
Imaging Ultrafast Dynamics of Pressure-Driven Phase Transitions in
Black Phosphorus and Anomalous Coherent Phonon Softening
Simin Wu,¶ Weibin Chu,*,¶ Yang Lu,* and Minbiao Ji*

Cite This: Nano Lett. 2024, 24, 424−432 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Applying high pressure to effectively modulate the
electronic and lattice structures of materials could unravel various physical
properties associated with phase transitions. In this work, high-pressure-
compatible femtosecond pump−probe microscopy was constructed to
study the pressure-dependent ultrafast dynamics in black phosphorus
(BP) thin films. We observed pressure-driven evolution of the electronic
topological transition and three structural phases as the pressure reached
∼22 GPa, which could be clearly differentiated in the transient absorption
images containing spatially resolved ultrafast carrier and coherent phonon
dynamics. Surprisingly, an anomalous coherent acoustic phonon mode
with pressure softening behavior was observed within the range of ∼3−8
GPa, showing distinct laser power and time dependences. Density
functional theory calculations show that this mode, identified as the shear
mode along the armchair orientation, gains significant electron−phonon
coupling strength from out-of-plane compression that leads to decreased phonon frequency. Our results provide insights into the
structure evolution of BP with pressure and hold potential for applications in microelectromechanical devices.
KEYWORDS: Black phosphorus, high pressure, coherent phonon, pump−probe microscopy, ultrafast dynamics, phase transition

As a unique two-dimensional (2D) semiconductor materi-
al, black phosphorus (BP) has attracted growing research

interest in recent years, exhibiting a number of remarkable
physical properties. These include thickness-tunable direct
bandgaps from 0.35 ev (bulk) to 1.7 ev (monolayer),1,2

excitonic transitions of both linear and transient optical
responses,1−3 in-plane optical and mechanical anisotropies
due to puckered orthorhombic layered structure,4,5 and exotic
electronic properties,6,7 which have proven BP as a promising
candidate for future optoelectronic devices. In addition to the
intrinsic pristine properties, BP has also demonstrated
interesting responses to external modulations, such as electric
tuning, mechanical tuning, vertical stacking and Moire ́
patterning.8−12

Pressure is another important parameter that could be
externally applied to change lattice constants and induce phase
transitions for 2D materials,13,14 hence effectively modulating
the interlayer coupling and altering the optical and electronic
properties. For instance, pressure-induced metallization and
superconductivity have been observed in BP, transition metal
dichalcogenide (TMDC) and 2D magnetic materials;15−17

bandgap opening occurs in trilayer graphene under high
pressure,18 and insulator to metal transition in VO2.

19,20

Compared with the traditional mechanical bending/stretching
methods with small in-plane strains of less than 4%, diamond-
anvil cell (DAC) can readily exert high pressures up to
hundreds of GPa and yield compressive out-of-plane strain as

high as 30%,21 making the DAC technique a powerful tool to
study 2D materials under extreme pressure conditions.
Previous studies have revealed a topological semiconductor-
to-metal electronic transition at ∼1.2 GPa on bulk BP crystal
with thickness much larger than 1 μm.22 Raman and XRD
studies have revealed pressure-induced phase transitions from
black phosphorus (orthorhombic BP phase, A17 structure) to
blue phosphorus (rhombohedral BlueP phase, A7 structure)
and further to simple cubic (SC phase) with increasing
pressures.15,23−25 It is also found that the critical pressures of
BP phase transitions are thickness-dependent, with thinner
films requiring higher transition pressures.26 On the one hand,
recent studies of the linear and static optical spectroscopy of
BP under high pressures have shown rich information on phase
transition and band structure evolution.15,22,27 On the other
hand, ultrafast optical spectroscopy of BP under normal
pressure demonstrated properties including altered excitonic
resonance induced by excited photocarriers, layer-dependent
coherent phonon (CP) dynamics,3,28 and dichroic photo-
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elasticity.29 However, the ultrafast transient behaviors of BP
associated with pressure-induced phase transitions remain
elusive.

