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By integrating pump-probe ultrafast spectroscopy with diamond anvil cell (DAC) technique, we demonstrate
a time-resolved ultrafast dynamics study on non-equilibrium quasiparticle (QP) states in SroIrOs4 under high
pressure. On-site in situ condition is realized, where both the sample and DAC have fixed position during the
experiment. The QP dynamics exhibits a salient pressure-induced phonon bottleneck feature at 20 GPa, which
corresponds to a gap shrinkage in the electronic structure. A structural transition is also observed at 32 GPa.
In addition, the slowest relaxation component reveals possible heat diffusion or pressure-controlled local spin
fluctuation associated with the gap shrinkage. Our work enables precise pressure dependence investigations of
ultrafast dynamics, paving the way for reliable studies of high-pressure excited state physics.

PACS: 78.47.J—, 78.47.jg, 62.50.—p, 71.38.—k

Ultrafast  dynamics investigation of non-
equilibrium excited states of quantum materials
has witnessed great triumph in uncovering the
mysteries behind various interactions,!' " complex
phase transitions,[>”] as well as bosonic collective
excitations.l” 7] However, to date, ultrafast pump-
probe spectroscopy has mainly been applied to inves-
tigate quantum states under ambient pressure, leav-
ing the high pressure dynamics physics largely unex-
plored. High-pressure means has been employed to di-
rectly modify the lattice parameters, thus to tune the
electronic states, leading to the discovery of novel phe-
nomena in superconducting,!'®''l topological,['?!
correlated,[' thermoelectric,!'” and other systems.
However, so far, none of these discoveries are within
the excited state regime. The above-Fermi-surface
physics is barely explored in the realm of high pres-
sure physics. Here we report a successful synthesis of
the two fields together. We realize a reliable ultrafast
pump-probe dynamics investigation under high pres-
sure, by which we discover a pressure-induced phonon
bottleneck effect that is not reported before.

Combining high pressure study with ultrafast dy-
namics investigation is both intriguing and promising
for the advancement of condensed matter physics. For
example, recently the combination between NV center
technique and DAC has attracted great interest in the
community.['°~ 9 Because a pump-probe experiment
needs spatial overlap of the pump and probe beams, it
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is more crucial to maintain the sample position abso-
lutely unchanged in the light path during the tuning
and calibration of the high pressure. So far, although
there have been a few reports on ultrafast dynam-
ics investigations at high pressure,?’~?? there are no
explicit reports or discussions on a truly reliable in
situ pump-probe experiment (i.e., no explicit report
on whether the DACs remained fixed in the light path
during the experiments, especially when tuning and
calibrating the pressure). Here we present a successful
on-site in situ ultrafast spectroscopy study on a cor-
related 5d material iridate SroIrOy4 at high pressure,
which greatly enhances the reliability of exploring the
high-pressure ultrafast dynamics science.

Single-layer iridate SrolrO4 belongs to the
Ruddlesden—Popper family (Sr,,+11r,Os,41, n =1, 2,
and oo) and has been theoretically predicted for pos-
sible realization of novel superconductivity.[>*] More-
over, its strong spin—orbit coupling (SOC) causes its
isotropic SU(2) symmetry to break, which results in
strong interplays among all the charge, spin, orbital,
and lattice degrees of freedom.!*>?*] A number of high-
pressure studies on SraIrOy4 have been reported.[?” 7]
Ultrafast dynamics investigations have also been car-
ried out.[”-2*] However, to our limited knowledge, there
has been no report on high-pressure ultrafast dynam-
ics investigation on SroIrOy4 or any other iridates.

In this work, we successfully design and implement
an on-site in situ ultrafast pump-probe spectroscopy
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under high pressure. We find a high-pressure-induced
phonon bottleneck effect, which is not known before
in condensed matter physics. A pressure-induced gap
shrinkage at 20 GPa is also evidenced. Our slow-
est relaxation data reveal possible heat diffusion or
pressure-tuned local residual spin fluctuation, and
we also observe a structural transition occurring at
32 GPa. Our results contribute to the excited state ul-
trafast dynamics investigation at high pressure, which
advances the synthesis of the two fields.

