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We report an intense near-infrared pump, c-axis terahertz probe measurement on an electron-doped cuprate
superconductor Pry ggLLaCeq 1,CuO,4 with T.=22 K. The major effect of the intense pump is to induce a splitting
of Josephson plasma edge below T,, similar to the observation on hole-doped cuprate La; g95BaggosCuOy in
superconducting state. The photoexcitation induced spectral change does not exhibit significant decay up to the
longest measured time delay 210 ps. The result suggests that the intense near-infrared pump drives the system
from a superconducting state with a uniform Josephson coupling to a new metastable superconducting phase

with modulated Josephson coupling strengths below T..

Electron-doped  High-T, superconducting cuprates
(HTSC), as a family of superconducting copper oxides,
are often investigated by comparing with hole-doped
ones'?.  Electron-doped HTSC can be realized only in
specific “214” T’-structure, e.g. Ce-doped Nd,CuO,',
or related rare-earth element-based compounds such as
Pr,_,Ce,CuQOy, Pr;_,LaCe,CuQy, etc. Compared with hole-
doped La;_,Ba,CuO4 with K,;NiF, structure (T-structure),
the out-of-plane oxygen shifts from the apical position to the
fixed position (0, 1/2, 1/4). This shift alters the coordinations
of both Cu and rare earth element (Ln) atoms. Copper
becomes strictly square-planar coordinated with no apical
oxygens. A comparison between T - and T-structures is
shown in Figure 1 (a). Multiple other aspects have already
been verified exhibiting both similarities and differences
between those two structure-typed compounds?.

Time-resolved spectroscopy can give unique insight into
the dynamical properties of the elementary excitations in
quantum materials*. Up to now, ultrafast pump-probe mea-
surements performed on electron-doped HTSC were ded-
icated to disentangle complex degrees of freedom in the
system>'?_ in which the fluence of pump pulses is always
quite small and regarded as week external perturbations for
material systems. In single-color pump-probe experiments
on electron-doped HTSC’™, near-infrared (NIR) pump pulses
with the fluence below 10 uJ/cm? were expected to sup-
press/destroy superconductivity by breaking Cooper pairs into
quasiparticles. Using some effective phenomenological mod-
els such as Rothwarf-Taylor model'!, the subsequent decay
procedure of those quasiparticles may disclose the complex
interplay among electrons, lattice and spin dynamics. In
NIR/terahertz (THz) pump-THz probe measurements in ab-
plane of Prg5Ceg15CuO4-s'0, the depletion and the recov-
ery of the superconducting state after excited by pump pulses
were observed in the pump-induced change of conductivity.

Distinguished from weak pump pulses expected to excite
quasiparticles from occupied state to unoccupied one, in-
tense pump pulses tend to induce a phase transition and drive
a material system a novel phase inaccessible for traditional
physical parameters such as temperature and pressure'>'4,
which provide unique opportunities to manipulate different
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FIG. 1. Sample structure and characterization. (a) A comparison
between T’- and T-structures. The T’-structure is characterized by a
lack of apical oxygen compared with T-structured hole-doped HTSC.
(b) The broadband reflectivity spectra at 25 K and 5 K are acquired by
combining the measurements of FTIR and THz time-domain spec-
trometers. Solid lines indicate the experimental data and dash/dot
lines indicate low-frequency extrapolations (Details can be found in
the main text). (c) Inset: a sharp superconducting transition at T,
= 22 K is determined by temperature dependent magnetic suscepti-
bility measurement. Main panel: the reflected THz electric field of
PLCCO along c-axis at 5 K is characterized by a THz time-domain
spectrometer. (d) Reflected spectra at SK (below T,.) are normal-
ized to spectra at 25 K (above T,). A very sharp JPE develops near
13.5cm™" at 5 K, which is indicated by a dash line.

