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Disentangling Photodoping, Photoconductivity,
and Photosuperconductivity in the Cuprates
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The normal-state conductivity and superconducting critical temperature of oxygen-deficient
YBa,Cu3;0;_; can be persistently enhanced by illumination. Strongly debated for years, the origin of
those effects—termed persistent photoconductivity and photosuperconductivity (PPS)—has remained an
unsolved critical problem, whose comprehension may provide key insights to harness the origin of high-
temperature superconductivity itself. Here, we make essential steps toward understanding PPS. While the
models proposed so far assume that it is caused by a carrier-density increase (photodoping) observed
concomitantly, our experiments contradict such conventional belief: we demonstrate that it is instead linked
to a photo-induced decrease of the electronic scattering rate. Furthermore, we find that the latter effect and
photodoping are completely disconnected and originate from different microscopic mechanisms, since they
present different wavelength and oxygen-content dependences as well as strikingly different relaxation
dynamics. Besides helping disentangle photodoping, persistent photoconductivity, and PPS, our results
provide new evidence for the intimate relation between critical temperature and scattering rate, a key
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ingredient in modern theories on high-temperature superconductivity.
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The transport properties of underdoped YBa,Cu;O,
(YBCO)(6.3 < x < 6.9) can be altered via illumination
with visible-UV light [1-14]. Following photoexcitation,
and once in the dark, a decrease of the resistivity and an
increase of the superconducting critical temperature 7' are
observed. These effects, termed persistent photoconductiv-
ity (PPC) and photosuperconductivity (PPS), are accompa-
nied by electronic changes (a decrease in the Hall coefficient
and an increase in Hall mobility) [3,8,14], an enhancement of
the superconducting coherence lengths [10], as well as by a
contraction of the ¢ axis parameter [9]. These photoexcited
states relax only at a high temperature (typically above
250K) [4,5,13]. Because PPC and PPS become stronger with
decreasing x and vanish in samples with optimum oxygen
stoichiometry, it is widely accepted that they are linked to the
presence of oxygen vacancies, particularly in the basal CuO
chains [9,15].

PPC and PPS attracted a great deal of attention since their
discovery, in the early times of high-7'~ superconductivity.
Their understanding is crucial for various reasons. First,
explaining PPS may contribute to understanding the crux of
the matter: the origin of high-7 superconductivity itself.
Second, an analogous photoinduced switching of ground
states has been recently observed in other strongly correlated
oxides—for example, manganites [16,17], iridates [18], nic-
kelates [19,20], and LaAlO;/SrTIO; heterostructures [21],
which are also far from being fully understood. Since these
systems share many electronic properties and structural
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features with cuprates, it is likely they also share some of
the unknown mechanisms underlying their photosensitivity.
Despite much work, a clear picture of the microscopic
mechanisms of PPS has not emerged. Because PPC and
PPS are accompanied by an increase in the Hall number
ny = (dpy,/dB|,_,e)~" (with p,, the Hall resistivity, B the
applied field, and e the electron charge), existing models
generally consider they both primarily originate from an
enhancement of the carrier concentration (photodoping)
whose microscopic origin was largely debated (see Ref. [1]
for a review). Kudinov et al. [5] first proposed that
photoexcitation produces electron-hole pairs that, followed
by electron trapping and the promotion of holes to the
conduction band, leads to the photodoping that ultimately
enhances the conductivity and 7. Electrons would be
trapped by charged defects, such as oxygen vacancies or
by CuO chain fragments [6]. In this scenario, the photo-
induced effects relax as 7T increases as electrons are
released from their traps, and recombine. An alternative
scenario was proposed by Osquiguil et al. [7] based on the
idea that photoexcitation promotes the reordering of oxy-
gen vacancies within the CuO chains, lengthening the
average chain fragment, which expectedly produces an
increase of carrier density in CuO, planes [22] and thus the
enhancement of the YBCO superconducting properties.
While hybrid scenarios have also been proposed [23,24],
in all cases, PPS is primarily attributed to photodoping.
Contrarily, it is generally assumed that the concomitant
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changes in the Hall mobility x5 [14] have no causal effect on
the enhancement of superconducting properties. Yet, changes
in up reflect changes in the electron scattering [25,26], which
has strong ties with the superconducting pairing in the
cuprates in various ways. For example, it is well-known that
scattering by impurities [26] or disorder [27,28] depresses T
via pair breaking. Another example is the observation of
quantum criticality—a scaling between 7' and the T-linear
scattering rate [29], which furthermore exhibits the same
anisotropy as the d-wave gap [30,31]—pointing to acommon
origin for anisotropic scattering and pairing [32]. Because
illumination modifies both yp and T -, the question is whether
a causal relationship exists and whether the mechanisms
behind PPS go beyond the photodoping scenario.

