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Neutralization of impurities by continuous-wave excitation of high-n Rydberg excitons
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We investigate the neutralization of charged defects in a Cu,O crystal experimentally with a continuous-wave
two-color pump-probe setup. We demonstrate that the excitation of high-lying Rydberg excitons at low densities
generates an enhancement of exciton absorption up to a factor of 3. The result is an overall improvement of the
absorption spectrum’s quality in terms of increased oscillator strengths and narrower linewidths, referred to as
purification. The reduction of the amount of charged impurities in the crystal is further verified by a thorough

analysis of impurity photoluminescence signals.
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I. INTRODUCTION

Rydberg excitons are highly-excited pairs of electrons and
holes in a semiconductor. They can reach extensions in the
um range and, therefore, are mesoscopic quantum objects.
They represent the analogues of Rydberg atoms embedded
in a solid-state environment and attracted huge interest in a
variety of research fields, since their discovery in 2014 [1] in
the material Cu,O. Starting from fundamental exciton physics
in external fields [2—6] and quantum chaos [7,8], Rydberg
excitons have also led to new discoveries in the fields of long-
range interactions [9,10] and quantum many-body phenomena
[11-13] as well as strong optical nonlinearities [14—17] and
Rydberg polaritons in cavities [18,19].

In Cu,0, the excitonic transitions between the highest va-
lence and the lowest conduction band are called the yellow
series, referring to the excitation wavelength range between
610 and 570 nm. Since both bands are of positive parity,
direct transitions of even parity S and D excitons are dipole
forbidden, but weakly allowed for odd-envelope P excitons,
resulting in small oscillator strengths and narrow linewidths.
Together with a comparably high Rydberg energy of 90 meV,
these properties render it possible to observe an extended
excitonic Rydberg series up to principal quantum numbers
above n = 20 in natural high-quality crystals [1,20]. Recently,
even the observation of Rydberg excitons with quantum num-
bers as high as n = 30 was reported in a photoluminescence
excitation scheme [21]. Excitons in these highly-excited states
reach extensions in the um range.

Besides strain and temperature, one of the parameters that
determine the highest observable Rydberg state in a sample
is the density of charged impurities in the crystal, that varies
slightly from sample to sample [22]. Moreover, charged im-
purities cause a broadening of linewidths and a reduction of
oscillator strengths, in particular for the highest n, as has been
shown theoretically in Ref. [23]. Due to their large polariz-
ability that scales with the principle quantum number as n’
[24], Rydberg excitons are highly sensitive to the presence
of small electric fields stemming from charged defects with
densities on the order of 0.001 um~* [23]. Consequently, the
excitonic line shape parameters measured in Refs. [1,20,21]
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do not follow the theoretical predictions in the high-n regime.
In particular, both oscillator strengths and linewidths are ex-
pected to scale with the principle quantum number as n~>
[25,26]. However, the measured oscillator strengths are found
to drop more strongly with 7, while the linewidths are found to
be inhomogeneously broadened, which renders experimental
access to high-n states challenging.

Here, we show an experimental approach to overcome
this issue of line parameters not reaching ideal scalings by
neutralizing a fraction of the charged impurities in a sample.

In other semiconductor quantum technology platforms,
like semiconductor quantum dots, charge fluctuations are
known to have a strong influence on the coherence properties
of optical transitions and to cause spectral shifts or inhomoge-
neous broadening of emission lines [27]. A well-established
technique to circumvent this problem is additional nonres-
onant laser excitation, typically tuned to an energy above
the band gap, effectively stabilizing the electrostatic envi-
ronment around a quantum dot [28-32]. However, in Cu,0,
the electron-hole plasma created by additional above-band
gap excitation is known to cause a band gap shift leading to
the disappearance of Rydberg exciton lines even at ultralow
densities of around 0.01 um~3 [33], but not to improve the
spectral quality.

We show that weak additional cw-laser excitation at a
particular energy within a narrow spectral range around the
band gap creates a low density of high-n Rydberg excitons
that interact with charged impurities, eventually neutralizing
them, which enhances the oscillator strengths and brings the
linewidths closer to the Fourier-transform limit. This effect is
first reported in Ref. [34] with a focus on the dynamics studied
by time-resolved measurements of the relative transmission.
The present paper focuses on cw absorption spectra providing
access to high spectral resolution and to absolute changes in
the absorption coefficient.