orders in complex material systems. A surprising finding
is that intense mid-infrared ultrafast excitation can drive a
non-superconducting hole-doped HTSC into a phase with a
Josephson-plasmon-like edge in the c-axis optical spectra,
which was first observed in a stripe-ordered cuprate at 10 K
whose T, is less than 2 K'3, then in underdoped YBa,Cu3Og 5
even above room temperature'®!’. Later on, it was found
that intense NIR pulses can also induce a phase change in
La,_,Ba,CuQ, systems ',

Here we report photoexcited c-axis dynamics in an
electron-doped cuprate PrgggslaCep,CuO4 (PLCCO) with



T.=22 K after the excitation of intense NIR pump at 1.28
um with polarization of E || c-axis. We observe a photoex-
citation induced split of the Josephson plasmon edge (JPE)
in superconducting state. Remarkably, no significant decay
is observed up to the longest measurement time delay 210 ps
after excitation. The observation indicates clearly that the in-
tense pump with energy much higher than the superconduct-
ing pairing energy drives the system from a superconducting
state with a uniform Josephson coupling to a new metastable
superconducting phase with modulated Josephson coupling
strengths. The measurement results may shed new light in
understanding the photoinduced phase transition phenomena
in cuprates and other nonequilibrium experiments.

Single crystals of PLCCO were grown using the travelling-
solvent floating-zone technique. A post annealing pro-
cess was conducted to remove excess oxygen and induce
superconductivity?!. The temperature dependent magnetic
susceptibility was measured by Quantum Design physical
property measurement system, as shown in the inset of Fig.
1 (c).

In order to get the photoexcited charge dynamical prop-
erties, the optical constants in equilibrium state have to be
known prior to the photoexcition measurement. Those optical
constants can be obtained through Kramers-Kronig transfor-
mation of broadband reflectivity. A finely polished ac plane
of the crystal, which has a half-moon shape with the diameter
of 4 mm, was used for optical measurements. The broadband
c-axis optical reflectivity spectra of PLCCO were acquired
by a combination of Fourier transform infrared spectrometers
(FTIR) (Bruker 113v and Vertex 80v, ranging from 15 cm~! to
15000 cm™!) and a time-domain THz spectrometer (ranging
from 10 cm™' to 80 cm™!). A near normal-incidence configu-
ration and in-situ gold overcoating technique were used to get
reflectivity R(w) in FTIR measurements. The equilibrium and
photoexcitation induced change of c-axis reflectivity ranging
from 0.3 THz to 2.4THz were measured by a time-domain
THz spectroscopy system, which is constructed based on an
amplified Ti:sapphire laser system producing 800 nm, 35 fs
pulses at a 1 kHz repetition rate. THz probe beam is gener-
ated from 800 nm pulses on a (110) ZnTe crystal without any
focalization, and the ZnTe is in size of 10mmXx10mmX1mm.
Using a 30° off-axis parabolic mirror whose focal length is
54.45 mm, the spot size of THz probe beam at the sample
position is focused into 0.63 mm, which was determined by
a knife-edge method. THz profile was detected via electro-
optic sampling using a 1-mm-thick ZnTe. The 1.28 yum pump
beam is generated by a optical parametric amplifier and fo-
cused into 1.2 mm at the sample position, which will provide
nearly homogeneous excitation with sufficient pump fluence.
Detailed experimental setup and measurement techniques are
presented elsewhere?*?2,

HTSC are highly anisotropic materials, in which conduct-
ing CuO; layers are usually separated by insulating block lay-
ers, leading to insulator-like dc and optical responses along
c-axis in normal state. Reflectivity at 25 K, i.e. Rysg(w) is
very low and almost flat down to the lowest measurement
frequency 15 cm™! by our FTIR spectrometers, as shown in
Fig. 1 (b). At 5 K below T,, we observed a strong down-
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FIG. 2. Photoexcitation-induced changes at 5K. (a) The relative
change of the reflected THz electric field AE(#,7)/Epea at 5 K
at different decay time 7 after excited by 1.28 um pulses at flu-
ence of 0.5 mJ/cm?. The red line shows the decay of AE(t=
Ops,7)/Epeak. The black lines indicate AE(f,7 = 3ps)/E . and
AE(t,7 = 210ps)/Eeq. (b) Inset: the photoexcitation-induced rel-
ative change AE(t,T)/Epeq in time domain at 7=3 ps and 210 ps.
Main panel: the Fourier transformed spectrum of AE(w, 7). (c) Inset:
fluence dependence of AE(#, )/ E ,cqc. Main panel: the Fourier trans-
formed spectrum. (d) R(w) before and after excitation by 1.5 mJ/cm?
pulses. Inset shows the ratio of the reflectivity change relative to the
static values. The penetration depth mismatch is not considered here.

