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Light-Induced Superconductivity in a
Stripe-Ordered Cuprate

D. Fausti,"**t1 R. I. Tobey,?t§ N. Dean,™? S. Kaiser,* A. Dienst,> M. C. Hoffmann,* S. Pyon,?

T. Takayama,® H. Takagi,>* A. Cavalleri®?*

One of the most intriguing features of some high-temperature cuprate superconductors is the
interplay between one-dimensional “striped” spin order and charge order, and superconductivity.
We used mid-infrared femtosecond pulses to transform one such stripe-ordered compound,
nonsuperconducting La; ¢75Eug 2Sro.125Cu0y, into a transient three-dimensional superconductor.
The emergence of coherent interlayer transport was evidenced by the prompt appearance of a
Josephson plasma resonance in the c-axis optical properties. An upper limit for the time scale
needed to form the superconducting phase is estimated to be 1 to 2 picoseconds, which is
significantly faster than expected. This places stringent new constraints on our understanding of

stripe order and its relation to superconductivity.

igh-temperature cuprate superconductors
Hare synthesized by chemically doping

the parent compound, an antiferromag-
netic Mott insulator. An example of a parent
compound is La,CuQ,4, which turns into an un-
conventional metal as holes are doped into its
CuO; planes by substitution of La by Ba or Sr.
La,_(Ba/Sr),CuO4 becomes superconducting
for x > 0.05, reaching the highest critical tem-
peratures near x = 0.16. The x = 1/8 compound
deserves special attention, because it hosts one-
dimensional (1D) modulations of charge and
spin (/) and exhibits sharp reduction in critical
temperature 7 (superconducting transition tem-
perature). In the Ba-doped system, these “stripes”
become static, enhanced by the buckled Cu-O
planes in the so-called low-temperature tetrag-
onal (LTT) phase (2, 3). Static stripes, LTT
phases (4), and suppressed superconductivity
are also detected in La; 4gNdg 4Stg 1,CuOy4 (5, 6)
and La; g75Eug5S10.125CuO,4 (LESCOy5) (7).
Figure 1 shows a schematic phase diagram of
La; g xEug»Sr,CuQy, in which 7, is strongly
reduced in the stripe region, for all doping val-
ues below x = 0.2 (8, 9).

The transition between a doped Mott insula-
tor and a superconductor has long been at the
heart of research into cuprate superconductivity.
Virtually all studies have explored this transition
by changing static doping or by adiabatically
tuning an external parameter, such as pressure, to
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demonstrate that superconductivity can be re-
stored if the equilibrium crystallographic struc-
ture is perturbed (10).

We dynamically perturbed the nonsuper-
conducting LESCO, g with mid-infrared (mid-IR)
radiation (//, 12), inducing superconductivity on
the ultrafast time scale. Optical excitation in the
visible or near-IR has been used in the past to
study (/3-18), and sometimes even enhance
(19), superconductivity. However, in all these
cases, superconductivity could be achieved only
after the relaxation of hot incoherent carriers back
to the ground state and was not triggered directly
by the light field.
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Nonsuperconducting LESCO g, held at a base
temperature of 10 K, was excited with 15-um-—
wavelength pulses (80 meV of photon energy),
made resonant with an in-plane, near—600 cm ',
Cu-O stretch. The time-dependent intensity re-
flectivity, R = Lp/I;, (refl, reflected; inc, incident),
was measured in the near-IR (1.5 eV), a photon
energy at which the optical properties are indi-
rectly related to the appearance of superconductivi-
ty (20-22). A prompt reflectivity change, remaining
constant up to the longest time delays probed
(100 ps), was observed (Fig. 2). Photoexcitation
with the electric field polarized orthogonal to the
planes resulted in only a small reflectivity change
during the pump pulse and no long-lived response.

The long-lived photoinduced state of LESCO) s,
can be shown to be superconducting by time-
resolved terahertz spectroscopy. At equilibrium,
superconductivity in cuprates is reflected in the
appearance of a Josephson plasma resonance
(JPR) in the c-axis terahertz optical properties.
This is a general feature of cuprate supercon-
ductors (23-25), well understood by noting that
3D superconductivity in these compounds can be
explained by Josephson coupling between capac-
itively coupled stacks of quasi-2D superconducting
layers (26). This effect is shown in Fig. 3A for
optimally doped La g4Srj 16CuQO,. A plasma edge
in the reflectance appears near 60 cm ' when the
temperature is reduced below T, = 38 K.