The paper is organized as follows: In Sec. II the experi-
mental setup is described. Section III forms the main part of
this paper. The section starts with a general description of
the observed enhancement of absorption in Sec. III A. The
following subsections discuss the enhancement as a function
of excitation power III A1 and as a function of excitation
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FIG. 1. Scheme of the experimental setup: Two tunable dye laser
are used to excite the sample. Both lasers beams are detected by
photodiodes. Photoluminescence is detected by a combination of
monochromator and CCD camera. Abbreviations: WM, wavelength
meter; NE, noise eater; HWP, half-wave plate; GTP, Gglan-Taylor
prism; PD, photodiode; Mat1/2, Matisse 1, Matisse 2; CCD, charge-
coupled device camera.

energy III A 2. In the last subsection, Sec. III B, a sample of
lower quality is studied. Section IV shows the change of pho-
toluminescence signals of impurities induced by an additional
pump laser. Finally, conclusion and an outlook are given in
Secs. V and VI.

II. EXPERIMENT

The experimental setup used is sketched in Fig. 1. It is
based on the setups shown in Ref. [1], but extended in the de-
tection pathway. For excitation, two tunable continuous wave
(cw) dye lasers (Sirah Matisse DS) are exploited in a pump
probe setting. The intensity of both beams is stabilized by
noise-eaters (Brockton LPC). Further, they are focused on the
sample, with the pump spot being three times larger than the
probe beam (300 wm and 100 um) to ensure a homogeneously
distributed pump intensity across the probe spot. Furthermore,
the overlap of both beams is controlled and routinely mon-
itored by maximization of the pump-induced change of the
probe signal. Both lasers are linearly polarized with crossed
polarizations in order to remove stray light from signal with
Glan-Taylor prisms. For detection, two different approaches
are used: First, the light of both pump and probe beam trans-
mitted through the sample is recorded with a photodiode (New
Focus Large-Area Photoreciever 2031) each, which renders
the simultaneous detection of both signals possible. Second,
the photoluminescence (PL) signal from the sample in the
spectral range from 900-600 nm is detected with a spectrom-
eter (Acton SpectraPro-500i) providing a spectral resolution
of 4 meV.

The investigations reported here are based on two samples
of Cu,0O. The majority of experiments is performed on sample
I, a high-quality natural Cu,O sample of 34-um thickness,
mined in Namibia, cf. Ref. [1]. The second one, sample 1II, is
of inferior quality, and has been artificially grown by Schwab
et al. [35,36]. It has a thickness of 53 um. The results on
sample II are discussed in Sec. III B. For all experiments, the
samples are cooled in a cryostat to 1.3 K by pumping on a
superfluid He* bath.

III. RESULTS

A. Enhancement of absorption

First, we discuss absorption spectra where we scan the
probe laser energy along the Rydberg series while the pump
laser is fixed at a specific energy close to the band gap. The
blue curve in Fig. 2 shows a typical absorption spectrum
of the high-quality sample I without additional pump laser
illumination starting from the exciton resonance n =7 up
to energies above the band gap. The spectrum is measured
with a low probe power of 200 nW. The peak absorption at
each individual exciton resonance decreases with increasing
principal quantum number # up to an ny,, which depends on
the gemstone quality and also on the particular position on the
studied sample [20]. Here, the highest observable exciton line
corresponds to the principal quantum number 7y,,x = 24. On
the high-energy side of this state the spectrum transforms into
a continuum showing a flat, weakly increasing absorption.
This spectral position is typically called the apparent band
gap E, [33], that is shifted by around 140 ueV below the
nominal band gap E, = 2.17208. Here, £, = 2.17194 V. In
earlier publications, exciton-exciton [10] or plasma-exciton
[33] interactions were studied in a similar pump-probe setting
by tuning the pump laser to a specific wavelength or energy
and measuring the change of probe laser absorption as a
function of pump power. For these experiments, typical pump
powers required to observe the effects of these interactions
reached several uW up to tens of mW. For the kind of inter-
action we study here, pump laser powers as low as 700 nW
are sufficient to achieve the largest observable effects under
comparable conditions, whereas the pump energy is put close
to the apparent band gap E, as indicated by the red arrow. The
resulting spectrum is shown by the red curve in Fig. 2(a). A
comparison to the unpumped spectrum reveals the improved
quality of the absorption spectrum: For all excitonic lines
the absorption increases in presence of the pump laser beam.
Also, the absorption in between adjacent lines decreases. As
a consequence, the F' exciton triplets, typically visible from
n=4ton="7][37], become sharper and more pronounced,
so that they can be identified up to n =9, as indicated in
Fig. 2(b). Figure 2(c) focuses on the high-n region, i.e., from
n = 10 to the band gap. Again, the increase of peak absorption
at P exciton resonance energies becomes obvious. For the
states from n = 11 to n = 15 the effect is most prominent.
For these states the peak absorption increases by a factor of 2
relative to the background. This is indicated by the vertical
blue and red dashed lines close to the state n = 12. More-
over, in this range of principal quantum numbers, intermediate
absorption features in between adjacent P exciton lines are
observed in the unpumped spectrum, that may consist of co-
herent superpositions of adjacent exciton lines [38] or even
parity D excitons [22]. A final clarification about the origin
of these features is beyond the scope of this manuscript and
will be provided in a follow-up investigation. Along with the
general reduction of absorption in between the P exciton lines,
these structures disappear as well for all n below n = 16.
Remarkably, the total number of visible P exciton lines does
not change.