——0.1mJ/cm

ward curvature in the low frequency range between 40 and
15 cm™!, however the sharp upturn of the JPE was not ob-
served due to the measurement limitation of FTIR. So, a THz
time-domain spectrometer is used to determine the reflectivity
below T,, especially the Josephson plasmon edge. Accord-
ing to the definition R(w)zl;(w)|2:|Ereflected(U-))/Eincident(w)|2s
the relative reflectivity ratio of different temperature
Rsx(w)/Rosk(w)=|Esg(w)/Easg(w)|* can be acquired by mea-
suring the strengths of reflected THz electric field Esg(w)
and Ersx(w) using THz time-domain spectrometer. Rsx(w)
at lower frequencies can be acquired according to the ratios
Rsx(w)/Rysk(w). Fig. 1 (c) displays the reflected THz elec-
tric field E(f) of PLCCO at 5 K in time-domain recorded by
electric-optic sampling. The time zero E(t = Ops) is denoted
as the peak position of E(?), i.e., Epeqr. Figure 1 (d) shows the
normalized reflected spectra below and above T, which af-
fects us to see clear development of the JPE at 5 K. The broad-
band c-axis optical reflectivity spectra are presented in Fig. 1
(b). The Kramers-Kronig transformation requires further ex-
trapolation of R(w) to zero frequency, in addition to the high
frequency extrapolation. At 5 K below T,, the low frequency
below 10 cm™! was extrapolated using 1-R(w)sg o« w*. At 25
K, the low frequency reflectivity Rysg(w) below 15 cm™! was
extrapolated in a constant form as shown in Fig. 1 (b) (red
dots).

The low frequency c-axis optical spectra are dominated by
the infrared active phonons with little contribution from free
carriers. In the normal state, reflectivity below 80 cm™! (or
2.5 THz) is low and almost featureless, indicating an insulat-



ing response. However, when PLCCO goes into supercon-
ducting state, a JPE develops in the c-axis reflectivity spectra
and lies near 13.5cm™! at 5 K, which is caused by the Joseph-
son tunneling effect of condensed superfluid carriers. Mani-
festation of such c-axis plasma edge is taken as an optical evi-
dence for the occurrence of superconductivity. The reflectivity
spectra are similar to those measured on Nd; gsCe sCu0,4%.
In addition, the JPE has been observed in many hole-doped
cuprates as well - some are higher than what is observed here
(e.g. YBa,Cu307_,”*%?), while the JPE in optimally-doped
Bi,Sr,CaCu,05%° is smaller, occurring below the THz region
generated by ZnTe crystal.

