment [see
Fig. 2(b)]. One can correct for this discrepancy by introducing
either a frequency dependence of A, that sets A, = 0 above a
certain distance from the resonance as proposed in Ref. [6]
or by an energy-dependent broadening that goes over into an
Urbach-like tail, as proposed in Ref. [28]. Here, we achieve
this by multiplying the damping with a function g,(w) =
cosh[(w — w,)/3T,], whereby the factor 3 has been chosen
to obtain the best agreement with the experimental line shape.
The contribution of the P lines to the real part of the DF is
given by

srP_anl(a) w,) —2I',A,

T (0—w,)+T2 (16)

as calculated by the Kramers-Kronig transformation of
Eq. (15), but disregarding the factor g,(w) [29].
For the P continuum absorption, we have from Ref. [30]

£ro (i) = ac<1 + M) O(hw — Ep), (17

Ry

where E, is the yellow band gap, and Ry is the exciton Ryd-
berg energy.

TABLE II. Results for the parameters of the Rydberg exciton
states as obtained from the fits of the transmission spectrum accord-
ing to the dielectric theory. The errors for the energies and linewidths
are ~ £1pueV, while that for the oscillator strengths and asymmetry
parameters are ~ £1%, except otherwise indicated.

Oscillator
Quantum Energy strength Linewidth Asymmetry
numbern =  E,(ueV) FulpeV) T, (ueV) A,
2 —23677+5 15.268 1280+5 —0.488
3 —10720+5 8.554 305.2+£2 —0.277
4 —5986 +2 5.043 150.8 —0.225
5 —3780.4 2.7136 81.83 —0.254
6 —2594.1 1.5568 45.87 —0.261
7 —1887.8 0.9507 30.99 —0.272
8 —1436.6 0.6532 22.88 —0.260
9 —1127.6 0.4491 17.63 —0.246
10 —908.1 0.3208 14.16 —0.237
11 —747.1 0.2388 12.10 —0.239
12 —625.2 0.1803 10.53 —0.263
13 —530.7 0.1403 9.63 —0.250
14 —455.9 0.1096 8.55 —0.227
15 —395.9 0.0903 8.06 —0.223
16 —346.2 0.0656 6.96 —0.249
17 —306.0 0.0495 6.58 —0.216
18 —272.2 0.0338 6.04 —0.202
19 —243.6 0.0244 6.20 —0.181
20 —219.9 0.0181 7.15 —0.075
21 —199.5 0.0082 6.50 0.05
22 —-1827 (1£03)x1073 5+£1 0.0£0.1

The corresponding real part is then

e -(hw):&{EogyE = (1 %) In (755)
T 0 e )

for iw < E,

for fiw > E,
(18)

We also must treat the Urbach tail for a complete descrip-
tion [11]. Assuming the following form,

—E, + ho

giyr (hw) = acexp< >d>(Eg — hw), (19)

u

we obtain for the real part
—E,+hw .(E,—hw
exp(—5,— )Ei(=5 )

exp( 7E,£‘rﬁw ) r (0’ hwE:Eg )

for hiw < E,

for hw > Eg’
(20

dc
erur (hw) = ;{

where Ei(z) denotes the exponential integral and I'(a, z) the
incomplete Gamma function [31].
In total, we get for the imaginary part of the DF

£i(®) =) €iina(®) + £i.c(0) + £1,0F (@) + £ip(@), (1)

and for the real part

(@) =Y Erina(®) + £.c() + £,uF (@) + £:p(@). (22)
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FIG. 3. Comparison of the measured transmission spectrum (red line) with the calculated spectrum assuming a layered structure of a plate
of Cu20 with thin layers of CuO on top and bottom (thickness, other parameters see text), the green line gives the difference of the spectra.

Note the logarithmic energy scale.

