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High-pressure ultrafast dynamics has been recently developed, enabling the exploration of non-equilibrium properties
of various quantum materials under high pressure. Particularly, by investigating the pressure dependence of time-resolved
ultrafast dynamics, we have discovered a pressure-induced phonon bottleneck effect (PBE). To date, all reported PBEs are
due to fully closed gaps, which was reflected in the simultaneous characteristic changes in both amplitude and lifetime
of the phonon–phonon scattering slow relaxation component. However, as reflected through its connection to Euler disk,
incompletely closed gaps can also induce PBEs. In this work, we report the first PBE due to a finite shrinking gap. As is
known, it is challenging to directly observe high-pressure-induced variations in electronic band gaps due to the diamond
anvil cell. Here, by investigating Sr2IrO4 in our previous work, we obtain an empirical formula for the pressure-induced
energy gap variation at room temperature. Our quantitative analysis shows that the gap is finite shrinking rather than fully
closed.
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Time-resolved ultrafast spectroscopy is crucial for gain-
ing the non-equilibrium state and excited-state information
of quantum materials.[1–7] It leads to the current research
trend ultrafast condensed matter physics.[8,9] Fruitful achieve-
ments include the excited-state physical properties,[10,11]

non-equilibrium electronic states,[12–14] complex interactions
among many degrees of freedom,[4,5,15,16] bosonic collec-
tive excitations,[6,16–19] and laser-induced novel states.[6,20–25]

The excited-state photo-carrier relaxation exhibits a quasi-
diverging lifetime nearby critical order parameters, giv-
ing rise to the well-known phonon bottleneck effect
(PBE), which is widely observed by ultrafast spectroscopy
in superconductors,[12] two-dimensional materials,[6,26] and
strongly correlated materials.[17]

The PBE originates from the microscopic dynamic equi-
librium between the density of non-equilibrium carriers and
high-frequency phonons (HFPs, phonons with an energy large

enough to promote the carrier to above the gap), which in-
dicates the onset of a new collective phase and collapse of
the energy gap.[12,17,26] This quasi-equilibrium can be broken
when the HFPs decay into lower energy elementary excita-
tions or propagate away from the active region.[5,16] Based on
Rothwarf–Taylor model,[27,28] Kabanov model,[29] and their
extended derivation,[16] critical order parameters such as phase
transition temperature and energy gap owing to superconduc-
tivity or charge (spin) density wave can be measured directly
by ultrafast spectroscopy.[4,5,16,30,31]

Conventionally, the reported PBEs are mostly driven by
temperature, and are rarely driven by other external fields. Re-
cently, the combination of high-pressure techniques with time-
resolved ultrafast spectroscopy has been realized,[4,7,31–34]

which leads to the sophisticated on-site in situ investigation
of the non-equilibrium quasiparticle (QP) ultrafast dynamics
under high pressure. Evidence of strong coupling supercon-
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ductivity and superconducting (SC) gap of LaH10±δ under
165 GPa was obtained by our group.[4] We qualitatively ob-
served the pressure-induced PBE of Sr2IrO4 by on-site in situ
high-pressure ultrafast spectroscopy at room temperature,[7]

which corresponds to a gap shrinkage.[10,16]

Intriguingly, according to the transport measurement,[35]

there is a gap evolution with finite magnitude. This indicates
that the gap is not fully closed, which is distinct from the
conventional gap closing of superconductors at their critical
temperatures.[5,16] The experimental investigation of the elec-
tronic structures of materials at high pressure is challenging
due to the space limitation caused by the diamond anvil cell
(DAC).[36–38] The pressure-induced PBE measured by ultra-
fast spectroscopy provides a significant platform for the study
of the electronic structure evolution of quantum materials un-
der high pressure.[7]

In this work, we further quantitatively analyze the
pressure-induced PBE in Sr2IrO4. We explicitly elucidate the
physics picture and find that a finite shrinking gap can also in-
duce the PBE. Pressure-induced variations in both amplitude
and lifetime of the QPs relaxation are quantitatively analyzed,
yielding a concrete finite value of the closing energy gap. Our
finding that a finite shrinking gap can lead to the PBE refreshes
the conventional understanding of critical phenomena in con-
densed matters.