Figure 2 (a) illustrates the relative changes of the reflected
THz electric field AE(t, 7)/ E peqx at 5 K at different decay time
7 after excited by 1.28 um pulses at fluence of 0.5 mJ/cm?.
We define time zero of the decay procedure 7=0 ps at the posi-
tion where AE(t = 0 ps, 7)/E peqr starts to change, so the state
before 7=0 ps is defined as static state. The red line shows
the decay of AE(t= Ops,7)/Epear. The black lines indicate
the relative change of THz electric field at 7=3 ps and 210
ps respectively, i.e. AE(t,7 = 3 ps)/E,eq and AE(t, 7 = 210
Ps)/Epeak, Which is also presented in the inset of Fig. 2 (b)
more clearly. Roughly a 0.8% maximum relative change is
seen within 3 ps after excitation and clear oscillations can
be seen in AE(t, )/ E,ear, Which gives a peak slightly below
13.5 cm™! in frequency domain AE(w, 7) after Fourier trans-
formation, as shown in the main panel of Fig. 2 (b). The
signal does not show significant decay up to the longest mea-
sured time delay 210 ps. This pronounced peak in AE(w, T)
suggests that photoexcitation-induced change occurs predom-
inantly near the static JPE position. We also performed NIR
pump THz probe measurements at different pump fluence as
shown in Fig. 2 (c). It can be seen that the pump-induced
change gets more and more significant as increasing pump flu-
ence. Figure 2 (d) shows the reflectivity spectrum calculated
from complex reflection coefficient®® at =3 ps after excited
by 1.5 mJ/cm? pulses. The static reflectivity is also plotted for
comparison. The main changes after excitation are the slight
redshift of static JPE and the lifting of reflectivity above static
JPE position. Reflectivity spectra at 7=3 ps merges into the
static one above 30 cm™! . Those features can be more clearly
observed in the ratio of reflectivity change over the static val-
ues, as shown in the inset of Fig. 2 (d).

It deserves emphasizing that the NIR pump beam has much
shorter penetration depth than the THz probe beam does due
to their huge energy difference. The reflected probe field con-
tains a mixed response of both pumped and unpumped por-
tions of the compound. One has to disentangle those contri-
butions in order to obtain the correct pump-induced change of
optical properties. In literature, the pump-probe penetration
depth mismatch were taken into account by using two differ-
ent but related approaches, namely single layer and multilayer
models'”?°. We found that both approaches yield essentially
the same results with minor quantitative difference in our ear-
lier work on La1_905Ba0,095CuO420.

In Fig. 3, a multilayer model is used for calculating the
photoexcitation induced change of reflectivity R(w), energy
loss function Im(-1/e(w)) and real part of conductivity spectra

o1(w), to eliminate the effects of penetration depths mismatch
between 1.28um pump pulses and THz probe pulses (wave-
length range from 120 pum to 1000 um)®°. We first examine
R(w) at two representative time delays after excitation. At the
maximum photoexcitation induced signal position, i.e. 7=3 ps
(Fig. 3 (a)), two edges can be seen in R(w), which locate just
below and above the static JPE position. They can be identi-
fied more clearly as peaks in Im(-1/&(w)) as presented in Fig.
3 (b). Compared with the static state with only one longitu-
dinal Josephson plasmon mode, the photoexcitation induced
effect is the splitting of the peak in Im(-1/&(w)), which repre-
sents the emergence of two longitudinal Josephson plasmon
modes with modulated Josephson coupling strengths. Pres-
ence of two longitudinal Josephson plasmon modes would re-
sult in the formation of a transverse Josephson plasmon mode,
which can be seen as a peak in o (w) as shown in Fig. 3 (c).
This transverse Josephson plasmon mode can be regarded as
an out-of-phase oscillation of the two individual longitudinal
Josephson plasmon modes®’ and has been observed in many
bilayer cuprate systems?=3!. Nevertheless, it has never been
observed in single layered cuprates in equilibrium state. Sim-
ilar effects can be also observed at 7=210 ps and there are no
distinct difference between these two time delays, which in-
dicates that PLCCO may have been driven into a metastable
state by the pump pulses. We emphasize that the above re-
sults do not depend on the low frequency extrapolation used
in the Kramers-Kronig transformation at 25 K due to the suf-
ficiently low energy scale achieved in our FTIR measurement.
We actually tried a Hagen-Rubens extrapolation for spectrum
at 25 K and found that the calculated pump-induced optical
constants are essentially the same.