The change of absorption induced by the pump laser
can be analyzed more quantitatively by fitting asymmetric
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FIG. 2. (a) Absorption spectrum of Rydberg excitons from n = 7 to the band gap in the absence of a pump laser (blue) and with an

additional illumination of 700 nW at an energy in the vicinity of the
laser induces a growth of oscillator strengths and a narrowing of 1i

apparent band gap E, (red). The probe power is set to 200 nW. The pump
nes resulting in an increased peak absorption. (b) Focus on low-n states

n = 6 to n = 10: The absorption between adjacent P excitons decreases due to the presence of the pump laser. Consequently, individual nF

absorption lines become more pronounced. (c) Focus on high-n stat
states no change can be observed. The peak absorption of exciton li

es: An increase of absorption is observed up to n = 18, while for higher
nes from n = 11 to n = 15 increases by a factor of two, indicated by the

vertical red and blue dashed lines next to n = 12. The total number of visible P exciton lines n,,,, does not change.

Lorentzians to the spectrum [39,40]. The asymmetric Fano-
like lineshape is described as

& Fn/z + ZQn(E - En)
m (T,/2)* 4+ (E — E,)?’

with the oscillator strength O,, the linewidth T, the asym-
metry parameter g, and the resonance energy E,. In Fig. 3,
we compare the resulting oscillator strengths [panel (a)] and
linewidths [panel (b)] of the unpumped spectrum (blue in
Fig. 2) to the values obtained from the pumped spectrum
(red curve in Fig. 2). The trends expected from the scaling
laws for an ideal system are shown by the black solid lines.
For the oscillator strengths one expects a scaling with the
principal quantum number as n~3 according to Elliott’s theory
[25]. The linewidths are determined by both radiative decay
and phonon scattering, which also both result in a scaling
as n=> [26,41]. In the unpumped spectrum (blue circles), the
values for both parameters start to deviate from the expected
behavior at around n = 8. The oscillator strengths are smaller
than expected and drop even stronger towards higher principal
quantum numbers. The linewidths decrease with n, but less
strong than expected from a pure n~> scaling. The line param-
eters obtained from the pumped spectrum (red dots) follow
the predicted scalings much more closely. Up to n = 10 they

O(n(E) =

ey

23

match almost perfectly with the ideal values. However, for
states with principal quantum numbers larger than n = 10
deviations from the ideal values can still be observed. In par-
ticular, the linewidths lose their dependence on n and start to
saturate around a width of about 10 ueV in the high-n regime,
see Fig. 3(b).

The deviations of the line shape parameters from ideal
scalings were shown to stem from the presence of charged
impurities in the crystal in Ref. [23]. Accordingly, the pump
laser induced reduction of these deviations is interpreted as a
reduction of the amount of charged impurities in the crystal.
We call this effect purification, and will discuss it further in
the following sections.

1. Purification: Pump power dependence

The data shown so far was measured at pump laser
power of 700 nW. This gives rise to the question if the
effect of purification becomes even stronger at higher pow-
ers. Therefore, we repeat the measurement shown in Fig. 2
for various pump powers and analyze the change of exciton
peak absorption as a function of pump power. The exci-
ton peak absorption is extracted from the spectra by careful
subtraction of the continuous background, as indicated by
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FIG. 3. Normalized oscillator strengths (a) and linewidths
(b) from the spectra in Fig. 2 at zero pump power (blue) and at
700 nW (red) obtained by fits according to Eq. (1). In both panels
the black solid lines shows the expected dependence following n~3.