Femtosecond pump−probe microscopy has been developed
to obtain transient absorption (TA) dynamics with high speed,
high temporal and spatial resolutions.30 Compared with
conventional pump−probe spectroscopy with fixed laser spot,
TA imaging utilizes rapid laser scanning technique with
reduced photodamage and allows high-throughput measure-
ments on small-size heterogeneous specimens. Therefore,
pump−probe microscopy has demonstrated unique applica-
tions in material science,3,29 biomedical imaging31−33 and
archeological research.34 Applying such a technique to study
materials under extreme pressure conditions provides transient
properties of the nonequilibrium excited states at different
phases.

In this work, we built a high-pressure-compatible femto-
second pump−probe microscopy to investigate the ultrafast
dynamics of BP in situ under the pressure range of 0−22 GPa.

BP flakes (∼20 nm thickness) demonstrated transitions from
orthorhombic to rhombohedral phase at ∼10 GPa, and simple
cubic phase at ∼19 GPa, with characteristic transient
photocarrier and CP behaviors for each phase. Spatial
heterogeneities showing the coexistence of different transient
behaviors within single fakes were observed in the intermediate
states. The photoexcited carriers experienced switching signs of
transient absorption signals during phase transitions. More-
over, CP dynamics exhibited phase-dependent responses to
pressure, excitation power, and relaxation time. An anomalous
phonon mode was observed in the semimetal phase with
pressure softening behavior under increased pressures,
demonstrating an exotic frequency response to photocarrier
density. These imply giant electron−phonon coupling (EPC)
for the intermediate semimetal phase as verified by our
calculations.

We first built a high-pressure-compatible femtosecond
pump−probe microscope coupled with a diamond-anvil cell
to measure the ultrafast dynamics of samples in situ

Figure 1. High-pressure compatible femtosecond pump−probe microscopy to study phase transitions of black phosphorus. (a) Schematic
illustration of the pump−probe microscope coupled with diamond anvil cell (DAC). EOM: electro-optical modulator; DM: dichroic mirror; GM:
galvo mirror; HWP: half-wave plate; PD: photo diode; LIA: lock-in amplifier. (b) Transient absorption (TA) images taken at varying delay times
(τ) and pressures, with different phases shown in the diagram. BP: black phosphorus; BlueP: blue phosphorus; SC: simple cubic phase.
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(Supporting Information and Figure 1a). The laser-scanning
microscope system is capable of imaging transient optical
signals with decent temporal resolution (∼200 fs) and spatial
resolution (∼1.3 μm, 10× objective with NA = 0.3) as
characterized in Figure S1. With a fixed 1040 nm pump and an
800 nm probe (tuning range of 700−940 nm in wavelength-
dependence measurements), we detected the TA signal as the
differential absorbance (S = −ΔT/T) of the probe beam
induced by the modulated pump beam and generated images
as the focused laser spot raster scanned across the sample with
a pixel dwell time of ∼2 μs and a frame rate of ∼1 fps (512 ×
512 pixels). To investigate the anisotropic properties of BP, the
parallelly aligned polarizations of both beams were controlled
by a motorized half-wave plate to measure the polarization-
resolved signal S(θ). The polarization response of our
microscope system was optimized and calibrated using
isotropic samples such as graphite flakes in DAC (Figure
S2). By variation of the time delay (τ) between the pump and
probe pulses for each image frame, an image stack S(x, y, τ, θ)
could be generated to provide region-resolved transient
dynamics of the inhomogeneous sample under varying
pressures (Figure 1b). The nanoscale BP flakes were
mechanically exfoliated on polydimethylsiloxane (PDMS)
and then transferred onto the diamond surface of the DAC.
Silicone oil in the DAC was used as an inert pressure

transmitting medium (PTM) and was verified to cause a
minimum effect on BP transient dynamics compared with a
bare sample (Figure S3). The pressure in DAC was
characterized by measuring the photoluminescence emission
spectra of a ruby bead placed in close proximity to the
sample,35,36 as shown in the inset of Figure 1a. The stress on
the sample can be approximated as uniaxial considering the
nanoscale thickness of BP films and the adhesion effect to the
substrate.27