The present experiments show that PPS is indeed
strongly correlated with the photoinduced enhancement
of up, but not with the variations of ny. This finding
challenges the idea that PPS is caused by photodoping and
suggests instead that it is related to a change in the
scattering rate. Furthermore, not only are the variations
of the up and ny decorrelated, but they also relax over very
different time and temperature scales, implying that they
originate from different microscopic mechanisms. Our
observations allow for reconciling the main scenarios for
the microscopic mechanisms by assigning separate roles to
each of them. We propose that photodoping can be
explained within the photocarrier excitation or electron
trapping model, which would not play a major role in PPS,
while oxygen ordering explains the photoinduced decrease
of the scattering rate, and would more substantially contri-
bute to PPS.

In our experiments, we compare oxygen-deficient c-axis
YBa,Cu;0, (YBCO) films with optimally doped ones in
which disorder has been induced by ion irradiation. All the
films were grown on (001) SrTiO5. Oxygen-deficient films
(~30 nm thick) were grown by sputtering in a pure oxygen
(3.4 mbar) atmosphere at 7' = 900°C. Samples with a
nominal oxygen content 6.3 < x < 6.9 were prepared
by adjusting the pressure during sample cooldown follow-
ing different lines of the pressure-temperature phase
diagram [33,34]. Two samples were prepared for irradi-
ation, the one (~30 nm thick) by sputtering as described
above and the second (~50 nm thick) by Pulsed Laser
Deposition [(PLD), with 4 = 248 nm, energy ~1J cm™2,
repetition rate 5 Hz] with oxygen pressure 0.36 mbar and
T =700 °C. In the PLD, the oxygen pressure was raised to
800 mbar right after deposition and kept constant during
cooldown to obtain nearly optimally doped films
(Tc ~ 85 K). Each of these samples was diced in four
pieces and subsequently irradiated with Ot (E=110keV)
at different doses 103 < d < 10" ionscm™2. As dis-
cussed elsewhere [35-37], in these conditions the O™
track length across YBCO is ~150 nm. Thus, ions finish
their course in the substrate and are not implanted within
YBCO, where they create point defects (vacancies or
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FIG. 1. Temperature-dependent resistivity for (a) oxygen-
deficient (6.3 < x < 6.9) and (b) ion-irradiated (310" < d <
210" joncm™2) samples. (c) T¢ and (d) p,.(95 K) vs nominal
oxygen content x (red data) and irradiation dose (blue data).
Notice in (a) and (c) that samples with the same nominal x = 6.4
(near the boundary of the superconducting dome) may exhibit
different T, due to small differences in their actual oxygen
content.

interstitials) due to the displacement of atoms from the
structure (mainly oxygen), at a ratio (displacements per
atom in the structure) DPA = d-3.82 x 107! cm™2, as
calculated using SRIM simulations [38,39]. X-ray diffrac-
tion confirms the quality of the films, shows the expected
dependence on x and d [40,41], and demonstrates that the
structural coherence is not affected by oxygen depletion
but diminishes as d increases (see Supplemental Material
[42]). Photolithography was used to define a Hall bar for
longitudinal p,, and Hall p,, resistivity measurements,
carried out by injecting current and sensing voltages with a
nanovoltmeter. These experiments were performed in a
closed-cycle refrigerator equipped with an electromagnet
to apply a magnetic field B, and an optical window for
illumination. Three different light sources were used:
two monochromatic LEDs (green A= 565 nm and
near-UV A = 365 nm), and a Xe arc source coupled to
a filter to shine a deeper UV region of the spectrum
(4 = [260-320] nm). From the transport measurements we
calculate ny and py = (dp,,/dB|y_y)/Prx-