Figure 3 (d)-(f) show the fluence dependence of photoexci-
tation induced change at 7=3 ps. When the pump fluence is
quite small, e.g. 0.1 mJ/cm?, only a slight redshift of static
JPE and a lifting of reflectivity above static JPE position can
be observed in R(w). With increasing the pump fluence, the
static JPE are suppressed to lower energy scale and a new
edge above static JPE position with increasingly higher en-
ergy scale can be observed as shown in Fig. 3 (d). Figure
3 (e) shows the corresponding energy loss function. When
the pump fluence are tuned from 0.1 mJ/cm? to 0.5 mJ/cm?,
the separation of the two peaks in Im(-1/e(w)) get more and
more pronounced. Meanwhile, the photoexcitation induced
new longitudinal mode at higher energy gets more pronounced
as increasing the pump fluence. When fluence goes above 1
mJ/cm?2, the edge at lower frequency in reflectance R(w) be-
comes less pronounced, but the edge at higher frequency be-
come more eminent. Then the peak feature in Im(-1/e(w))
corresponding to lower edge becomes almost invisible, which
may result from the measurement limitation of THz pulses
generated by ZnTe crysals. Meanwhile, the peak in o (w)
gets more and more significant as shown in Fig. 3 (f). The
most prominent result of our experiments is the observation
of photo-induced two long-lived longitudinal Josephson plas-
mon modes and a transverse plasmon mode. It suggests the
development of two inequivalent Josephson couplings along
the c-axis.

The experimental result is highly nontrivial for two reasons.



1.0 = —— 0.25 o 20— .
H C,
0.5mJ/cm?2 — Static —— Static () —— Static
08} 3ps 1 020 . 16} .
‘ 3ps 3ps
W —_
06} \ 210ps { =015} —210ps | < 124 —210ps |
x E 5
04l ——1 010} T s
-
o2k ] oosf . a N\ 1
@ Y\ ———
0 10 20 30 40 50 60 70 80 0O 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Wave number (cm™) Wave number (cm™) Wave number (cm™)
1.0 - - —— - — 0.25 . . . . . . . 20 . . . T T T
— 1Smdlem ——1.0mJlom (€ —1.5mJicm?——1.0mJicm? ®  —1.5mJem? — 1.0mdcm’
0.8} 0.5mJ/cm?* —— 0.2mJ/cm? 0.20} 0.5mJlcm?—— 0.2mJ/cm? - 16} 0.5mJ/cm’ ——0.2mJ/cm” -
= 0.1mJ/cm?* —— Static o — 0.1mJ/cm?—— Static o —— 0.1mJ/cm? —— Static
08} < 015 § 12}
E I
04} - I 0.10 = 8f
b
0.2} ] 0.05¢ e 4t
) /S e —
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 &0 0 10 20 30 40 50 60 70 80

Wave number (cm™)

Wave number (cm™)

Wave number (cm™)

FIG. 3. Calculated optical constants from a multilayer model. (a)-(c) show the temporal evolution of calculated R(w), energy loss function
Im(-1/&(w)) and real part of conductivity spectra o;(w) after photo-excitations. No significant change can be found in the decay procedure.
(d)-(f) show the fluence-dependence of photoexcitation induced values. The photoexitation induced change gets more and more significant as

increasing pump fluence.
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FIG. 4. A possible scenario for the presence of inequivalent coupling
strength between different CuO, planes. (a) Electron-doped HTSC is
characterized by a lack of apical oxygens, which are always related
to photoexcitation induced phase transition in hole-doped HTSC. (b)
Inequivalent coupling strengths can not be obtained by the devia-
tion of oxygen at (0, 1/2, 1/4) position from its equilibrium position.
(c) Two different Josephson coupling strengths (shaded in different
colors) can be induced by speculating the displacement of two sub-
tetragonal lattices.