the vertical blue and red lines in Fig. 2(c) next to n = 12.
Figure 4 shows the change of peak absorption for all ex-
citons from npehe = 6 to 18 as a function of pump laser
power. For all probed n up to npop. = 18, the absorption
increases strongly with increasing pump power until it reaches
a maximum. At higher powers, the absorption drops again
indicating the onset of blockade effects as mentioned before.
The pump power at which a maximal probe absorption is
reached varies slightly with npope. It is found to be around
2 uW for low-n and around 700 nW for the highest n around
n = 18, as indicated by the arrow in Fig. 4. In general, the
powers at which maximal purification is reached in sample
I are low compared to pump powers used in earlier reports
focusing on Rydberg blockade or exciton-plasma interaction
[10,33]. The absolute increase in absorption compared to the
unpumped case is strongest for excitons between n = 11 to 15
and amounts to more than a factor of 2 compared to the value
at zero pump power. Remarkably, pump powers of 100 nW
are already sufficient to obtain growth by 50%.

This enhancement of exciton peak absorption, measured
at the resonance energy E,, may be directly connected to an
increase of oscillator strength or a narrowing of linewidth
ay(E,) x %. To access these two parameters independently,
we analyze the data by fits according to Eq. (1). Both O,
and I'), are shown in Fig. 5 for even principal quantum num-
bers as a function of pump laser power, relative to their
unpumped value. Indeed, the oscillator strengths increase
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FIG. 4. Exciton peak absorption as a function of pump power
for states from nppe = 6 t0 npgpe = 20. The probe power is set to
200 nW, the pump laser energy is set close to Eg. For all nype the
absorption increases, while the power at which the maximal increase
is obtained varies from 2 uW at low-n (top) to 700 nW at high-n
(bottom), as indicated by the arrow. The absorption increases by
more than a factor of 2 for the states n = 11 to 15, compared to
the value at zero pump power shown in the left panel. The data
is obtained by careful subtraction of the continuous background
[see vertical dashed lines in Fig. 2(c)].

and the linewidths narrow up to a power of 700 nW. The
strongest increase of oscillator strength by up to 50% is found
for n=18. For the linewidths, the strongest drop is found
for n = 12, which decreases by about 35% already at pump
powers of 400 nW.

2. Purification: Pump laser energy dependence

In order to investigate the effect of purification in more
detail, we discuss its dependence on pump laser energy in the
following. Therefore, we fix the probe laser energy on specific
resonances and scan the pump laser’s energy Epump. A similar
measurement is discussed in Ref. [34] for a single probe
energy. In the present paper, we extend the investigation of
Ref. [34] by setting the probe laser to every second resonance
from nprope = 6 to 18. The probe (pump) laser is set to a power
of 1 (10) uW. As a reference to the relevant range of pump
laser energies, we show a linear absorption spectrum of the
crystal in Fig. 6(a). The red dashed line describes the underly-
ing background absorption as a guide to the eye. It consists of
the phonon background as well as the continuum absorption
and, in particular, an exponential Urbach-like tail ~exp ((E —
Eg)/EU) below the band gap [42,43]. Here, Ey = 170 ueV is
used for the width of the tail. This exponential tail results from
the overlap of broadened Rydberg exciton lines close to the
band gap [23].

Figure 6(b) shows the probe laser absorption as a function
of pump laser energy for all probed states. The probe
absorption in the absence of the pump laser «,, ¢ is indicated
by the horizontal dashed lines. It corresponds to the absorption
of the unpumped spectrum, shown exemplarily in the right
panels for n = 6,10, and 14 and is obtained by blocking
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FIG. 5. Analysis of (a) oscillator strengths O, and (b) linewidths
I', as a function of pump power for even principal quantum numbers
measured at a probe power of 200 nW. The pump laser energy is set
to Eg. The pump power range is restricted to the pump power range
of purification, i.e., below 2 uW. The values are normalized to the
corresponding value at zero pump power to visualize the change in
percent.

the pump laser (see plateaus at the high-energy side of each
curve).

For all npope, the probe laser absorption shows the same
characteristic dependence on the pump laser energy: At low
pump energies, the pump laser causes a reduction of probe ab-
sorption compared to o, 0. The trend of the probe absorption
mirrors the pump absorption, as it consists of a continuous
trend that is superimposed by discrete dips at energies that
a match with the exciton resonance energies in Fig. 6(a). At
these energies the pump laser light may be absorbed into
low nP exciton states and indirectly into 1S excitons via the
phonon background. Hence, Rydberg blockade [10] or a low-
density of an electron-hole plasma, created via Auger-decay
of 1§ excitons [42] may reduce the probe absorption. As dis-
cussed in Ref. [34], also the density of charged impurities may
increase. The exact composition of the excitations created by
the pump laser is complex and may also vary with pump laser
energy. A final clarification is beyond the scope of this paper.
In this regard, time-resolved measurements may resolve the
different dynamics of the underlying processes and give better
access compared to cw-spectra.