From the DF, we calculate with Egs. (8) and (10) the trans-
mission spectrum T(w) = |7(w)|?. The relevant parameters,
which include the resonance energies, strength parameters,
dampings, and asymmetries of all P excitons, are obtained
by searching for the best fit of the calculated spectrum to the
experimental data. In this way, impacts of spectral changes
of the reflectivity of the sample, which were neglected in the
previous analyses [1,2,11] but amount up to 10% of the effect,
are consistently considered.

To determine the global parameters scy,0, dcu,0, and w, we
adjusted the value of the calculated transmission in the spec-
tral region below the indirect absorption threshold Eigy -,
where the absorption due to the exciton states should be zero,
to the measured one and fitted the transmission in the spectral
region close to the threshold to Eq. (12).

In Fig. 2(a), the result of the calculation of the reflec-
tion and transmission for a sample with constant thickness is
plotted, showing pronounced interference fringes. As demon-
strated in part (b), these interference effects are completely
absent in a slightly wedged sample (w = lum/mm). The
comparison with the measured transmission spectrum [red
curve in Fig. 2(b)] shows that a single layer of Cu,O
can reproduce the whole transmission spectrum from the
quadrupole yellow 1S line to the yellow band edge at least
qualitatively with sufficient accuracy. However, in the spectral
region below the 2P transition, there is a systematic deviation
between the experimental and theoretical transmission spec-
trum, which looks like a very broad oscillatory behavior with
period ~150 meV. Considering Fabry-Perot resonances as the
potential origin of these oscillations, this would correspond
to a thin layer with optical thickness of only 2 um. Because
such a thin plate is not present in the setup, one must consider
other origins of this structure. Here, one might think of a
very thin layer of CuO or Cu3O, [17] on the sample, which
might occur due to oxidation or a thin layer due to polishing.
Indeed, considering such a layer (with index of refraction
given by ncwo(A)? = 4.05 + 2.422/[A> — (0.447 um)?] [32],
an absorption constant xcyo = 2.09 x 1073, and a thick-
ness dcyo = 0.64 um), we obtain the transmission spectrum
shown in Fig. 3 that completely eliminates this oscillations.

In comparison of Fig. 2(b) (and Fig. 3) with Fig. 1, we
clearly see that we must fully consider the coherence proper-
ties of the laser to describe the transmission spectrum across
the whole range from the yellow 1S ortho exciton to the yel-
low band gap correctly. The residual differences of the order
of a few percent [green curve in Fig. 2(b)] will be discussed
below.

III. DISCUSSION

The foregoing analysis has shown that a fully consistent
description of the transmission spectrum is possible using the
correct DF and the CTM method.

A closer look at the residual differences [green curve in
Fig. 2(b)] reveals that there are four types of deviations be-
having quite differently:

(1) Most prominent are the sharp peaks slightly above the
P exciton lines for n = 4 to 8, which are triplets. These are
the well-known F exciton lines [33], which have not been
included in the DF.

(2) Above the band gap, the transmission of the sample is
expected to be smooth, as only continuous processes (indirect
phonon-assisted processes and absorption into the continuum)
occur. We observe a pronounced oscillatory pattern shown in
Fig. 4(a) (red line). The oscillation consists of several compo-
nents with oscillation periods from 100 to 500 eV. If the origin
were Fabry-Perot resonances of various quartz plates, their
thicknesses would be between 1.7 and 8 mm, corresponding
roughly to the thicknesses of the optical windows. Then we
expect these interferences to occur in the whole spectral range
with similar periods. Indeed, around the indirect absorption
edge, similar structures do exist [see Fig. 4(a), blue line].