We design and implement an on-site in situ
collinear microscopic ultrafast pump-probe spec-
troscopy setup, whereby the sample is hosted in
a high-pressure DAC. The schematic experimental
setup is depicted in Fig.1.[%?] We use a regenera-
tive Ti:sapphire amplifier to deliver ultrafast pulses of

800 nm central wavelength, 80fs pulse duration, and
250 kHz repetition rate. The incident ultrashort laser
pulses are split into pump and probe beams. We em-
ploy a collinear scheme, where an objective lens is used
to focus both the pump and probe beams onto the
sample surface with normal incidence. After the sam-
ple, the reflected probe beam traverses through the
same objective lens. To reduce interference, the pump
beam is frequency-doubled by a BBO crystal to yield
400 nm pulses. The 3.1eV photons are absorbed by
the valence electrons in SroIrQOy, leading to interband
transitions, where the excited states are probed by the
concomitant 800 nm probe pulses. The single crystal
is anchored in a DAC with a diameter of 300 microns,
which is compressed gradually to 44.5 GPa with a gas
membrane control system.

Ultrafast pump-probe system
~1kHz

== |H
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Pressure calibration system
, PIO HlO -
| Pump Chopper e el @l
F1 E Spectrometer
P2 H2 ‘MW‘/V‘
BBO ﬂ - ﬂ = 532nm cw
vV BS1 g
F2 é
Detector | White —
E@ N - LED light Z
CcCD Probe <~ CCD &
& Sample —
- J F4 o1 m = O2BS6 7 F?F'lt
. 1iter
\\Fllter\ F\} . [E] r \ \‘ [:0
BS2 BS3 N J‘ . BS4 F5 F6 BS5 )

High purity nitrogen w=sp
Gas membrane pressure | ]
control system

Fig. 1. Schematic experimental setup for the on-site in situ time-resolved ultrafast spectroscopy at high pressure.
The system composes three parts: the ultrafast pump-probe system, the pressure control system, and the pressure
calibration system. Collinear microscopy pump-probe system, gas membrane system, and back surface in situ
calibration system are employed. Right top panel: photograph of the sample. BS: beam splitter; H: half wavelength
plate; P: Polarizer; F: focusing lens; BBO: nonlinear crystal; FM: flip mirror; O: objective lens.

We define “on-site in sity” as that the DAC (with
sample) is not taken out of the light path during the
experiment, including tuning and calibrating pressure.
The advantage is that no sample motion or rotation
is introduced during the experiment; hence the maxi-
mum reliability can be achieved by excluding sample
surface spot-to-spot fluctuation and ensuring spatial
overlap of pump and probe beams. To realize the on-
site in situ experiment, we arrange the DAC in a trans-
mission geometry and employ a gas membrane control
system, where the pressure calibration is carried out

from the back direction of the DACs (Fig. 1).

We detect the reflection of the probe beam by
using a lock-in technique to enhance the signal-to-
noise ratio. Cross polarization geometry is also im-
plemented to further enhance the signal-to-noise ratio.
The diameters (1/e? beam diameter) of the pump and
probe beams are 4.8 um and 6.7 pm, respectively. The
pump and probe fluences are kept at 2.66 mJ/cm? and
0.45mJ/cm?, respectively, which are set to minimize
the thermal effects from laser heating (our 250 kHz
system is helpful in reducing the integrated thermal
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effect, as compared with the 80 MHz systems). In the
upper-right panel of Fig. 1, we show a microscope pho-
tograph of a typical SraIrQy4 single crystal (in dimen-
sions of 20 x 40 um?; for details of sample preparation,
see Text A in the Supplementary Materials) loaded in
a DAC.
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Fig. 2. High-pressure ultrafast dynamics of SroIrOy4. (a)
Relative differential reflectivity AR/R at different pres-
sures. (b) Color map of the pressure-dependent AR/R
shown in (a). White lines: guide to the eyes. (c¢) Normal-
ized AR/R as a function of pressure. In both (b) and (c)
the color contrast regions reveal changes in excited sate
dynamics.

In Fig.2(a) we show our main result of the time-
resolved photo-induced transient differential reflectiv-
ity (AR/R) of SraIrOy4 over a range from 0.0 GPa to
44.5 GPa at room temperature. Upon the pump pulse
excitation, the ground-state carriers in the equilibrium
state are excited nearly instantaneously to the excited
state, resulting in a rapid positive peak of AR/R at

the so-called time zero (¢t = Ops). The value of AR/R
is proportional to the density of photo-induced excited
state free carriers, which varies with the delay time be-
tween the probe and pump pulses. The initial ultrafast
relaxation component (within ~ 1ps) exhibits a rela-
tively short lifetime, which is in line with the known
small gap (in the order of 0.1€V) insulating phase of
SrpIrO, at room temperature.l’’] The ultrafast QP
dynamics varies prominently with increasing pressure,
in both the amplitudes and lifetimes. Note that the
pressure dependence of the reflectivity R exhibits no
features (see Text B and Fig. S1 in the Supplementary
Materials), which excludes possible pressure-induced
changes in reflectivity itself and potential contamina-
tions from the diamonds.