As the pump energy increases, the reduction of probe
absorption at low pump energies becomes superimposed
by an counteracting continuous increase that starts roughly
around the energy of n = 6. However, an enhancement of

absorption—or purification—, i.e., o, > 0,0, 1S solely ob-
served for pump energies equal or higher than the probe
laser energy, Epump = Eprobe. This becomes obvious by com-
paring the horizontal lines with the vertical arrows. Hence,
the onset of the spectral range of pump laser energies that
purify an exciton line shifts to higher energies with rising
Nprobe- This behavior is observed under pulsed excitation as
well, as discussed in detail in Ref. [34] and in Sec. V of this
paper.

The increasing probe laser absorption forms an exponential
tail at pump energies below the band gap E,. The tail is
superimposed by discrete peaks. Also here, the probe laser
absorption mirrors the absorption spectrum in Fig. 6(a) that
shows prominent nP absorption lines and the exponential
absorption tail (red line). We conclude that purification is
directly connected to the excitation of Rydberg excitons ex-
cited either resonantly or via the exponential-like tail close
to the band gap E,. For pump laser energies in resonance
with a Rydberg exciton line the enhancement is pronounced
compared to the exponential tail, as the density of excitons
created is larger.

For all npope, the pump laser energy corresponding to the
maximal enhancement is found close to the apparent band
gap Eg. It varies only within 40 ueV among all probed n
from npope = 8 to 18. An exception is found for nprope = 6,
where the energy of maximal enhancement is shifted by about
90 peV above E,.

When extending the pump energy beyond the band gap, the
enhanced absorption diminishes again. Nevertheless, purifica-
tion can be observed for pump energies above the band gap
as well, whereas the spectral range strongly decreases with
increasing npobe. At these energies, the excitation may ini-
tially create a low-energy electron-hole plasma, which causes
purification directly or after relaxation into high-n Rydberg
states. The free charges may also reduce the absorption by
plasma-screening effects [33] and counteract the enhanced
absorption. This counteracting process then becomes stronger
for higher n. The total spectral pump range that results in
enhanced probe laser absorption depends drastically on npobe,
decreasing from lower to higher states. For nyohe = 16 it is
as narrow as 350 peV and reduces to around 90 peV for
Nprobe = 18.

In order to separate the effect of resonant exciton excitation
from absorption into the continuous background, we compare
the data from Figs. 6(a) and 6(b) in Fig. 7(a) directly in
a smaller energy range. Note the logarithmic energy axis.
Pumping at low npump, €.8., pump = 10, induces a reduction of
probe laser absorption relative to pumping in the continuous
background. A comparison with the linear absorption spec-
trum (blue) reveals that the magnitude of the pump absorption
directly translates into the response of the probe laser: Hence,
both the maximal reduction of probe laser absorption and
the maximal pump absorption occur when the pump energy
matches the exciton peaks, as indicated by the vertical dashed
lines at npump = 10. For higher npump the pump laser instead
induces an enhancement of probe laser absorption relative to
the continuous background (purification). Here, the situation
is different: The maximal enhancement is observed at pump
laser energies slightly above the energy of maximal pump
absorption, as indicated by the separated blue and red vertical
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FIG. 6. (a) Linear absorption spectrum. Data taken from [44]. The red line describes the background that consists of a phonon absorption
and an exponential-like tail below Eg‘ (b) Probe laser absorption at excitonic resonances with different 7, as a function of pump laser
energy. For all npgpe the enhancement of absorption is maximal close to E,. The presence of the pump laser reduces or increases the probe
laser absorption depending drastically on its energy. The window of pump laser energies that cause an enhanced absorption decreases with
increasing npohe. The absorption in absence of the pump laser is given by the plateau in the right corner, where the pump laser is blocked. This
plateau corresponds to the absorption on resonance in the unpumped case, o, ¢, as shown in the right panels (see dashed horizontal lines).

lines. In order to access the splitting between these energies
more quantitatively, we measure the difference between them
and plot the difference versus the principal quantum number
Npump 1N Fig. 7(b) in a double-logarithmic presentation. The
splitting drops with increasing npump from 21 ueVatn = 11 to
3 ueV atn = 18. A fit to the data reveals a dependence on the
principle quantum number as ngu‘fnp with d = —3.89 £ 0.07,
—4

which is close to a scaling law of n;,..