Figure 1 summarizes the native properties of the films.
Figures 1(a) and 1(b), respectively, show p,.(T) of films
with different oxygen content x (red data) and dose d
(blue). For oxygen-deficient samples, p,, decreases and 7'
[defined from the maximum of the derivative of p,(T) as
shown in Fig. S5] decreases as x is decreased from the
optimal x = 6.9, until an insulating state sets for x < 6.3.
That is detailed in Figs. 1(c) and 1(d), where T'-(x) displays
a characteristic [34] plateau for 6.4 < x < 6.6 and a fast
drop for x < 6.4. Supplemental Fig. S5 further supports
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that our samples present the characteristics of high-quality
oxygen-deficient YBCO [44,45]. Irradiated samples show a
distinct behavior, with a rapid 7' decrease as d is increased
until an insulating state is obtained for d=210'*ionscm~2.
Here, superconductivity depression is not due to changes in
the oxygen content, but to irradiation-induced structural
disorder that enhances electronic scattering and pair break-
ing [27]. We stress that no relationship exists between x in
the oxygen-deficient series and d in the irradiated one: data
are displayed in the same graphs for compacity, and to
illustrate that p,, and T+ span over the same range for both
sets of samples, which calls for a comparison of their
response to illumination.

Figure 2 summarizes the illumination experiments,
carried out always with the same protocol: first, we
measured p,(T) and the p,,(B) at T = 95 K in the dark.
Following this, we illuminated the sample (optical power
P ~100. mWcm™2) for 4 h, turned off the light, and
waited for 30 min in the dark to allow for thermalization.
Then p,,(B) at T = 95 K and p,,(T) (temperature ramped
up from 3 K) were subsequently measured. Figure 2(a)
shows the typical behavior of oxygen-deficient films. The
main panel depicts p,,(7T) before and after illumination,
which induces a persistent increase of 7. (PPS) and a
decrease in the normal-state resistivity (PPC). The inset
shows the corresponding Hall resistance measurements.
Linear p,,(B) are measured whose slope corresponds the
Hall coefficient Ry, allowing us to write ny = (Rye)™!
and uy = Ry /p,,. One can see that illumination leads to a
decrease in the Hall coefficient, that is, to an increase in ny.
While the free-electron model does not apply to the
cuprates, it has been shown [14,25,46] that the variation
Any at a fixed temperature corresponds to the carrier-
density change. Therefore, the Hall measurements indicate
that illumination produces a carrier-density increase (pho-
todoping), as expected [1-14].

The photo-induced variations AT,., Any, and Auy (at
T = 95 K) are respectively displayed in Figs. 2(b)-2(d) as
a function of x (red symbols, oxygen-depleted samples) and
of d (blue symbols, irradiated samples), for various wave-
lengths (see legend).

For the oxygen-deficient set, Fig. 2(c) shows that
illumination produces a carrier-density increase Ang (pho-
todoping) that is similar for all x (within the error bars) and
independent of the wavelength. In stark contrast, both AT,
and Apy [Figs. 2(b) and 2(d)] depend on the oxygen
content and on the wavelength: AT, and Auy increase as
the nominal oxygen content x is reduced, and deep UV
light produces larger Auy (and correspondingly larger
AT_.) than green and near-UV light. The inescapable
conclusion is that, while illumination causes a carrier
concentration enhancement for all samples, there is no
clear correlation between its magnitude (similar for all
oxygen contents and wavelengths) and AT,. Instead, a
strong correlation is observed between AT . and Auy: both
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FIG. 2. (a) Temperature-dependent resistivity for an oxygen-
deficient film (x = 6.4), before and after illumination. The inset
shows the corresponding Hall resistance at 7 = 95 K. (b) Photo-
induced changes of AT, (c) Hall number, and (d) mobility Auy
vs nominal oxygen content (lower axis, red) and irradiation dose
(upper x axis, blue), for different wavelengths and sample sets
(see legend). The irradiated set includes sputtering and PLD-
grown films, both types behaving similarly. Occasionally, various
samples were studied for certain x (or d) whose corresponding
data points appear superposed in the graphs, indicating repro-
ducibility. The insets in (c) and (d) show AT, vs Any and AT, vs
Auy. Notice that the latter shows a strong correlation. All the
lines are guides to the eye.

scale and show the same dependence on the oxygen content
and the wavelength. This conclusion is unambiguously
illustrated by AT, vs Any and AT, vs Auy, respectively,
displayed in the insets of Figs. 2(c) and 2(d): while data is
scattered in the former case, a strong correlation is observed
in the latter.