To investigate the effects of pressure through ex-
cited state carrier dynamics, we map out the AR/R
values as functions of time and pressure in Fig.2(b).
Qualitatively, two special color regions show up: one
is the 16.5-19 GPa region (blue region centered at
18 GPa), the other is the 25-35 GPa region (blue re-
gion centered at 31.5GPa). Two white dashed lines
separate the three purple zones, reflecting the changes
in the ultrafast dynamics and making possible pres-
sure effects.

Figure 2(c) is a 3D color map of the normalized
AR/R to highlight the pressure-dependent QP dy-
namics in more details. The initial relaxation right
after the pump excitation is quite similar for all pres-
sure, as they all exhibit nearly identical color after
the time zero in the map. This indicates that the
fast component, which reflects the electron-phonon
interaction, > is nearly immune to compression. The
relatively slow component(s) are more complicated,
showing clear pressure dependence. Two purple color
regions (16.5-19 GPa and 25-35 GPa) mark their dif-
ferent dynamics.

We further quantitatively analyze the data in
Fig.2. Analysis of each scanning trace shows that the
relaxation process can be decomposed into three com-
ponents (see Text C and Fig. S2 in the Supplementary
Materials), namely the fast, slow, and slowest decay-
ing components. The time-resolved pump-probe data
can be fitted by AR/R = Agast exp(-t/Ttast) + Aslow
exp('t/Tslow) + Aslowest exp('t/Tslowest)y where Afast7
Aslow, and Aglowest are the amplitudes, Teast, Tsiow and
Tslowest are the lifetimes. A typical data fitting result is
shown in Fig. S2, where the inset explicitly presents a
long-range scanning trace up to 160 ps, with a slowest
relaxation lifetime of about 240 ps.

The fitting results of the pressure-dependent am-
plitudes and lifetimes are summarized in Fig.3. The
fast decay component (Figs.3(a) and 3(b)) reflects
the electron-phonon scattering.l*’-*?l With increasing
pressure, Ag.; decreases gradually and then more
rapidly at P < 18 GPa, till reaching the minimum
at ~ 20GPa. Passing 20 GPa, A increases and
then decreases, till exhibiting a minimum at 32 GPa
(Fig.3(a)). The Ttast is nearly a constant (0.42 ps) for
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the whole pressure range (Fig. 3(b)), indicating a con-
stant electron-phonon coupling strength for the whole
pressure range.
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Fig.3. Pressure-induced phonon bottleneck effect and
gap shrinkage. Pressure dependence of the (a) amplitude
Afast and (b) lifetime 7g,5¢ of the fast component relax-
ation, where the red bar in (b) marks the unchanged life-
time. (c)—(d) Pressure dependence of the slow component,
where the red bar marks a salient enhancement of lifetime
Tslow at 20 GPa and the red curve exhibits a pronounced
decrease in Agjoy before 20 GPa. (e)—(f) Pressure depen-
dence of the slowest component dynamics. The red and
black curves are guides to the eyes. The white bars in (a),
(c), (e) denote the two pressure-induced physical effects
evidenced in QP dynamics.

The slow decay component (Figs.3(c) and 3(d))
reflects the phonon decay.[’' %] The Agoy is initially
constant, then drops quickly, and eventually reaches
a minimum also at 18-20GPa. For P > 20GPa,
Aglow exhibits a variation tendency similar to that
of Ag.st (Fig.3(c)). Significantly, 750w exhibits a
distinct quasi-divergence behavior at P = 20GPa
(Fig.3(d)). It increases starting from a lower pres-
sure, continuously increases till reaching a maximum
value at ~ 20 GPa, and then decreases abruptly to
a constant value for P > 25GPa. The simultane-
ous observation of both prominent decrease in Agow
and salient enhancement trend in 740, at 18-20 GPa
clearly demonstrates a pressure-induced phonon bot-
tleneck effect,l? %39 which has not been reported
before. Note that an amplitude fitting curve ex-
tension is usually needed in determining the critical
point (see Fig.2(c) of Ref.[36]). Phonon bottleneck
effect has been well established for decades, initially
mainly concerning spin-lattice scatterings with rela-
tively long lifetimes detectable by using microwaves
and oscilloscopes.*”] With the advent of ultrafast
spectroscopy, phonon bottleneck resulting from faster
electron-phonon scatterings can be detected,!*?! espe-
cially has been frequently observed in strongly cor-
related materials.[>%793] The excited state QPs and