Figure 3C reports mid-IR pump, terahertz
reflectance-probe measurements in nonsuper-
conducting LESCO, 5. The equilibrium electric
field reflectance, as in other striped cuprates (27),
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Fig. 1. Schematic phase diagram for La; g.,Eug »Sr,CuQ,. Superconductivity (yellow area) is quenched at
all doping levels (gray area) below 0.2, emerging only at very low temperatures. At 0.125 doping, a static
1D modulation of charges and spins, the stripe state, emerges in the planes. This stripe phase (left inset) is
associated with a LTT distortion, in which the oxygen octahedrals in the crystal are tilted (right inset). The
red dashed curve marks the boundary for superconductivity in compounds of the type La,.,Sr,CuQy, in
which the LTT structural modulation is less pronounced.
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Fig. 2. Time-dependent 800-nm intensity re-
flectivity changes after excitation with IR pulses at
16 pum wavelength and ~1mj)/cm? intensity. Photo-
excitation along the Cu-O planes results in the ap-
pearance of a long-lived meta-stable phase lasting
longer than 100 ps. Excitation with the electric field
polarized orthogonal to the Cu-O plane results in
minimal reflectivity changes.

exhibits a featureless terahertz response reminis-
cent of that of LSCOy ;6 above T (Fig. 3B). Five
picoseconds after excitation, a plasma edge at a
frequency comparable to that of the LSCOy ¢
JPR is observed, indicating the emergence of co-
herent transport in the ¢ axis. This is the most
important observation of our work, evidencing
ultrafast photoinduced superconductivity in
LESCO, .

The measured change in the absolute tera-
hertz field reflectance is less than 1%, which is
suggestive of an incomplete transformation of the
probed volume. This is well explained by noting
that the pump field penetration depth is about
200 nm, whereas the terchertz probe samples a
depth of nearly 10 um. The raw data of Fig. 3C
was processed assuming a total terahertz re-
flectance resulting from a homogeneously trans-
formed surface layer and an unperturbed bulk
beneath. Relying on the knowledge of both am-
plitude and phase of the static and transient field
reflectance, we could isolate the real and imag-
inary part of the time- and frequency-dependent
optical conductivity o;(m,r) + ios(w,7) in the
surface layer. In Fig. 4, we plot the imaginary part
0(o,7), after subtracting a component originat-
ing from higher-frequency oscillators, which are
also perturbed by photoexcitation and give a
negative contribution to the conductivity change
(28). The imaginary time-dependent conductivity
0,(0,7) acquires a 1/o frequency dependence
immediately after excitation. A divergent imag-
inary conductivity at low frequencies is a defin-
ing characteristic of a superconductor. The real
part o) (w) = n/2(nse? /m*)5(0) reflects van-
ishing DC resistivity, and 6,(w) = nse? /m*o is
connected to the diamagnetic response, and to
the Meissner effect as @ — 0 (29) Here n is the
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Fig. 3. (A) Static c-axis electric field reflectance (r = E,etEine)
of LSCOy 16, measured at a 45° angle of incidence above (black
dots) and below (red dots) T, = 38 K. Here field reflectances r =
E,est/Einc are measured, as opposed to intensity reflectivities
in the near-IR, because the time domain detection scheme

for short terahertz transients is sensitive to the electric field.
In the equilibrium low-temperature superconducting state, a Josephson plasma edge is clearly
visible, reflecting the appearance of coherent transport. This edge is fitted with a two-fluid model
(continuous line). Above T, incoherent ohmic transport is reflected in a featureless conductivity. (B)
Static c-axis reflectance of LESCO4/g at 10 K. The optical properties are those of a nonsuperconducting
compound down to the lowest temperatures. (C) Transient c-axis reflectance of LESCO4,g, normalized
to the static reflectance. Measurements are taken at 10 K, after excitation with IR pulses at 16 um
wavelength. The appearance of a plasma edge at 60 cm™ demonstrates that the photoinduced state

is superconducting.

superfluid density, e is the electron charge, and
m* is the electron effective mass (30). The
quantity ooy (® — 0%*,1) (37), defined as the
low-frequency limit of the measured terahertz
transient for various pump-probe time delays,
provides a measure of the formation time of the
superconducting state (Fig. 4B). The prompt ap-
pearance of finite superconducting density, over-
shooting before relaxing into a plateau at a 5-ps
time delay, reflects the transition dynamics be-
tween the striped state and the 3D superconductor.
The temperature dependence of 6,(w,t), for time
delays t=5 ps shows that the signatures of the
transient superconducting state are lost above a base
temperature of 20 K, at least for the 1 mJ/cm?
excitation fluence used here (Fig. 4C).

In Fig. 4D we plot the wavelength-dependent
susceptibility for photoinduced superconduc-
tivity, operationally defined as the inverse of the
fluence Fi, at which the photoinduced optical
properties start saturating (see supporting online
material). The key observation is that the photo-
susceptibility has a pronounced peak at the fre-
quency of the phonon. In comparison, at the
same frequency, the reflectivity and the extinction
coefficient change only marginally. As shown in
Fig. 4D, the photosusceptibility (red dots) fol-
lows the phonon-resonance line shape (dashed
curve), plotted as a “partial” extinction coeffi-
cient Opponon and associated with a single oscil-
lator extracted from a Drude-Lorentz fit of the

VOL 331

broadband reflectivity (28). This observation
suggests that direct coupling to the crystal struc-
ture may be responsible for the ultrafast transition
into the superconducting phase.