For the set of irradiated samples (blue data), illumination
produces a dose-independent Any [Fig. 2(c)] that, strik-
ingly, is comparable to that of the oxygen-depleted sam-
ples. Thus, photodoping is not an exclusive property of
oxygen-depleted samples. However, the irradiated samples
show no photo-induced increase of uy or T, [Figs. 2(b)
and 2(d)].

The above findings suggest that photodoping, on the one
hand, and photo-induced py enhancement and the asso-
ciated PPS on the other, are different effects arising from
different microscopic mechanisms. This is further evi-
denced in what follows.

Figure 3 shows the typical temperature-dependent relax-
ation of the photo-induced effects for oxygen-depleted
samples. For these experiments, after illumination at
T =95 K, the temperature was ramped (~5 K/min) to
the target 7 and stabilized, and then the longitudinal and
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FIG. 3. Time-dependent Hall number (a) and mobility (b) mea-

sured in the dark at different temperatures (see legend), which
show the relaxation following illumination at 7' = 95 K with
A =565 nmand P = 100 mW cm 2 (for a sample with x = 6.4).
The reference (pristine) levels on the right were measured before
illumination. The double-sided vertical arrows highlight the
remnant enhancement at r = 200 min. The inset in (a) shows
the time-dependent relative variation of the carrier density
An/Any where Ang = 1, — Nprisrine-

Hall resistivity were measured in the dark as a function of
time ¢. Figures 3(a) and 3(b) show ny(#) and py(¢) across
the relaxation, for several temperatures 250 K <
T <295 K. ny(t) and py(t) relax toward the pristine
levels displayed on the right side of the curves (data points
were measured before illumination). Up to 260 K, the
photodoping [Fig. 3(a)] is persistent: ny stays above the
pristine state level and presents no measurable change over
200 min. For higher temperatures, a relaxation is observed,
at a rate that increases with increasing temperature [see also
inset of Fig. 3(a)]. At room temperature. although relax-
ation is not complete over the experimental time, the
carrier-density enhancement has almost vanished after
200 min. py(t) displays a strikingly different behavior
[Fig. 3(b)]. Already at the lowest T = 250 K, uy/(t) decays
almost linearly over time. Once the temperature increases,
the relaxation rate increases much faster than for ny: at
T = 280 K, py nearly reaches the pristine state level within
the experimental window, and at room temperature, the
dynamic is inverted (in agreement with [14,24]) and
completed in only a few minutes. This contrasts with the
much longer relaxation time (> 200 min at room temper-
ature) of the carrier-density enhancement [Fig. 3(a) and its
inset]. The fact that Any and Apuy relax differently clearly
evidences that they originate from different microscopic
mechanisms. Interestingly, the observations discussed so
far allow us to disentangle photodoping and PPS—
generally supposed to be the two sides of the same coin
[I]—and provide crucial clues for understanding their
microscopic origin.

First, our experiments demonstrate that the photoinduced
Ang and Apy are two uncorrelated phenomena. Ang is
similar for all x, illumination wavelengths, and d.
Contrarily, Auy strongly and monotonically depends on
all those parameters: it is larger the lower the x, the most
pronounced with deep-UV light, and nonexisting in the

case of ion-irradiated samples. Notice also that the relative
mobility variation Augy/py(pristine) ~30%-50% is large
(particularly in the low oxygen-content samples that show
the largest PPC and PPS) despite a relatively modest
Angy /ny(pristine) < 5%. Furthermore, and most strik-
ingly, the very different relaxation of Any and Apy
univocally demonstrates that they stem from different
microscopic mechanisms. This is consistent with the earlier
observation that, during illumination, py and ny evolve
differently [14,24]. It is therefore clear that the Ang
and Apy are concomitant but essentially unrelated illumi-
nation effects.

Second, and crucially, our experiments show that the
photo-induced AT is correlated with Apy, but not with
Any. Clear-cut evidence is provided by (i) the oxygen-
deficient samples, for which AT - and Ay are proportional
and show the same dependence on the oxygen content and
the illumination wavelength; and (ii) the ion-irradiated
samples in which, despite Any being similar to that in
oxygen-deficient ones, no Auy and consequently no AT -
are observed.