phonons are in a microscopic quasi-equilibrium, which
only breaks up when all the high frequency phonons
(which has an energy large enough to promote the
carriers to above the gap) diminish (through either
decaying into lower energy elementary excitations or
propagating away from the active region). When
a gap shrinks with temperature (or, as shown here,
with pressure), more phonons act as “high frequency
phonons”. As a result, the QPs can hardly relax to
the ground state, leading to an elongated lifetime—
a token of phonon bottleneck, if simultaneously with
amplitude decrease.

The phonon bottleneck effect we observe indicates
a gap shrinkage with increasing pressure at 20 GPa,
which to some extent suggests the inauguration of a
quasi-phase-transition.!”>**! The gap shrinks sharply
at 20 GPa, and becomes a small constant at P >
20 GPa. This is very similar to the closing of a su-
perconducting gap,l>”* except that here tempera-
ture is replaced by pressure and no Cooper pairing
gets involved in. The shrinkage of the insulating gap
is understandable, because pressure normally broad-
ens the bandwidth of the electronic structure, thus
increasing the conductivity. It is reported that the re-
sistance experiences a sharp reduction when approach-
ing 18 GPa, reaching a lowest nearly constant value at
around 20 GPa near room temperature.?>] Tt is also
reported that the gap shrinks from 60 meV at ambient
pressure to 30meV at 20 GPa at 50-100 K (the gap
will be even smaller at room temperature).[””]

The slowest decay component (Figs. 3(e) and 3(f))
may be attributed to various possible origins. The life-
time Tyowest vVaries within 30—700 ps, which is roughly
in line with (A) heat diffusion process, which usu-
ally occurs in 100 ps-1ns*”! or (B) spin-lattice scat-
tering, which usually occurs in 20 ps-1ns.l*"?%3 For
a few reasons, we cannot conclude (A) is unambigu-
ously the mechanism: the 30ps lifetime we observe
is not perfectly in concert with such a scenario; we
use a 250 kHz setup, which generates relatively smaller
thermal heating; taking 11.2 GPa as an example, we
observe straight linear relations in Fig. 4, which indi-
cates no fluence saturation; and we do not observe a
constant Ag in the data analysis. Alternatively, sce-
nario (B) cannot be ruled out as the underling mech-
anism. The spin-lattice scattering process occurs at
a timescale of tens to hundreds of ps,[*!?%%9 and
should be distinguished from those relaxations involv-
ing spins but without lattice. The latter occurs at a
much shorter timescale (<10ps) and often relies on
long-range magnetic ordering,[**) which is not true for
our case at room temperature. Scenario (B) requires
the existence of spins in the sample. It has been re-
ported that, for SrolrOy, residual local spin fluctua-
tions still survive at 7' > Ty = 240 K.[""-*!] Thus, with
increasing pressure, the local residual spin fluctuation
remains and is strongly modified by pressure. Conse-
quently, we attribute the slowest component to either
(A) or (B) and leave its verification to future investiga-
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tions. By tuning high pressure, Agowest has a similar
variation trend as those of Af.s; and Agjow, which in-
dicates that at 20 GPa multiple degrees of freedom are
coupled together. We furthermore assign the variation
at 32 GPa to a structural phase transition.[??27*7]
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Fig.4. Normalized fluence dependence of ultrafast dy-
namics at different pressures. The dynamics, especially
the lifetimes, are similar (a), (c), (d), (h) or notably dif-
ferent at some pressure regions (b), (e)—(g).

Finally, we investigate the fluence-dependence of
the ultrafast dynamics under different pressures. The
normalized data are shown in Fig.4. The excited
state QPs exhibit different fluence-dependent ultra-
fast relaxations. While the overall fluence depen-
dences are close to each other (exhibiting similar life-
times, see Figs. 4(a), 4(c), 4(d), and 4(h)), they ap-

pear prominently different (exhibiting different life-
times, see Figs.4(b), 4(e)-4(g)) at nearby 18 GPa and
within the 29.6-40 GPa region. The change in the flu-
ence dependence must have an intrinsic origin, which
is affected by the external pressure. To explicitly il-
lustrate this, we plot the amplitudes and lifetimes of
the three components in Fig. 5, with their fluence de-
pendences, where the data are offset for clarity. We
use color-filled solid symbols to represent the out-of-
linear-relation components, leaving those of regular
linear-relation denoted by vacant symbols. Satura-
tion occurs in two pressure ranges: the 17.6-20.9 GPa
range (red and blue curves) and the 36.5-40.0 GPa
range (brown and purple curves).