As a BP flake is exerted by increasing pressure, it experiences
three phases with distinct crystal structures (Figure 2a). At
ambient conditions, the layered semiconducting orthorhombic
phase is the thermodynamically stable allotrope of the
phosphorus element. For a measured flake with ∼20 nm
thickness, it undergoes a phase transition to a layered
semimetallic rhombohedral BlueP phase at ∼10 GPa, and
further transforms to a metallic simple-cubic phase at ∼19
GPa. These structural evolutions of BP during phase
transitions could also be reflected in the anisotropy of
pump−probe measurements. Polarization-resolved TA signal
S(θ, τ = 13 ps) demonstrated different angular patterns for the
three phases (Figure 2b), with θ = 0 and 90 corresponding to
the armchair (AC) and zigzag (ZZ) orientations, respectively.
We found the largest anisotropy (γ, defined in Supporting
Information) in the BP phase (γ = 0.94), decreased anisotropy

Figure 2. Characterizing high-pressure phases of BP with polarization-resolved pump−probe imaging. (a) Crystal structures of orthorhombic (BP),
rhombohedral (BlueP), and simple cubic (SC) phases. (b) Polarization dependence of TA intensity (τ = 13 ps) reveals anisotropy differences
among the three phases. (c) TA images of a typical BP flake under varying pressures from 0 GPa to ∼22 GPa. Sc-BP: semiconductor BP; Sm-BP:
semimetal BP. Scale bars: 10 μm.
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in the BlueP phase (γ = 0.67), and almost complete loss of
anisotropy in the sc phase (γ = 0.0026), which agreed with the
trend of structural transitions.

The process of pressure-induced phase transitions on a
single flake could be clearly visualized in the pump−probe
images S(x, y, τ = 1.5 ps, θ = 0) taken in the AC direction and
under various pressures within the range of 0−22 GPa (Figure
2c). We color-coded the positive TA (photoinduced
absorption, PA) signals in magenta and the negative (photo-
induced bleach, PB) signals in cyan. The pump−probe images
readily demonstrated detailed information on evolving TA
signals and their spatial distributions during phase transitions.
First of all, the changing sign of TA signal reflects the
electronic and structural phase evolution during the course of
pressure rise (Figure 2c and Movie S1). The initial positive PA
signal in the BP phase quickly decreased and turned into
negative PB signal at ∼3 GPa, indicating that the out-of-plane
compressive strain reduced the imaginary refractive index
along AC direction, echoing with previous results.29 The
persistent spatially homogeneous TA images indicated that no
structural transition occurred within this pressure range (0−6
GPa). Instead, it could be attributed to the electronic
transition from semiconductor-BP (Sc-BP) to semimetal-BP
(Sm-BP) state.22 As the pressure exceeded 6 GPa, the transient
signal switched to positive PA from the edges of the flake,

which was regarded as the structural transition to the
rhombohedral BlueP phase. The spatially inhomogeneous
images showed the coexistence of BP and BlueP phases with
increasing BlueP areas under higher pressures, and gradually
became uniform at ∼12 GPa, indicating complete trans-
formation of the whole flake. Similarly, at higher pressures, the
BlueP crystal phase started to partially transform from the
edges, where the TA signal switched to negative PB again,
which was attributed to the SC phase. After experiencing
another intermediate mixed state, the crystal thoroughly
transformed into a uniform SC phase at ∼19 GPa. The high
spatial resolution of pump−probe microscopy enables the
observation of region-dependent responses of a single crystal
to external pressure, which may indicate significant internal
strain across the sample during structural phase transitions,
while the electronic transition appears relatively homogeneous
without the abrupt change in lattice structure. Our results
demonstrated an electronic phase transition from semi-
conductor to semimetal at around 3 GPa and two structural
transition pressures at around 10 GPa (Sm-BP to BlueP) and
19 GPa (BlueP to SC) in a BP flake (∼20 nm thick), which
was consistent with XRD study.26 Our measured Raman
spectra from 0 to 22 GPa also provided evidence of three phase
transitions (Figure S4).

