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SPECIAL TOPIC — Structures and properties of materials under high pressure
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In situ ultrafast photocarrier dynamics of multilayer black phosphorus (BP) are investigated under pressure using op-
tical pump-probe spectroscopy. Below 10 GPa, the transient reflectivity exhibits sub-picosecond saturable absorption (SA)
followed by oscillations arising from longitudinal coherent acoustic phonons (CAPs). With increasing pressure, pronounced
anomalies in carrier relaxation and CAP behavior are observed, including a strong enhancement of CAP amplitude around
2.0 GPa, associated with a pressure-induced Lifshitz transition. Above 10 GPa the ultrafast response switches from SA to
absorption enhancement (AE), accompanied by the complete disappearance of CAPs, indicating the transition to a cubic
metallic phase. The pressure-dependent behavior of the CAPs reflects an enhanced interlayer coupling along the cross-
plane direction, while the transition from SA to AE dynamics signifies a fundamental shift in in-plane carrier transport.
Meanwhile, first-principles calculations reveal a pressure-induced reconstruction of the electronic structure and an increase
in the longitudinal acoustic phonon group velocity across Lifshitz transition, supporting the microscopic understanding for
anomalous CAP dynamics based on enhanced deformation-potential coupling and electron temperature of Dirac carriers.
The study provides critical insights into the pressure-tuned topological transitions and the role of Dirac fermions in the
nonequilibrium dynamics of compressed BP.
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1. Introduction

Black phosphorus (BP), a prototypical two-dimensional
(2D) semiconductor, exhibits remarkable in-plane anisotropy
in its electrical transport,['=3] optical response,*°! thermal
properties, -8 and electron-phonon interactions.[®) Under am-
bient pressure, orthorhombic BP (Al17-phase) consists of
puckered honeycomb layers stacked via van der Waals in-
teractions along the c-axis. This unique atomic arrangement
leads to a highly anisotropic electronic structure, where the
energy dispersion is nearly linear along the armchair direc-
tion but parabolic along the zig-zag direction.!'”) The band
gap of BP is primarily governed by the out-of-plane p,-like
orbitals, making it highly sensitive to variations in interlayer
coupling. Two primary mechanical strategies are typically em-
ployed to engineer the band gap of BP by manipulating its
interlayer interactions: (i) thickness reduction via exfoliation
to the monolayer limit (phosphorene), which decouples lay-
ers and expands the band gap from 0.3 eV (bulk) to approxi-
mately 2.0 eV;!'!! and (ii) exerting hydrostatic pressure, which
effectively reduces the band gap by modifying the height of
the puckered layers and strengthening interlayer interactions.
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Upon compression, BP sequentially undergoes phase transi-
tions from the A17-phase to the rhombohedral structure (A7
phase) at 5 GPa, and subsequently to a cubic metallic phase at
10 GPa. 1215l

Beyond structural transitions, the electronic topology
A notable
a change in the

of BP evolves significantly under pressure.
example is the Lifshitz transition,!!%!7]
Fermi surface topology, which is proposed to occur around
1.5 GPa.['8] While Lifshitz transitions play a pivotal role
in the transport properties of strongly correlated systems,
their direct observation under high pressure remains an ex-
perimental challenge.!'”! In BP, anomalies in electrical re-
sistance and infrared absorption have been linked to this
transition.??!l However, these equilibrium measurements
are often susceptible to external factors such as doping and
defects.>?1 Ultrafast photoexcitation offers a powerful alterna-
tive by probing nonequilibrium carrier distributions and relax-
ation pathways dictated by carrier-carrier and carrier-phonon
interactions.!?3* Recently, the evolution of coherent phonons
across structural phases in BP has been explored using ul-
trafast microscopy, revealing anomalous softening of shear
modes within 3-8 GPa.[>>! However, the behavior of longi-
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tudinal coherent acoustic phonons (CAPs) and their specific
response to the electronic Lifshitz transition remains largely
unexplored.