The above conclusions call for an interpretation in terms
of two different microscopic mechanisms, the one leading
to Any and the other to Apy and AT .

Regarding Aup, it is helpful to recall Anderson’s
theory [25] that explains Hall effects in the cuprates [26]
based on the relaxation rate of the quasiparticlelike excita-
tions (spinons) in the interacting-electron (Luttinger)
liquid. In this framework the Hall angle tanfy =
Pxy/Pxx = puB, reflects (i) spinon-spinon scattering and
(ii) impurity (or defect) scattering [25]. While (i) depends on
the doping level, (ii) does not [25,26]. If we also consider the
fact that photodoping and mobility (Hall angle) variations
are decorrelated, we conclude that the py enhancement
reflects a decrease in the impurity scattering rate.

One needs to explain now at a microscopic level why
illumination reduces the impurity scattering rate. If we
recall the two scenarios debated, namely (i) photoexcitation
plus electron trapping and (ii) photo-induced oxygen
ordering within the CuO chains, we find that the latter
naturally explains the decrease in the impurity scattering if
we consider that oxygen ordering reduces the impurity
potentials introduced by oxygen vacancies. Furthermore,
this also allows understanding of the associated T,
increase, as it is well-known that in d-wave super-
conductors lower impurity scattering implies weaker pair
breaking [28] and thus higher 7. Within this scenario, the
presence of PPS in oxygen-depleted samples and its
absence in ion-irradiated ones can be understood as
follows. In oxygen-depleted YBCO, vacancies (and the
related disorder) are essentially found within the CuO
chains [1]. Here, the barrier for ion displacement and more
specifically for oxygen jump between chain fragments is
relatively low (~1 eV) [2], allowing for optical activation.
However, in irradiated samples, vacancy-interstitial pairs
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are created for all atomic species. Furthermore, these
defects, particularly oxygen ones (44% of the total
according to SRIM simulations [39]), are not solely located
in the CuO chains, but also in the CuO, planes, where the
activation energy for ion displacement is up to 10 times
higher [28] than in the chains, thus precluding reordering
by optical activation. Yet, defects in the CuO, planes play
the dominant role in the large depression of carrier
mobility and T produced upon ion irradiation [27,28].
In conclusion, the absence of mobility enhancement and
PPS in ion-irradiated samples results from the fact that
illumination cannot “heal” the broader disorder that causes
the superconductivity depression in them.

If oxygen ordering can explain the yy and 7'¢ enhance-
ments, it cannot account for the concomitant photodoping
because it is uncorrelated to those effects, as demonstrated
by all our experimental observations. However, photodop-
ing can be understood independently, in terms of photo-
excitation of electrons that are captured either by charged
defects (such as oxygen vacancies) [14,15] or by unoccupied
p levels of the oxygen atoms at the CuO chains [5,6], leaving
excess holes in the CuO, planes. The fact that the observed
carrier-density variation is similar in all samples indicates
that the density of “electron traps” is always large enough so
that, within the chosen illumination time, there is no
saturation. Indeed, this experimental condition has allowed
us to show that photodoping is not the main ingredient
for PPS.

In summary, we have studied oxygen-deficient and ion-
irradiated YBCO films and evidenced that, contrary to
conventional belief, photodoping and PPS have no causal
relationship. We find instead that PPS is observed only in
YBCO films in which illumination produces a significant
carrier mobility enhancement, and particularly that the
size of PPS scales with the photo-induced mobility
enhancement. This unearths an interesting facet of the
link between scattering and pairing in the superconducting
cuprates [32,47,48], i.e., that it is controllable by light.
These results call for examining the effect of visible-UV
light on other phenomena that emerge in the underdoped
region of the cuprate’s phase diagram. For example,
charge density wave order [49-52], whose competition
with superconductivity can be tipped by disorder and
scattering [53-55] as it has been shown in the case of
external perturbations such as large magnetic fields [56] or
strain [57,58]. These effects could be studied using tech-
niques such as resonant inelastic x-ray scattering [59,60]
after illumination. Another worthwhile avenue of research
stemming from the present study is looking into the
possible universality of the microscopic mechanisms
underlying light effects [61], in systems showing similar
quantum critical transport phenomena [16-21].
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