Figure 3. Pressure-dependent ultrafast dynamics of BP under different phases. (a) Photoinduced absorption curves in Sc-BP phase under 0−3 GPa.
(b) Photoinduced bleaching curves in Sm-BP phase under 3−8 GPa. (c) Photoinduced absorption curves in BlueP phase under 9−13 GPa. (d)
Photoinduced bleaching curves in SC phase under 16−21 GPa. (e) Pressure induced stiffening of the longitudinal acoustic mode (LAM) phonon
in Sc-BP phase. (f) Pressure induced softening of transverse acoustic mode (TAM) phonon in Sm-BP phase.
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The time-resolved transient dynamics was extracted as S(τ)
by integrating the signals within each region of interest (ROI)
of the sample measured in the AC direction, S(τ) = ∬ x,y∈D
S(x,y,τ,θ = 0)dxdy. Representative transient responses of BP
flake (∼20 nm thick) under different pressures are shown in
Figure 3a−d. As the pressure increases, the overall features of
the transient dynamics associated with phase transitions can be
readily observed. Consistent with the imaging results (Figure
2c), the switching signs of pump−probe signal between
positive PA and negative PB occurred three times throughout
the transition processes from BP to SC phases, implying
pressure-induced changes of electronic band structures. The
PA signal was mainly attributed to the excited-state-absorption
(ESA) of intraband transition of the excited photocarriers,
whereas the PB signal was attributed to the ground-state-
bleaching (GSB) and Pauli blocking of the interband
transition.

Detailed transient behaviors of photocarrier and coherent-
phonon (CP) change remarkably in response to high pressures,
including carrier lifetime, CP frequency, etc. To quantify the
transient dynamics associated with the many-body interaction
processes, we fitted the relaxation curve with a triexponential
decay function superposed to a damped oscillation term

=

+ +

=

i
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jjj y
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zzz

( )( )S t A

B t

( ) exp

exp cos( )

n n
t

t

1,2,3 n

ph

, where An and τn (n =

1,2,3) denote the amplitude and relaxation lifetimes of three
different photocarrier contributions; B, τph, ω and φ
correspond to the amplitude, damping time, oscillation
frequency and phase of the coherent phonon. Photocarriers
usually experience multiple relaxation processes of different
time scales, including the initial formation of quasi-Fermi Dirac
(QFD) distribution within 10−50 fs via electron−electron (e−
e) scattering, followed by thermalization through electron−
phonon (e-ph) scattering at several ps time scale, as well as
phonon−phonon (ph-ph) scattering at tens of ps time scale;
and finally relax to the ground state via interband electron−
hole (e-h) recombination at hundreds of ps time scale.37,38 In
our analysis, we attributed the first component (A1, τ1) to the
electron−phonon scattering after photoexcitation, the second
component (A2, τ2) to phonon−phonon scattering, and the
third component (A3, τ3) to the interband electron−hole
recombination. The carrier relaxation processes under different
pressures are parametrized and summarized in Table 1,
revealing the varying contributions of these transient processes
among different phases.

Coherent phonon contributions extracted from the transient
dynamics exhibited significant pressure- and phase-depend-
ences. While very weak CP signatures were shown in the BlueP
and sc phases, strong CP oscillations could be observed in the

BP phase, both in the low-pressure semiconductor phase (0−3
GPa) and higher-pressure (3−8 GPa) semimetal phase. The
two electronic phases demonstrate distinct properties in
response to pressure and laser power density as well as
dynamic temporal evolution. In the Sc-BP phase, longitudinal
acoustic mode phonon (LAM), i.e. layer-breathing mode
dominates the transient optical signal.3,29 Whereas in the Sm-
BP phase, coherent transverse acoustic mode (TAM) phonon,
i.e., shear mode, takes over, whose unique behavior will be
carefully analyzed in the next section. The measured pressure-
dependent phonon frequencies of the Sc- and Sm-BP are
shown in Figure 3ef, respectively. The phonon frequency of
LBM shows a linear dependence on pressure, with higher
pressure inducing blue-shifted frequency. The pressure hard-
ening of the out-of-plane vibration could be analyzed as