In this work, we utilize high-pressure optical pump-probe
spectroscopy (OPPS) to investigate the reflectivity transients
of BP single crystals up to 11 GPa. We identify the pressure-
induced Lifshitz transition as the central mechanism govern-
ing the evolution of nonequilibrium carrier and lattice dy-
namics, while structural phase transitions at higher pressures
serve primarily as reference points to delineate distinct dy-
namical regimes. By combining ultrafast spectroscopy with
density functional theory (DFT), we demonstrate that pro-
nounced anomalies in photocarrier relaxation and CAP am-
plitudes emerge across the Lifshitz transition. These find-
ings reveal the crucial role of Dirac fermions and enhanced
electron-phonon coupling in shaping the ultrafast response of
compressed BP.

2. Experimental details

BP single crystals synthesized by the high-pressure
Bridgman method were purchased from a commercial sup-
plier (2D Semiconductors). High pressure was generated
using a diamond anvil cell (DAC). The diamond culet and
the hole diameter of the stainless-steel gasket were 500 pm
and 300 pwm, respectively. Silicone oil was employed as the
pressure-transmitting medium, and pressure calibration was
carried out using the ruby fluorescence method by monitor-
ing the R1 luminescence peak. To minimize sample degrada-
tion, the loading of the BP sample, pressure medium, and ruby
sphere was performed inside a glove box equipped with an
optical microscope. The BP single crystal was mechanically
exfoliated into a thin platelet with a smooth and shiny surface.
The typical lateral size of the sample was about 100 x 140 pum,
with a thickness of approximately 5 um along the c-axis. For
optical measurements, the sample was arranged in a flat con-
figuration and placed in direct contact with one diamond sur-
face.
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Fig. 1. (a) Schematic of the OPPS setup and optical micrograph of the
BP sample inside the DAC. (b) and (c) Calculated energy band structures
and diagrams of photocarrier dynamics at (b) 0 GPa and (c) 1.8 GPa.

OPPS experiments were performed using a Ti:sapphire
femtosecond laser (Mira F900, Coherent) with a repetition rate
of 76 MHz and a pulse duration of 150 fs. Both pump and

probe pulses were tuned to the same central wavelength of
800 nm. The cross-polarized pump (s-polarized) and probe
(p-polarized) beams were spatially separated by a polarizing
beam splitter (PBS) cube and subsequently focused onto the
sample inside the DAC by an objective lens, as shown in
Fig. 1(a), with spot sizes of approximately 8 wm and 4 pm, re-
spectively. The reflected probe beam passed through the PBS
again, effectively suppressing scattered light from the orthog-
onally polarized pump beam. The reflected probe signal was
detected using a biased silicon photodetector in conjunction
with an RF lock-in amplifier. The pump beam was modulated
by an acousto-optic modulator at a frequency of 1 MHz. The
fluence ratio between the pump and probe beams was main-
tained at approximately 5:1. The pump fluence incident on the
DAC was about 20 umJ/cm? below 10 GPa and 10 umJ/cm?
above 10 GPa. All measurements were carried out at room
temperature.

3. Results and discussions

We first performed first-principles calculations based on
density functional theory (DFT), employing full geometry op-
timizations across a range of hydrostatic pressures up to 2 GPa.
Detailed electronic structures under pressure are provided in
Fig. S1 in Supplementary Material. At each pressure incre-
ment, both the lattice parameters and internal atomic coordi-
nates were fully relaxed until the residual forces and stress
tensors met the convergence criteria. Our results show that
at ambient pressure, bulk BP exhibits a direct band gap of
0.28 eV (Fig. 1(b)). As the applied pressure increases, this
band gap gradually narrows and eventually closes at approxi-
mately 1.8 GPa (Fig. 1(c)), marking the occurrence of a Lif-
shitz transition. After obtaining the band structures of BP,
we performed OPPS to investigate the ultrafast photocarrier
dynamics associated with interband and intraband transitions
under various pressures. In Figs. 2(a) and 2(b), we present the
differential reflectivity (DR) signals, which are defined as