(3) Looking more closely to the fit around the P lines [see
also Fig. 4(b)], we see a characteristic deviation that looks like
a second derivative of the P line shape. This points toward a
deficiency of the asymmetric Lorentz line shape, Eq. (15), that
requires a more accurate theory of the phonon-assisted pro-
cesses. Note that, until now, all efforts to quantitatively derive
the line shapes of the P excitons from the basic interaction
processes [13] have not been successful (see, e.g., Ref. [34]).
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FIG. 4. (a) Comparison of residual transmission spectra directly above the band gap (red curve, E.s = E,) with that 100 meV below the
band gap (blue curve, Er; = E, — 100 meV) showing a similar structure. (b) Transmission spectrum (red experiment, blue calculation) near the
band gap showing Rydberg transitions up to n = 22. The green colored line gives the difference of measured and calculated spectra showing
additional absorption peaks (marked by *) and weak residual interferences, which are continuing above the band gap (arrow).

(4) Most interesting is the residual transmission spectrum
just below the band gap in the region of the Rydberg states
[see Fig. 3(b)]. By properly fitting the asymmetric Lorentzian
lines of the P states, the weak peaks situated between the P
lines (marked by *) already observed previously [35] turn out
to be much stronger than the interference structure that con-
tinues from above the band edge. As the energy difference to
the next lower P state scales as 1/n*, one might speculate that
these lines originate in forbidden transitions into D exciton
states, which are shifted from the P states by a different quan-
tum defect [36] and become allowed through the electric field
of the charged impurities [6]. To substantiate this hypothesis, a
thorough analysis of these lines in different samples including
the effects of external electric fields is underway.

The parameters of the fit can be grouped into three cate-
gories: (1) the parameters of the P lines (resonance energies,
oscillator strength, linewidth, and asymmetry), (2) the param-
eters of the continuum absorption (band gap shift, absorption
strength, and Urbach tail) and of the phonon-assisted indirect

J

transitions, and (3) the parameters describing the sample prop-
erties (thickness, wedge, and surface roughness). The first two
sets of parameters are given in Table I, while those of the P
lines are given in Table II and shown in Fig. 5.

Defining a hypothetical “exact” energy of each
P state in the form of a modified quantum defect
formula [37]

R
n_—ﬁ +Eg with 8,1:80
n—op
& 84 36

+...,(23)

s s =50y

the parameters of the best fit are given in Table III. Equation
(23) allows us to describe all P lines in the range between n =
2 and 22 with an accuracy of £1 ueV [see Fig. 5(a)]. For the
oscillator strengths and linewidths, we used a similar quantum
defect formula as for the energies

—8m) —1 B b b
f,,:fo% with 87, =80+ — o 4 —L0 4 0y (24)
(n—36z,) (n—3d¢0) (n—&y0) (n—6y0)
For the linewidth we assume
(n—8rn)* — 1 . dr2 Ora dre
r,=ry———+I', with 8, =dpo + + + +..., (25)
' (n — 8ry)’ ’ (n—38r0)  (n—38r0)*  (n—drp)°

where I', is a sample-dependent homogeneous broadening
constant. For the obtained parameters, see Table II1.

The resonance energies of the P excitons and the linewidths
can be described with Eq. (23) or Eq. (25) by a generalized

(

quantum defect formula for all quantum numbers from n = 2
to 22 with good accuracy [see inset in Fig. 4(a)]. The same
holds for the linewidths. In contrast, the oscillator strength
follows a quantum defect equation only up to n = 15; for
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FIG. 5. (a) Energies, (b) oscillator strengths, (c) linewidths, and (d) asymmetry parameters for the Rydberg P exciton states are plotted
against the principal quantum number n. The red diamonds give the experimental values (see Table II), the full blue lines the fitted expressions
Egs. (23)-(25) for diagrams (a)—(c), respectively. The inset in (a) gives the difference of the fitted energies to Eq. (23). The vertical bar gives
the approximate error. The green dots in (b) and (c) give the ratio of the quantities from the fits to that obtained from Eqs. (24) and (25),
showing that the experimental values are reproduced only up to n = 15 for the oscillator strength but up to n = 22 for the linewidth. Note that,

for the asymmetry parameter, no theoretical expression exists.

higher n, the effects of charged impurities must be considered
[6].