p
∼

0.9 cm−1/GPa, which could be used to further calculate the
Grüneisen parameter = 4.74B

p0
0

0
, where B0 = 36 GPa

represents bulk modulus. As studied in our previous works, the
layer-number (N)-dependent frequency of longitudinal
acoustic phonon could be explained by the linear (1D) chain

model,3,29,39,40 with = ( )1 cosN c N2
B
2 2 . To qualita-

tively understand the phonon hardening effect, it can be seen
that longitudinal compressive strain reduces the lattice
constant and increases the force constant βB.14,41 In addition,
both the phonon oscillation amplitude (B) and damping time
(τph) were found to decrease with increasing pressure until the
occurrence of the transition to Sm-BP phase (Figure S5).

As BP transforms to the semimetal phase under higher
pressure (3−8 GPa), another dominating acoustic phonon
mode was discovered that showed anomalous properties
compared with the LAM in the Sc-BP. First of all, the phonon
frequency of Sm-BP showed weak dependence on sample
thickness, in contrast to the strong thickness-dependent LAM
in Sc-BP, as shown in the results of a flake with two regions of
different thicknesses (∼20 and ∼15 nm in Figure 4a), as well
as in another ∼9 nm thick sample (Figure S6). Regardless of
the thickness, the CP frequency of the semimetal phase was
measured to be ∼25 cm−1 under ∼4 GPa. Second, a phonon
softening phenomena with increasing pressure was found in
the semimetal phase, opposite to the common phonon
hardening seen in the semiconductor phase (Figure 3e,f). In
addition, time-domain phonon softening was observed (Figure
4b), showing slower phonon oscillations as the photoexcited
carriers relaxed. Such “phonon-chirping” could be character-
ized as ωτ = ω0 − ατ, and used to fit the phonon dynamics to
extract ω0 = 31 cm−1 and α = 1.4 cm−1/ps. Furthermore,
photocarrier-induced hardening was demonstrated by laser
power-dependent measurements. The phonon frequency
showed a linear blue-shift with increasing pump (excitation)
power (Figure 4c,d), while it appeared independent of the
probe (detection) power and wavelength (Figure 4e,f and
Figure S7). Such dependence of phonon frequency on
photocarrier density matches well with the time-domain
results.

We attribute this peculiar phonon mode to the TAM
phonon based on the above results of thickness-, pressure-, and
time-dependences. The phonon frequency could be explained
by the shear mode (C mode) lattice vibration under 1D chain

model, = +( )1 cosN c N2
C
2 2 , showing weak layer

Table 1. Normalized Carrier Relaxation Dynamics of BP
Film in the Four States Fitted by Triexponential Decay
Function

Phase
Signal
type A1 τ1/ps A2 τ2/ps A3 τ3/ps

SC-BP PA 0.32 4.64 0.10 37.84 0.58 598.55
SM-BP PB 0.82 4.94 0.29 17.68 −0.11 443.44
bP PA 0.44 3.12 0.09 39.37 0.47 253.22
sc PB 0.54 1.33 0.10 15.07 0.36 208.97
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dependence as sample gets thicker (N > 15 in this study).40

Phonon softening with increased pressure and decreased
carrier density under the Sm-BP phase indicate connections
between TAM phonons and nonequilibrium carriers.42,43

To further elucidate the appreciable pressure-driven phonon
softening, we implement density functional theory to calculate
the geometry of BP, the corresponding electronic band
structure and phonon spectra under different compressive
strains (supplementary Note and Figure S8). To better
characterize the shear mode, all calculations are performed
with the conventional cell of orthorhombic BP (Figure 5a). We
optimized the geometry with different uniaxial compressive
strains (CS, εzz). Our calculations have shown a notable
contraction of the interlayer distance as the CS increases.
When the CS reaches 12.5%, the interlayer distance in BP
decreases from 3.05A to 2.45A. To further expose the
underlying mechanism, we employed density functional
perturbation theory (DFPT) in linear response to calculate
the evolution of phonon dispersion relations with excess CS.
As shown in Figure 5b, the orthorhombic phase maintains
stable under 0−11.25% CS. The phonon frequency of a
specific TAM mode along Γ-Z gradually decreases with
increasing CS and comes to a complete imaginary frequency
at 12.5% CS. Analysis of the phonon eigenvector indicates that
the softening mode corresponds to shearing along the armchair

orientation (Figure 5c). In contrast, the shear mode along the
zigzag orientation shows little variation with a varying CS.