Firstly, the photon energy of NIR pump is much higher than
the superconducting energy gap 2A, it is expected that the
intense pump would break Cooper pairs and destroy super-
conductivity. However, this is not the case. The compound
is still superconducting, nevertheless with modulated Joseph-

son coupling strengths. Secondly, the NIR pump should ex-
cite quasiparticles from occupied state to unoccupied state far
above the Fermi level, so after excitations one would normally
expect to detect the nonequilibrium dynamics of those excited
quasiparticles relaxing towards equilibrium state via differ-
ent quasiparticle-bosonic excitation interactions. This appears
also not the case, or at most a minor effect. The true and dom-
inant effect of intense pump is to drive the system to a new
metastable state that does not exist before excitations.
Josephson coupling with multiple coupling strengths pri-
marily comes from either the crystal structure with various
kinds of Josephson junctions?®=3! or the external magnetic
field induced effect’>*3. Nevertheless, it seems impossible for
the magnetic-field component of pump pulses with 35 fs pulse
duration to induce long-lived Josephson vortices in alternate
insulating layers and to last for more than 210 ps. Since
the system goes to a new state in which the physical prop-
erties do not change appreciably with time delay, we have to
consider subtle structural phase transition induced by the in-
tense pump. In fact, photoinduced structural phase transitions
have been found in different compounds**~*’. For hole-doped
Laj 905Bag 0g9sCuQOy4 superconductor, it is suggested that the in-
tense pump pulse could drive the out-of-plane apical oxygens
to deviate from their equilibrium positions, resulting in a mod-
ulation of Cu-apical oxygen bond lengths between different
CuO; planes, and therefore two different Josephson coupling
strengths?’. For the electron-doped cuprate, the Cu is strictly
square-planar coordinated with no apical oxygen, as shown
in Fig. 4 (a). Even if we assume that the pump can drive
the oxygen at (0, 1/2, 1/4) position to deviate from its equilib-
rium position either downward or upward, it still can not result



in inequivalent coupling strengths between neighbouring two
CuO; planes in T -structure as displayed in Fig. 4 (b). This
is very different from the T-structure of hole-doped cuprates
with the presence of apical oxygens. To obtain a modulation
of different coupling strengths, we have to assume that the
CuO, planes would be affected by the intense pump*®. Like
the T-structure of hole-doped cuprate, the T’-structure also
has a body centered tetragonal structure which can be con-
sidered as two sub-tetragonal lattices shifting relatively with
a wave vector of (1/2,1/2,1/2) in real space. If we assume
that the intense pump can cause two sub-tetragonal lattices
to have a small displacement along c-axis relative to the static
state, then the spacing modulation between neighboring CuO,
planes could develop, as illustrated in Fig. 4 (c). As a result,
two different Josephson coupling strengths could be induced.
This would explain the formation of two longitudinal Joseph-
son plasmons and a transverse mode. At present, this is purely
a speculation. Apparently, further detailed studies on the pho-
toinduced structural change and its decay dynamics by other
time resolved probes below T, are needed to verify this sce-
nario.

The measurement results may shed new light in under-
standing the photoinduced phase transition phenomena in
cuprates and other strongly correlated materials. A lead-
ing interpretation for the photoinduced phase transition phe-
nomena in cuprates and related materials is so-called phonon
pumping'>~'7. Key to those experiments is the resonant pump-
ing of relevant infrared active CuO mode being associated
with either the apical oxygen or oxygen within CuO, plane.
Since the pumping energy at about 1 eV in the present study
is much higher than the highest CuO phonon mode (which is

lower than 0.1 eV), resonant phonon pumping is unambigu-
ously ruled out. Nevertheless, the significant photoinduced
effect revealed in this work indicates that the NIR pumping
can also lead to distortion or displacement of the lattice struc-
ture through nonlinear photonics.

To summarize, we performed NIR pump, c-axis THz probe
measurement on a superconducting single crystal PLCCO
with T,=22 K. The intense pump induces a splitting of Joseph-
son plasma edge below T.. The photoexcitation induced spec-
tral change does not exhibit observable decay up to the longest
measured time delay 210 ps. As increasing the pump flu-
ence, the splitting effect gets more significant. The measure-
ment reveals that intense NIR pump drives the system from
an equilibrium superconducting state with uniform Josephson
coupling strength to a new metastable superconducting phase
with modulated Josephson coupling strengths, rather than de-
stroying superconductivity or exciting quasiparticles to unoc-
cupied states far above the Fermi level. We speculate that the
intense near infrared pump induces certain sort of displace-
ment of the lattice structure.
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