AR/Ro = (R—Ro)/Ro 6]

as a function of the pump-probe delay within the initial 80 ps
time window under several representative pressures, where R
and Ry denote the reflectivity with and without pump excita-
tion, respectively. For clarity, the DR traces are vertically off-
set, with the baseline of each trace set to zero along the y-axis.
At pressures below 9.6 GPa, the DR signal exhibits an initial
fast negative dip followed by a long-lived periodic oscillation.
During the measurement, the sample orientation was initially
adjusted to achieve the longest oscillation damping time, indi-
cating that the probe beam polarization was indeed parallel to
the zigzag direction.!'”! The photocarrier dynamics observed
at 0.4 GPa are in good agreement with previously reported re-
sults for few-layer BP under ambient conditions.[?®! The initial
negative dip is indicative of nonlinear carrier dynamics arising
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from saturable absorption (SA), where the probe absorption is
reduced due to phase-space filling by photocarriers injected by
the pump pulse.?”) The superimposed oscillatory component
in the DR transients can be attributed to the excitation of longi-
tudinal CAPs. Absorption of the pump pulse launches a CAP
wave packet (or strain pulse) at the sample surface via ther-
moelastic or photoelastic effects, which subsequently propa-
gates into the sample along the c-axis. The propagating CAP
periodically modulates the local dielectric constant, giving rise
to partial reflection of the probe pulse inside the sample. Con-
sequently, constructive and destructive interference between
probe photons reflected from the surface and the interior leads
to the observed oscillatory DR signal.[?®] As the pressure in-
creases within the Al7-phase (below 5 GPa), both the SA-
induced negative dip and the CAP oscillations become more
pronounced. In contrast, when the pressure exceeds 5 GPa,
the DR signal is significantly suppressed as BP undergoes a
structural transition into the A7 phase. Meanwhile, a positive
DR component with a long decay time emerges, suggesting an
enhanced photoconductivity response. Upon further compres-
sion above 9 GPa, BP is driven into the cubic phase, resulting
in a complete reversal of the DR signal to a positive sign and
a total disappearance of CAP-related oscillations. In the cu-
bic phase, the DR transient is characterized by a rapid initial
rise followed by a long decay, which can be well described by
a biexponential fitting function. The absorption enhancement
in the cubic phase is characteristic of photoinduced conductiv-
ity in a metallic system, dominated by intraband (Drude-like)
carrier relaxation rather than phase-space filling. [>!
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Fig. 2. The crystal structures, Brillouin zone, and differential reflectivity
(DR) transients in the time domain measured under (a) the low-pressure
region (below 5 GPa) and (b) the pressure range from 5 GPa to 12 GPa.
For clarity, each DR trace is shifted vertically, whose baseline is denoted
as zero at the y-axis. The insets depict the lattice structure of BP in the
corresponding pressure range.

As shown in Fig. 2, for pressures below 9 GPa, the relax-
ation dynamics can be quantitatively described by a damped
harmonic oscillator model combined with a multiexponential
decay function, a phenomenological approach widely adopted
to describe coherent acoustic phonons and carrier relaxation

processes (30.31]