B. Sample of inferior quality

The reported enhancement of absorption of exciton peaks
was shown for sample I, a natural sample of high quality.
In this section, we study the effect of purification on sample
II, an artificially grown gemstone of inferior quality, i.e., a
sample with a larger amount of impurities. A high-resolution
absorption spectrum is shown by the blue curve in Fig. 8(a)
starting from n = 6. In this sample, the Rydberg series ends
at nmax = 14 and the absorption strength of the visible P
states is reduced compared to sample I (cf. Fig. 2). Moreover,
additional absorption features can be observed in between
the P lines, which are more prominent compared to sample
I and even appear split into two lines at some particular n, as
indicated by the blue stars.

We identify the pump laser energy where the maximal
amplitude of purification occurs by performing a scan of the

pump laser energy, similar to Fig. 6. It is shown in Fig. 8(b).
Remarkably, the pump laser energy at which the increase
of absorption takes its maximum is found to be En.x =
2.17 195 eV, as indicated by the grey dotted line. Compared to
the spectrum in panel (a), this energy is about 250 ueV higher
than the apparent band gap £, = 2.17170 eV, which is defined
here as the high-energy side of np,x = 14.

Following the interpretation given above, that the en-
hancement of absorption is caused by the excitation of
Rydberg excitons, either resonantly or nonresonantly via ab-
sorption into the exponential absorption tail, we conclude
that we still excite Rydberg excitons at energies 250 peV
above the apparent gap E,, although no sharp absorption
lines are visible. Hence, the observed flat continuum may
be formed by a complex overlap of broadened Rydberg
exciton lines.

With the additional pump laser exciting close to the energy
Eax, we achieve the maximal purification in this sample at a
power of 60 uW. The resulting spectrum is shown in red in
Fig. 8(a). The change of the absorption spectrum is even more
prominent compared to sample I: The absorption doubles at
n =7 and increases almost a factor of 3 for n = 10 in this
sample. For clarity, the exciton absorption strength relative
to the background is indicated by the vertical red and blue
dashed lines for n = 7 and n = 10 (inset) for the cases with
and without pump laser.
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FIG. 7. (a) Direct comparison of the pump (left axis) and probe
(right axis) laser absorption in the spectral range below the band gap.
The energy is given relative to the band gap E, on a logarithmic axis.
At npump = 10, both maximal pump laser absorption and maximally
reduced probe laser absorption occur at the same pump laser energy
(vertical dashed line). From npy,, = 11 onwards, the maximal en-
hancement of probe laser absorption (red dashed line) is found at
laser energies slightly above the energy of maximal pump absorption
(blue dashed line). (b) The splitting between the energies of maximal
probe enhancement and maximal pump absorption as a function of
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The optimal power for purification of 60 uW is roughly 60
times higher compared to the value found for the high-quality
sample I. This underlines the assumption of a larger total
amount of charged impurities in this sample, as a higher den-
sity of Rydberg excitons is necessary to reach the maximally
purified state. The absorption features in between the P exci-
ton lines decrease for all n (blue stars), while they disappear
completely only for lower n. Assuming that the features in
between the P excitons stem from even parity excitons that
gain oscillator strength due to electric field-induced mixing
with P excitons caused by charged impurities, the visibility of
those features even at the saturation power of 60 uW indicates
that not all defects can be fully neutralized by applying the ad-
ditional pump laser beam. Finally, the highest observable prin-
cipal quantum number does not change, similar to sample I.

IV. IMPURITY LUMINESCENCE

The absorption spectra shown in the previous sections im-
ply that Rydberg excitons interact with charged defects and
their presence may change the defect’s effective charge. To
support this assumption, we investigate the impurity-related
PL signals in sample I under additional laser excitation.
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FIG. 8. Purification at sample II of inferior quality. (a) The bare
absorption spectrum is drawn in blue showing strongly decreasing P
exciton peaks up to ny,x = 14 and pronounced absorption features
in between the P exciton peaks (blue stars). The spectrum with
additional pump laser is drawn in red. The pump laser induces an
enhancement of absorption of around a factor of 2 for n =7 and a
factor of 3 for n = 10 (inset). The absorption in between the P exci-
tons is reduced. (b) Probe laser absorption at n = 9 as a function of
pump laser energy. The pump laser energy for maximal purification
is found to be at Ey,x = 2.17195eV. The grey dashed horizontal
line indicates the absorption of npne = 9 without perturbation by
the pump laser. For this scan the pump laser power was set to 40 uW.