For the 17.6-20.9 GPa region, A, Agiow, and
Aglowest all exhibit nonlinear fluence dependences,
manifesting the complex effect of gap shrinkage on
the carrier generation. For the 36.5-40.0 GPa region,
Afast, Aslow, and Agowest again all exhibit nonlin-
ear fluence dependences, manifesting the effect of the
structural phase transition occurring at 32 GPa. For
the lifetimes, Ty.5¢ exhibits nonlinear dependences in
the 17.6-20.9 GPa and 36.5-40.0 GPa regions, which
are caused by the effect of gap shrinkage and structural
phase transition, respectively. The Tgow and Tgowest
are nearly constants, indicating that the phonon-
phonon scattering, as well as spin-scattering, is not af-
fected by the fluence. For high pressure investigations
the sample size is relatively small, making thermal ef-
fect a more crucial challenge for high pressure ultrafast
optical spectroscopy. Observing the linear fluence-
dependence of amplitudes and lifetimes (Fig.5) thus
demonstrates that we have successfully avoided the
thermal effect.
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Fig. 5. Effect of pressure on the laser fluence dependence of the ultrafast dynamics. (a)—(b) Fluence dependence of
the fast component. (c¢)—(d) Fluence dependence of the slow component. (e)—(f) Fluence dependence of the slowest
component. Data are offset for clarity. The solid symbols mark nonlinear dependences, and the vacant symbols

represent linear dependences.

In summary, we have demonstrated a reliable
experimental design combining the ultrafast spec-
troscopy with the high-pressure experiment. We have
successfully realized on-site in situ ultrafast dynam-
ics investigation under high pressure. Significantly,
we find a pressure-induced phonon bottleneck effect

in SroIrOy4, which is new to condensed matter physics.
Moreover, our data reveal the existence of pressure-
induced gap shrinkage at room temperature. We also
observe features consistent with a structural phase
transition at 32 GPa and possible pressure-controlled
local spin-lattice scattering. Our investigation paves
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the way for high pressure ultrafast dynamics science,
enabling the exploration of vast quantum materials
and novel states in a previously untouched realm.
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Text A: Sample preparation

High-purity source materials SrCOs, IrO, and SrCl, 6H,O powders were mixed together
and placed in a platinum crucible, the materials have a molar ratio of 4:1:20. The crucible was
heated until the temperature reached 1478 K and stayed for about 9 hours, then slowly cooled
until it reached room temperature. After standing for 3 hours, the synthetic product was separated
and washed with deionized water to obtain high-purity single crystals. The single crystals have
typical dimensions 0.8>0.8>0.3 mm®. The lattice structure of Sr.IrO, is in the tetragonal phase

(space group is 14;1/acd) at ambient pressure.
Text B: Pressure-dependence of the reflectivity R

When we measure the differential reflectivity AR for each given pressure value, we also
measure R itself. The results are summarized in Fig. S1. It can be seen the pressure dependence
does not exhibit prominent features at 20 GPa and 32 GPa. This indicates that we do not observe
possible contaminations from the diamonds, which otherwise may potentially mix with our signal

AR/R in Fig. 2.



Text C: Data fitting with three exponential decays

We explicitly demonstrate the analysis for our data. Figure S2 shows a typical scanning
trace of the relative differential reflectivity AR/R (at 24.7 GPa). We fit the data with the sum of
three exponential decay functions (red solid curve). The three individual exponential components
are marked by blue, yellow, and purple dashed curves, respectively. The red curve is the sum of
the three components, which overall fits our data very well. The inset shows its long-range
scanning data, which corresponds to a zgjowest OF 240 ps. The time domain data shown in the inset

also clearly demonstrates that the third component is an exponential decay rather than a constant

value.
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Fig. S1: Pressure dependence of the probe beam reflectivity R. The red dots are reflectivity values
R taken at each given pressure, respectively, when measuring the corresponding differential

reflectivity AR. The dashed curve is a guide to the eyes showing no feature at 20 and 32 GPa.
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Fig. S2: Data analysis of AR/R for a typical scanning trace. The red solid curve is the fitting result,
which is a sum of the three exponential decay functions, depicted by the dashed yellow, blue, and
purple curves, respectively. Inset: Temporal zoom-out view showing the long scanning range

ultrafast dynamics.
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