Figure 1(a) shows a typical scanning trace of the relative
differential reflectivity ∆R/R of Sr2IrO4 at 22.0 GPa. Ultrafast
pulses of 800 nm central wavelength, 80 fs pulse duration, and
250 kHz repetition rate were used to excite and probe the ul-
trafast dynamics.[7] This ultrafast relaxation dynamics exhibits
three decay components — the fast, slow, and slowest compo-
nents. We fit this ultrafast dynamics data with the sum of three
exponential decay functions ∆R/R = Afast exp(−t/τfast) +

Aslow exp(−t/τslow) + Aslowest exp(−t/τslowest) with excellent
consistency, where Afast, Aslow, and Aslowest are the amplitudes
of QPs relaxation, and τfast, τslow, and τslowest are the life-
times of QPs relaxations, respectively. The red solid curve
of Fig. 1(a) is the fitting curve. The three individual exponen-
tial components are plotted by blue, orange, and purple solid
curves, respectively. The inset of Fig. 1(a) presents the long-
range scanning data in the time domain with τslowest = 405 ps.
We attribute these three decay components to the electron–
phonon scattering, phonon–phonon scattering, and possible
heat diffusion or spin fluctuation, respectively.[7]

The reported transport measurement of Sr2IrO4 exhibits a
broad “U-shaped” curve in the pressure domain at 50 K.[35,39]

In Fig. 1(b), we extracted the resistance values (R) of Sr2IrO4

at different pressure (P) at 275 K from Ref. [35]. The value
of resistance decreases with increasing pressure from 0 GPa
to 20 GPa until reaching a minimum value, after which it re-
mains unchanged from 20 GPa to 30 GPa. At pressures ex-
ceeding 30 GPa, the resistance undergoes an increase with

increasing pressure. In the inset of Fig. 1(b), we plot the
resistance versus pressure (R–P) curve at 275 K in a loga-
rithmic form, which also exhibits a “U-shaped” curve simi-
lar to that at low temperature.[35,40] Therein, the lateral size
of the Sr2IrO4 sample anchored in the DAC is about tens of
microns.[35] We estimate the resistivity (ρ) using the equation
R = ρl/S, where l denotes the length of the sample, and S
represents the area of the sample ab plane (the ab plane is de-
fined as the plane parallel to the culet of the diamond anvil).
As illustrated in Fig. 1(b), the value of resistance for Sr2IrO4

at 21.6 GPa and 275 K is 6.0 Ω. We assume that the sam-
ple in DAC is a round disk with a radius of 20 µm and the
thickness is about 0.2 mm. Consequently, the resistivity is es-
timated as ρ ≈ RS/l = (6 Ω)× π × (20 µm)2/(0.2 mm) =

3.8×10−5 (Ω·m). This indicates that the bandgap is not com-
pletely closed (i.e., finite gap) at pressure above 20 GPa. There
have been research reports that the insulating state of Sr2IrO4

even keeps up to 185 GPa.[41]
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Fig. 1. (a) Typical scanning trace of ultrafast dynamics of Sr2IrO4 at
22 GPa and room temperature. Inset: Long-range scanning data of ultra-
fast dynamics in the time domain. The red solid curve is the fitting curve,
and the blue, orange, and purple solid curves are three exponential com-
ponents of QPs relaxation. (b) Pressure-dependence resistance values of
Sr2IrO4 at 275 K. Solid curve: guide to the eyes. Inset: the P–R curve in
a logarithmic form. The data in panel (b) is reproduced from Ref. [35].

We re-plot the ultrafast relaxation of photocarriers in
Sr2IrO4 at different pressures in Fig. 2(a) (the data are ex-
tracted from our previous work[7]). Among the three decay
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components of QPs relaxation [Fig. 1(a)], the slow component
reflects the QPs recombination process across the gap, which
is largely dominated by the change of the energy gap.[5,16,30]