Finally, we discuss the problem of the number of absorbed
photons that are converted into elementary excitations in the
crystal. Usually, this is calculated from the Bouguer-Lambert
law as [3]

Nphot = [1 — exp(—ad)](1 — Rcy,0). (26)

This, however, is not possible anymore, as one has standing

due to surface roughness leading to a loss of laser intensity.
Instead, one must calculate the absorbed power per volume
of the crystal applying Fermi’s golden rule. This leads to the
following expression:

dpP w
2—(u)x,

didvV ~ n2 @7

where (u) is the energy density of the electromagnetic field

waves due to interference inside the crystal and scattering (u) = %80]’12 |E|?, (28)
TABLE III. Parameters for the Rydberg exciton states according to Egs. (23)—(25).

Parameter Energy Parameter Oscillator strength Parameter Linewidth

Ry (meV) —87461.98 Jo(neV) 285.42 Ty (ueV) 8360

8o —0.206 80 0.3931 3ro 0.112

8 0.135 82 —0.8870 3r2 —0.21

84 7.709 84 41.67 8ra 0

36 —25.957 86 —86.23 dre 0

E (meV) 21720.701 I (ueV) 4.23
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FIG. 6. Transmission (7', red line) and reflection (R, blue dotted line) spectra (left ordinate) in comparison with the spectrum of the
absorbed fraction of laser power incident on the sample using the simple Bouguer-Lambert law (Ag , magenta dashed line, right ordinate) and
the exact calculation in the CTM method (Acry, black line, right ordinate).

where n and « are the real and imaginary part of the refractive
index [see Eq. (6)]. Here, we have assumed that k << n. The
field inside the sample is given by
. B(d —
E(z) =E,exp l'aj + E;exp —M , (29)
d d
where B is given by Eq. (6). Here, E, and E; are the electric
field strengths of the right and left propagating waves at the
surface of the sample at z = 0 and can be obtained from the
transmission [Eq. (8)] by

(gf) - L1H12(2>. (30)

This shows that the laser intensity inside the sample might
considerably vary spatially over distances of <100 nm.

To obtain the total absorbed power inside the sample, one
must integrate over the sample thickness (note that this also
requires averaging over the sample surface because of the
wedge). This gives

dP 2wrd
- = |:1 — &Xp <_ b ):|77c0r10- 31

dt Co

Here, 1o is given by
2wkd _
Necor = |Er|2 + |El|2 exp (c—> + 2Re{E,E;
0

iwn — i/c)d:| } (32)

X exp |:
€o

As seen from Fig. 6, where the results of Egs. (26) and (31)
are compared, using the Bouguer-Lambert law overestimates
the absorbed power by almost a factor of 2. This must be
considered not only in deriving the densities of excitons or
electron-hole pairs (see Ref. [3]) after optical excitation but

also in the recently published theory of optical nonlinearities
of Rydberg excitons if the excitation laser has a long co-
herence length [38]. Also, a calculation of the absorbance A
by the relation A + R+ T = 1 does give wrong results (see
the corresponding curves in Fig. 6), as the sample shows
substantial surface scattering.

IV. CONCLUSIONS

In this paper, we have analyzed the transmission spectrum
of a thin plate of Cu,O in the range of the absorption of the
yellow exciton states with the CTM method and demonstrated
that a consistent quantitative description is possible. The anal-
ysis gives accurate values for the parameters of the Rydberg
P excitons such as resonance energies, oscillator strengths,
and linewidths. These can be parameterized by a generalized
quantum defect formula. Fortunately, it turns out that the more
exact CTM method almost gives the same results for the pa-
rameters of the P excitons as the usually used simpler analysis
based on the Bouguer-Lambert law, at least for high quantum
numbers n > 10 (see Ref. [1]). However, if one needs a highly
accurate quantitative analysis, e.g., in the investigations of the
action of an electron-hole plasma on the Rydberg states, the
CTM method, as exemplified in this paper, should be used.
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