Ae ! +Are !
= _ xp [ —— xp [ — —
Ry 1eXp T] 26Xp T

+Bexp <t> cos(2m feaprt — @), 2)
TcaP
where B is the CAP amplitude, fcap is the CAP frequency,
Tcap is the lifetime of CAP, and ¢ is the initial phase of
CAP oscillations. A; and A, denote the amplitudes of the
fast and slow decay components, respectively. 7; and 7,
correspond to the time constants of the fast and slow de-
cay, respectively. Correspondingly, the extracted time con-
stants and CAP frequency are summarized in Fig. 3. The
71 and 7p can be attributed to the energy relaxation of hot
carriers through electron—phonon (e—ph) scattering and sub-
sequent interband recombination, respectively.[*?] Notably,
within the Al7-phase, 7; initially increases with pressure,
reaching a maximum around 2 GPa, then decreases. This turn-
ing point coincides with the critical pressure of the Lifshitz
transition, >3] and that of band gap closure from our calcula-
tion. The Lifshitz transition-induced band inversion leads to
a topological semimetallic state with one-dimensional (1D) or
2D Dirac cones.**! We tentatively ascribe the pressure evo-
lution of 7; to variations in the hot phonon bottleneck (HPB)
effect across the Lifshitz transition. As illustrated in Figs. 1(b)
and I(c), above band gap photoexcitation injects electron—
hole pairs with excess kinetic energy, which rapidly thermalize
via electron-electron scattering within tens of femtoseconds,
establishing a hot carrier distribution with an elevated elec-
tron temperature 7. Subsequent energy relaxation to the lat-
tice proceeds through e—ph interactions involving optical and
acoustic phonons.?”! As the bandgap narrows with pressure,
T. is expected to rise, potentially enhancing hot phonon accu-
mulation and strengthening the HPB effect, thereby prolong-
ing ;. However, upon the emergence of Dirac dispersion via
the Lifshitz transition, electron—electron scattering is antici-
pated to intensify significantly due to an enlarged phase space
where both energy and momentum conservation can be simul-
taneously satisfied. This strong carrier-carrier scattering, com-
bined with the small Fermi surface characteristic of Dirac sys-
tems, should further elevate 7,.1>! These factors suggest that
the HPB effect alone cannot fully account for the observed
reduction in 7;. We propose that the higher 7, activates more
frequent high-frequency optical phonon scattering, which sup-
presses the HPB effect and shortens 7;. The pressure depen-
dence of 7, also shows anomalies across the Lifshitz transi-
tion. Below 2 GPa, 1, decreases noticeably with pressure and
becomes indistinguishable between 2 GPa and 5 GPa, consis-
tent with bandgap closure. The abrupt changes in both 7; and
T near 5 GPa are attributed to the structural transition from the
A17 to the A7 phase, while anomalies in the 8-9 GPa range
suggest the coexistence of A7 phase and cubic BP prior to full
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conversion to the cubic structure. This interpretation is con-
sistent with previous synchrotron XRD studies, which have
demonstrated that the structural transition to the cubic phase
in BP is a reconstructive process that typically exhibits a broad
coexistence window.*®! Our results capture this transition as a
progressive shift in the carrier dynamics rather than an instan-
taneous structural jump.
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Fig. 3. Pressure-dependent carrier relaxation dynamics and phonon dis-
persion evolution. (a)—(b) Extracted time constants for carrier dynamics:
(a) the fast decay component 7; and (b) the slow decay component T, as
a function of pressure. The shaded regions delineate different physical
regimes, with the turning point near 2 GPa corresponding to the Lifshitz
transition. (c) CAP parameters: evolution of the extracted CAP frequency
feap (red circles) and lifetime tcap (black squares) with pressure. (d)—(e)
Calculated phonon dispersion of BP at 0 GPa and 1.5 GPa, respectively,
where the color gradient represents the group velocity vy (m/s) of the
phonon branches.
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Fig. 4. Detailed analysis of CAPs. (Top left) 2D contour plot: differen-
tial reflectivity (AR/Ry) transients as a function of delay time and pres-
sure after subtracting the electronic relaxation background. (Bottom left)
Representative fits: experimental data (circles) at 0.44 GPa, along with
corresponding fits (red lines) using the damped harmonic oscillator model
(Eq. (2)). (Right) CAP amplitude analysis: normalized CAP amplitude as
a function of pressure. Shaded background colors distinguish A17 phase,
A7 phase, and phase coexistence regions.

We now turn to the pressure dependence of the CAP os-
cillations. The extracted CAP frequency fcap and decay time
Tcap, plotted as functions of pressure in Fig. 3(c). fcap in-
creases monotonically with pressure, with a slight change in
slope around the structural transition near 5 GPa. It is known
that CAP oscillation is damped with frequency fcap = 2nv, /A

and decay time Tcap = § /v,.*®! Here, vy and n correspond to
the sound group velocity and refractive index, respectively. A
and { denote the wavelength and optical absorption depth of
probe light, respectively. The increased CAP frequency thus
directly reflects the pressure-induced lattice stiffening and cor-
responding rise in sound velocity. To corroborate this interpre-
tation, we performed first-principles calculations to obtain the
phonon dispersions, shown in Figs. 3(d) and 4(e), with group
velocities indicated by a color gradient. Our calculation in-
dicates that the v, of the longitudinal acoustic (LA) mode at
the I" point increases significantly from 4604.5 m/s at 0 GPa
to 5301.9 m/s at 1.5 GPa. The observed blueshift in fcap
is a direct consequence of lattice stiffening and enhanced in-
terlayer coupling under compression. Correspondingly, Tcap
decreases with pressure due to the increased sound velocity,
shortening the propagation time across the optical absorption
depth. It is important to note that neither fcap nor Tcap shows
any discernible anomaly near 2 GPa, confirming that the lat-
tice structure remains intact across the Lifshitz transition.