The quasi-equilibrium state is established between the QPs
and phonons, resulting in the simultaneous observation of two
prominent changes in amplitude and lifetime determined by
the PBE, as shown in Figs. 2(c) and 2(d). As the pressure in-
creases, the amplitude Aslow decreases gradually and reaches
its minimum value at 20 GPa. Concurrently, the lifetime τslow

increases gradually and displays divergent-like behaviour at
the same pressure. These two simultaneous prominent charac-
teristics are driven by the pressure-induced gap shrinkage near
the critical pressure (Pc), which are analogous to those of the
SC phase transitions observed in temperature-dependent ul-
trafast dynamics experiments.[5,16,28,29] Below Pc, the excited-
state QPs relax to the ground state, releasing the HFPs. Near
Pc, due to the gradually smaller energy gap ∆ , more and more
HFPs prevent the QPs from relaxing back to the ground state,
leading to the greatly enhanced lifetime in the PBE. Aslow is
proportional to the photo-carrier density that is contributed by
the phonon–phonon scattering relaxation channel. Near Pc,

the smaller energy gap sensitively leads to faster single relax-
ation process, resulting in a decrease in the excited-state car-
rier density. Thus, Aslow decreases with increasing pressure
until reaching its minimum value at Pc.

To quantitatively analyze pressure-induced PBE, we as-
sume the energy gap as a function of pressure as

∆ (P) = ∆1 tanh
(

ϑ
√

Pc/P−1
)
+∆c, (1)

where the ∆(P) is the pressure-induced energy gap, Pc is
the critical pressure, ∆c is the gap of the sample at Pc. The
∆1 +∆c = ∆0 is the gap of the sample at the ambient pressure.
∆1, ∆c and Pc are fitting parameters. ϑ is a parameter reflecting
the correlation strength. We write Eq. (1) in a similar way to
the previous empirical trial formula.[42] It turns out to be a very
effective empirical function in our case, which has been suc-
cessfully verified in many other investigations too.[4,15,31,42]

Analogous to temperature-dependence ultrafast dynamics for
superconductors analyzed by the Kabanov model,[5,29] we de-
scribe the pressure-dependence amplitude and lifetime of QPs
relaxation for the slow decay component as follows:

A(P) ∝
1

[∆ (P)+ kBT/2]
[
1+ γ

√
2kBT/π∆ (P)exp(−∆ (P)/kBT )

] , (2)

τ (P) ∝

ln
[
β/∆ (P)2 + exp(−∆ (P)/kBT )

]
∆ (P)2 , (3)

where γ and β are fitting parameters, T = 297 K is the sample
temperature in our experiment. We fit the experimental data in
Figs. 2(c) and 2(d) (red curves) using Eqs. (2) and (3), yielding
that ∆1 = 79 meV, ∆c = 88 meV, Pc = 20 GPa, and the corre-
lation parameter ϑ = 1.78. Thus, the energy gap at ambient
pressure is obtained to be ∆0 = 167±4 meV, which is consis-
tent with the reported values in Refs. [39,43,44]. According to
our data analysis, the energy gap is reduced to 88±2 meV at
20 GPa. To clearly test and illustrate the reliability of the data
analysis results, we performed trial fit with the critical pres-
sure fixed at 19 GPa (blue curves) and 21 GPa (cyan curves),
respectively. The red curves (20 GPa) are the most consistent
with the experimental data [Figs. 2(c) and 2(d)]. The trial re-
sults are not the best fittings. Therefore, the critical pressure is
estimated to be Pc = 20±1 GPa.

From the fitting results, we obtained the energy
gap of Sr2IrO4 as a function of pressure as ∆ (P) =

79tanh
(

1.78
√

20/P−1
)
+ 88 meV, which is plotted in

Fig. 2(b) (red curve). The insulating gap can be esti-
mated by transport measurement using the relation ρ ∝

exp
(
Eg/2kBT

)
,[35] where Eg is the energy gap, kB is the

Boltzmann constant. Thus, we derived the gap value by fit-
ting the temperature-dependent resistance value from 250 K

to 300 K at different pressures, adapted from Ref. [35], which
is plotted in Fig. 2(b) (blue spheres). The gap equation that
we adopted yields pressure-dependent gap values (red curve)
that are consistent with all the derived gap values from re-
sistance measurement (blue spheres) for the whole pressure
range. Thus, the gap formula at room temperature is an ex-
cellent fitting equation for our case. The applicability of this
formula to different temperatures needs to be investigated in
the future.