The detailed microscopic pathway that leads
to the superconducting state deserves further
discussion. As a working hypothesis, it is helpful
to relate our work to recent studies in striped
cuprates, in which evidence for low-temperature
2D superconductivity was found (32). A plausi-
ble explanation for the decoupling between dif-
ferent striped planes follows directly from the
crystallographic structure of the LTT phase (33),
in which stripes of neighboring planes are oriented
in perpendicular directions, whereas the next-
nearest planes exhibit a shift of a half stripe pe-
riod. This leads to a superconducting order that is
in antiphase between stripes within each plane,
and to canceling of the lowest-order Josephson
coupling between planes (34).

In our experiment, the Josephson effect is
reestablished when mid-IR pulses perturb the
stripe state, which we attribute to a direct dis-
tortion of the LTT structure by the mid-IR ra-
diation. The data of Fig. 4B provides a rise time
for the formation of the superconducting state
tsc < 1 to 2 ps, limited by the temporal resolution
of our measurement. This is a surprisingly short
time scale, and it is difficult to imagine how
mutually incoherent planes could synchronize so
rapidly. At 5 K, only the 100-GHz modes are

SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on January 14, 2011


http://www.sciencemag.org/

0 5 10 15 20
Time Delay (ps)

Norm.

lim ®o,(w,T)

0 5 10 15 20
Time Delay (ps)

20
Frequency (cm™)

25 30 35

D
@ 1/Fg(cm?mJ)

£ 10 e Reflectivity e,
¢ 1
g H
% 5 |, =
= 3
°
,,,,,, Q=2
10 12 14 16

Wavelength (um)

Fig. 4. (A) Time- and frequency-dependent imaginary conductivity ,(®,7) of LESCO45 at 10 K
after excitation with IR pulses at 16 um wavelength. The appearance of a 1/w dispersion dem-
onstrates that the system becomes superconducting on the shortest time scales accessible here. (B)
Time-dependent plot of the normalized function wo,(w — >0,1), proportional to the condensate
density. (C) Transient measurement of the imaginary conductivity c,(w,5 ps), demonstrating that
for the fluence used here (<1 m)/cm?), photoinduced superconductivity can only be induced for
base temperatures T, < 20 K. (D) Photosusceptibility, defined as the inverse of the saturation
fluence plotted as a function of wavelength (red dots) compared to the reflectivity (black dots) of
LESCO,,5 measured in the ab plane. By means of a Drude-Lorentz fitting, the partial extinction
coefficient for the apnonon is extracted (dashed curve) and compared to the photosusceptibility.

thermally populated, and no spontaneous fluctu-
ation could drive a process on time scales shorter
than 10 ps.

This short time scale supports a picture in
which information about the superconducting
state is already present in the system before ex-
citation. Indeed, if the planes were simply an-
ticorrelated at equilibrium, recoupling could occur
on a time scale needed to change the interplane
order parameter phase difference, reestablishing
the Josephson effect. This time scale may be very
fast, commensurate with the Josephson plasmon
period Tjpg ~ 600 fs.

The temperature at which photoinduced su-
perconductivity disappears is near 10 to 20 K,
significantly below 7, = 35 K in LSCOy ;4 and
similar to the Berezinskii-Kosterlitz-Thouless
temperature (7t = 16 K) found from transport
measurements in other striped compounds (3).
One can speculate that the disappearance of 2D
fluctuations for 7 < Tgxr may be a necessary
condition for photoinduced recoupling.

At the earliest time scales, a key question re-
lates to the fate of stripe order once the Josephson
coupling has been established. Time-resolved mea-
surements of the stripe order, possible by extending
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soft x-ray scattering techniques (35) to the time
domain, could clarify whether superconductivity
emerges only in response to stripe melting, or, in
contrast, the two can coexist.

Our measurements have not probed the
dynamics beyond 100-ps time delays, although
no relaxation was found on that time scale. We
can thus deduce that the transient superconduct-
ing phase does not relax back for many nano-
seconds, possibly more. The long lifetime can be
understood by noting that once the 3D super-
conducting state is formed, the new broken sym-
metry leads to rigidity and to the formation of a
kinetic barrier, which stabilizes the superconduct-
ing state.

The present paper has demonstrated that
light can be used to affect phase competition
in the underdoped cuprates, allowing for the
emergence of a transient superconducting state
at temperatures where the striped phase is the
true ground state of the system. Similar photo-
stimulation could be used to explore a broader
region of the underdoped phase diagram, espe-
cially at doping levels and temperatures for which
the electronic structure is already gapped (36)
and signatures of quantum coherence are already

REPORTS

present, but 3D superconductivity is not estab-
lished (37).
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