To further focus on the CAP, the color map of DR tran-
sients in the 15-400 ps time window at different pressures are
shown in Fig. 4, with the electronic relaxation background
subtracted. The CAP amplitude at each pressure is normal-
ized to the negative peak of the electronic response to mit-
igate extrinsic effects from gasket deformation or pressure-
medium absorption. A representative experimental trace un-
der 0.44 GPa is plotted in the lower panel. A clear distinction
emerges between the low-pressure A17 phase (strong CAP
signal below 5 GPa) and the high-pressure A7 phase (weak
signal above 5 GPa), underscoring 5 GPa as the critical pres-
sure for the structural transition. The normalized CAP ampli-
tude as a function of pressure is also shown in Fig. 4 (right
panel). The prominent observation is that the CAP amplitude
exhibits a sudden augmentation around 2 GPa, aside from the
turning point at 4 GPa. We propose that the enhancement
in CAP excitation is closely correlated with a Lifshitz tran-
sition. The CAP excitation in BP is generally considered to
be dominated by the deformation potential mechanism.'°! In
this case, the photo-induced stress ¢ that drives the CAP is
proportional to the deformation potential constant =. Here,
the relation £ = JdE,(k)/dn quantifies the sensitivity of the
electronic energy levels E, (k) to lattice strain 1.13738 Near
the Lifshitz transition, the band-edge states involved in opti-
cal excitation exhibit a rapidly varying density of states (DOS)
and enhanced band curvature sensitivity to strain, which effec-
tively amplifies the deformation potential coupling, leading to
a maximized deformation potential =. In addition, the forma-
tion of Dirac electronic dispersion across the Lifshitz transi-
tion facilitates more efficient electron heating upon ultrafast
photoexcitation, leading to a sudden elevation of electron tem-
perature above 2 GPa as discussed above. Given that the pho-
toinduced stress also scales linearly with electron temperature,
we propose that the synergy between the increased 7; and the
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enhanced = (which strengthens electron-phonon coupling) re-
sults in the highly efficient generation of CAPs observed ex-
perimentally. This correlation underscores the pivotal role of
the Lifshitz transition in modulating the nonequilibrium lattice
dynamics of BP.

4. Conclusion

In summary, we have systematically investigated the
pressure-dependent ultrafast photocarrier and CAP dynamics
in multilayer BP up to 11 GPa. Our study reveals a complex
interplay between structural phase transitions and topological
electronic states:

(i) Spectroscopic Hallmarks of phase transitions: The
transient reflectivity signals exhibit distinct regimes corre-
sponding to BP’s structural evolution. Below 10 GPa, the dy-
namics are dominated by sub-picosecond SA and robust CAP
oscillations. Upon transitioning to the cubic metallic phase
above 10 GPa, a dramatic reversal from SA to AE occurs, ac-
companied by the complete suppression of CAPs, marking the
collapse of the layered anisotropic structure.

(ii) Signatures of the Lifshitz transition: A significant en-
hancement in both CAP frequency and amplitude is observed
around 1.5 GPa. Combining experimental results with DFT
calculations, we demonstrate that the frequency blueshift is
driven by the stiffening of the lattice and the increase in the
LA mode group velocity.

(iii) Deformation potential coupling: Based on deforma-
tion potential theory, the pronounced surge in CAP amplitude
is attributed to the pressure-induced Lifshitz transition. The
emergence of Dirac fermions and the topological reconfigu-
ration of the Fermi surface significantly enhance the sensitiv-
ity of the energy bands to lattice strain, leading to a maxi-
mized deformation potential and intensified electron-phonon
coupling.

Our findings highlight the power of high-pressure ultra-
fast spectroscopy in probing hidden topological transitions that
are often elusive in equilibrium measurements. The discovery
of enhanced CAP-Dirac fermion coupling opens new avenues
for the coherent control of collective excitations in compressed
2D materials.
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