Usually, the electronic energy bands will approach each
other under high pressure.[36,40] High enough pressure can
induce an insulator-to-metal transition, due to the overlap
of electronic bands.[36,40] That the energy gap of Sr2IrO4

shrinks with increasing pressure has been evidenced by the
resistance measurement[35] and the ultrafast spectroscopy
measurement.[7] Notably, the gap does not continuously de-
crease with increasing pressure. It was reported that there was
no abrupt change of structure in the regime of 0–25 GPa for
Sr2IrO4.[35,39] Above 30 GPa, the resistance value is reported
to increase[35] rapidly, accompanied by a pressure-induced
structural distortion (from the native tetragonal I41/acd phase
to an orthorhombic Pbca phase), which leads to a persistent
insulating state up to megabar pressures.[41]
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Fig. 2. (a) Pressure dependence of the typical ultrafast dynamics of Sr2IrO4. Inset: Schematic diagram of the QPs relaxation physical processes,
corresponding to the slow decay component. (b) Pressure dependence of energy gap. Data (blue spheres) are reproduced from Ref. [35]
by transport measurement. Solid curves: energy gap formula corresponding to the fitting curves in panels (c) and (d). (c) and (d) Pressure
dependences of the amplitude Aslow and lifetime τslow of ultrafast QPs relaxation for slow component. Solid curves: fitting results using Eqs. (2)
and (3). Data in panels (a), (c), and (d) are reproduced from Ref. [7].
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Fig. 3. Schematic diagram of the proposed electronic band structure evolution of Sr2IrO4. (a) At ambient pressure, referring to Ref. [45], (b) at
the pressure of 20 GPa, and (c) above 30 GPa. (d) Calculated momentum-resolved spectral function of Sr2IrO4, reproduced from Ref. [45].

We propose a physical picture of the band evolution of
Sr2IrO4 along with increasing pressure. In Fig. 3(a), we
present the schematic of electronic band structure of Sr2IrO4

at ambient pressure, as investigated in Ref. [45], where the en-
ergy gap is signified at around X and along the X–M line in
the momentum space. This is based on the reported results in
Ref. [45], from which we adapt and replot a figure as Fig. 3(d).
As the pressure increases, the top of the lower Hubbard band
(LHB) and the bottom of the upper Hubbard band (UHB) of
the Jeff = 1/2 Mott state[40] gradually approach each other
[Fig. 3(b)], which causes a shrinkage in the band gap when
approaching 20 GPa. Note that, however, the resistance value
[Fig. 1(b)] and energy gap [Fig. 2(b)] of Sr2IrO4 are nearly

unchanged between 20 GPa and 30 GPa, and begin to increase
above 30 GPa. Above 30 GPa, there might be potential band
distortion near the Fermi surface, associated with the enhance-
ment of the gap value [Fig. 3(c)]. When the effect of the dis-
tortion is larger than the band proximity caused by pressure,
the energy gap may increase with pressure. The bottom of
the UHB and the top of the LHB shift oppositely due to the
band deformation, which enhances the gap [Fig. 3(c)] above
30 GPa.

Finally, in our previous investigation, we found that mi-
croscopic PBE and macroscopic Euler disk are indeed the two
sides of one coin, both being intrinsic for excited-state physics.
The decreasing and quasi-divergent behaviors of PBE in am-
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plitude (i.e., carrier density) and lifetime are similar to those of
a classical Euler disk in energy and frequency.[10] The order-
ing parameter for PBE is temperature or pressure, while that
for the Euler disk is time. Here, it is pedagogical to contem-
plate from the Euler disk whether a finitely closed gap can lead
to PBE. Taking the Euler disk as an analogy, a finite gap corre-
sponds to the state where the coin is right before falling down
completely to the ground. In this case, most of the features of
the Euler disk still remain: the frequency tends to dramatically
enhance and the energy is decreasing. Hence, from the insight-
ful analogy from the Euler disk, PBE due to finite-shrinking
gap is fully possible.

In summary, we quantitatively investigate the pressure-
induced PBE in Sr2IrO4, which is due to a shrinking but finite
gap. All previously reported PBEs induced by temperature
are due to fully closed gaps. We proposed an empirical for-
mula to describe the variation of energy band gap driven by
pressure at room temperature. We obtained the energy gap
of 167± 4 meV at ambient pressure, which was reduced to
88±2 meV at 20 GPa. Our quantitative analysis demonstrates
that a shrinking but finite gap is also capable of inducing the
PBE, which enriches the conventional understanding of criti-
cal phenomena in condensed matters.
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