In Cu,0, vacancy emission is typically observed at ener-
gies below the 1S exciton transition, i.e., below 2.03 eV [45].
In natural crystals, typically two major signals from excitons
bound to singly or doubly charged O" and O+ vacancies are
observed, while Cu™ defects are more prominent in artificially
grown crystals [22,46]. At energies above the O™ vacancy,
typically phonon-assisted emission lines of 1S para- and ortho
excitons are observed [47]. Moreover, in natural samples also
a broad emission feature is observed in this spectral region,
commonly interpreted in terms of excitons bound to metallic
impurities [48-50].

First, we excite the crystal nonresonantly at 2.33 eV
(532 nm) with a power of 10 uW. After creation of free carriers
by the nonresonant laser excitons may form, which in turn
become trapped at the impurities. Radiative recombination
then results in prominent emission features for each type of
impurity [45]. The resulting PL spectrum is shown in Fig. 9 by
the bold black line. In agreement with the descriptions above,
the PL spectrum contains both singly and doubly charged
oxygen peaks, O and O**, at 1.52 and 1.72 eV, as well
as a broad emission feature around 1.9 eV, that is indicated
with a C. Due to its broad character, we attribute the latter
signal to excitons bound to metallic impurities. Phonon replica
typically give rise to several discrete peaks at energies above
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FIG. 9. Residual PL intensity of defects in sample I under above-
band-gap excitation at 2.033 eV and additional purification laser
excitation at E, with varying powers. Both OF, O+ as well as the
signal in range C decrease with increasing power of the additional
laser. (b) Peak areas from the signals in panel (a) obtained by a fit
(see text) normalized to the value in the absence of additional laser
excitation.

1.95 eV [47]. In Fig. 9, the lowest phonon replica, stemming
from the I';” (TO) phonon, can be observed as a sharp signal
at 1.95 eV, as indicated.

Next, we add a second laser with a photon energy fixed
at Eg, which we refer to as purification laser in order to
distinguish it from the first one. We analyze the change in the
PL spectrum under additional excitation by this laser. As we
detect the emission created by the purification laser itself as
well, it is carefully subtracted from the total signal to obtain
the residual PL signal created solely by the nonresonant laser.
Using this procedure, any sublinear dependence of the total
PL emission [48] on total excitation power will also result
in changes of the residual PL signal. We carefully checked
that the induced changes by the purification laser are stronger
than expected from the sublinear power dependence of the
emission features.

To determine the intensity of each kind of impurity signal,
the oxygen peaks are fitted by Gaussians with amplitudes
a and widths o at energies E, while the emission C is
approximated by an exponential background decaying from
Ey=1.95eV to lower energies, with a total amplitude
ac and a parameter o¢ accounting for the decay strength.

The total fitting function then reads ac - e oE~F0) 4 ¢4, .
_(E*E+ ¥ _(E*E++

e = o+ bl As shown in Fig. 9(b), the

+aiy-e

obtained intensities of these three impurity signals in the
residual PL drop with increasing power of the purification
laser. The signal in range C is reduced by about 80% at 10 uW.

The total intensity of the nonresonantly excited PL signal
is proportional to the amount of singly or doubly charged
oxygen vacancies or metallic defects present in the material
and an additional laser set to an energy close to the band
gap reduces this part of the PL. Hence, this drop of PL in-
tensity is interpreted as a reduction of the amount of charged
impurities caused by the purification laser in agreement with
the observations reported above. Again, the reduction stems
from pump-induced excitons that neutralize or screen a part
of charged impurities in the material.

V. CONCLUSIONS

In this paper, we reported on a laser-induced enhancement
of absorption in the P exciton spectrum of Cu,O. We showed
that a low excitation power of only 700 nW is sufficient to
improve the overall quality of the absorption spectrum in
terms of an increase of oscillator strengths and narrowing
of linewidths. For excitons with principal quantum number
n =11 to 15, this results in a doubling of peak absorption.
Furthermore, F excitons with a high angular momentum L =3
become visible at principal quantum numbers up to n = 9.

This purification of the crystal is observed for additional
laser excitation within a narrow spectral window around the
apparent band gap Eg. It starts to appear as an exponential
increase at energies below the band gap, where the pump
laser excites Rydberg excitons with highest principal quantum
numbers available, either resonantly or via absorption into the
exponential absorption tail, that is formed by the complex
overlap of broadened Rydberg-exciton lines. An effective en-
hancement of the probe laser absorption is observed solely
for pump laser energies that are larger than the probed state’s
energy, i.e., Epump 2 Eprobe. This is in agreement with the ob-
servations under pulsed excitation reported in Ref. [34]. There
the phenomenon is explained by the change of the impurities’
charged state induced by the pump laser. The impurities shift
either to a neutral or a more charged state depending on the
ratio of pump and probe laser energies, which results either
in an increase or decrease of absorption. While the model
presented there focuses on the charged state of impurities, it
could be extended by taking other excitations into account that
become relevant under cw excitation, such as an accumulation
of 1S excitons and a formation of an electron-hole plasma.

The maximal effect of purification is observed at pump
laser energies close to E,. Since charged impurities in Cu,O
are known to reduce the quality of exciton absorption spectra,
the reported observations are interpreted as a neutralization or
screening of charged impurities by the injection of Rydberg
excitons.

Even at pump laser energies above the band gap an en-
hancement is observed, whereby the spectral range strongly
depends on the probed state. Here, a low-energy plasma is
excited that may screen impurities directly or relax into a
complex distribution of high-n Rydberg excitons. The spectral
window of pump laser energies that purifies an exciton line
becomes narrower with increasing n of the probed exciton
state.
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In the high-quality sample I, the purification of the crystal
saturates already at low pump powers below 1 uW. At
these low powers, the small density of Rydberg excitons is
sufficient to neutralize a large fraction of defects. At higher
powers, blockade effects set in, that overlay the purification
again. In this line, we found a much higher power at which
the maximal purification of the crystal is reached in the
low-quality sample II.

According to Ref. [23], the density of impurities defines
the maximum principle quantum number np,x. However, in
both samples we do not observe an increase of the maximum
principal quantum number 7, in presence of the pump laser.
For high-n states, purification becomes almost negligible. We
think that due to the presence of the pump laser also free
charges may be created, either by the neutralization process
itself or by additional absorption channels that counteract the
purification at high-n states.

Our interpretation of a change of the charged impurity
density in the material by additional illumination is supported
by investigations of the impurity PL signals. We observed a
reduction of residual impurity emission when an additional
purification laser close to the energy Eg is added.

The microscopic mechanism behind the capture process of
Rydberg excitons at charged defects is beyond the scope of
the present paper. In a cw-excitation scheme as used here,
the indirect formation of an electron-hole plasma by Auger-
decay of 1S excitons cannot be excluded. Moreover, the direct
excitation of Rydberg-excitons also introduces changes in the
absorption mediated by Rydberg blockade. Both effects might
overlay and counteract the observed purification, which com-
plicates an exact quantitative analysis. However, these effects
can be separated using pulsed excitation and a time-resolved
detection scheme, see Ref. [34].

VI. OUTLOOK

Further investigations may aim on neutralization of impu-
rities under different experimental conditions, e.g., under the

presence of an electron-hole plasma or at higher temperatures,
where impurities are screened or thermally ionized.

We propose to utilize this technique of purification in
general for future experiments in order to cancel out the
detrimental impact of defects on excitons and to create an
as-pure-as-possible environment before starting experiments
on all kinds of physical questions.

The observed narrowing of lines could also improve
even-exciton spectra in Cu,O, as obtained by two-photon
absorption or second-harmonic generation (SHG) techniques,
where the experimentally observed lines are typically rather
broad [51,52]. Also, recently reported optical nonlinearities
[14] as well as intra-exciton transitions [53] may appear
stronger in a purified Cu,O crystal.

The technique of purification can be used to control the
amount of ionized impurities and to improve the quality of
absorption spectra even for artificially grown samples of lower
quality, as we showed in Sec. III B. While we focused on bulk
samples with a thickness of tens of um here, this technique
might also improve the quality of micro- and nanocrystals or
thin films [50,54,55]. Moreover, in a sample of lower quality
we found purification to be most efficient in a spectral range,
where no distinct exciton peaks are observed in the absorption
spectrum (Fig. 8). Hence, a similar improvement might be
obtained also in other systems like 2D materials, where ex-
citonic Rydberg series suffer from broadened lines and where
no well-defined resonances are observable in the proximity
of the band gap [56,57]. Therefore, our finding is of general
importance for semiconductor-based quantum technologies.
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