We performed EPC calculations to gain further insights into
how CS affects the shear mode evolution. As shown in Figure
5b, the EPC of shear mode along the armchair orientation
mode is negligible at 0% CS and receives overall enhancement
with increasing CS, which explains the absence of TAM mode
at the low-pressure region. Particularly noteworthy is the
significant enhancement of the EPC for the TAM mode at a
specific q-point along Γ-Z, coinciding with a substantial
decrease in the phonon frequency. The coherent electron−
phonon coupling enhancement and phonon softening can
explain the observed phonon softening in Figure 3f.
Interestingly, when the CS reaches 12.5%, the TAM mode at
the same q-point becomes imaginary, while the frequency at
the Γ-point remains real. Both observations indicate that a
supercell lattice reconstruction will occur under the CS.

The strength of CP oscillation is primarily determined by
the coupling between the dielectric constant and lattice
motions. Both LAM and TAM CPs are potentially excited
simultaneously, exerting a dominant influence on modulating
the dielectric constant and TA signal in two distinct electronic
phases, i.e., Sc-BP and Sm-BP phases, which reflect the
competitive coupling between acoustic phonons and non-
equilibrium carriers under varying pressure conditions. Our

Figure 4. TAM coherent phonon properties in the semimetal phase. (a) LAM and TAM phonon dynamics resolved in two different regions,
showing strong thickness-dependence of the LAM and the thickness-independence of the TAM phonons. (b) Time-resolved “phonon-chirping” of
the TAM phonon. (c,d) Stiffening of TAM phonon with increasing pump power (fixed probe fluence of 11.9 μJ/cm2). (e,f) Independence of TAM
phonon frequency on probe power (fixed pump fluence: 47.7 μJ/cm2).
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calculations confirm that increasing pressure either weakens
the EPC strength of LAM or enhances that of TAM, thus
leading to a diminished LAM CP and a softening of TAM CP.
On the other hand, ultrafast laser excitation also significantly
alters the phonon frequency through modified EPC strength.
The hardening of the TAM phonon induced by increasing
pump power implied that e-ph interaction plays a dominant
role. In our case, the photoexcited carriers raise the Fermi level
and hinder the effective relaxation of phonons into e-h pairs,
resulting in a weakened EPC strength. Similar phonon
stiffening has been observed in semimetallic materials (for
instance graphene/graphite) by adjusting the Fermi level
through electric tuning or laser excitation, thus regulating the
strength of EPC.42−44 Note the frequency of LAM phonon in
Sc-BP phase is pump-power independent (Figure S9), which
could be attributed to weak EPC strength.

The pressure induced softening behavior of TAM may
indicate lattice instability that correlates with structural phase
transition since a decrease in phonon frequency signifies a
reduced restoring force of lattice vibration, potentially leading
to symmetry broken. While in the case of a phase transition,
the direction of the restoring force is reversed, and the phonon
frequency turns to a negative number. Nonequilibrium carriers
always play an important role in structural distortion by
altering atomic vibrations, and phonon softening modified by
EPC was observed in other system with similar behaviors, such
as Kohn anomaly in graphite and soft phonon mode in
ferroelectric phase transitions.45,46 Moreover, modulating EPC
strength was also reported as significant in charge density wave
(CDW), ferroelectric and superconducting transitions.47−49

Our results demonstrated pressure and nonequilibrium carrier
density as two important factors in modulating EPC.

Our current pump−probe microscopy apparatus could be
further improved to excite/detect resonant excitonic tran-

sitions in few-layer BP under high pressures. To do so, it would
be better to make the tunable-wavelength laser beam the pump
and the fixed beam the probe. Frequency-doubling may also be
needed to shift the wavelengths to the visible range for larger
bandgap materials such as single-layer BP. Moreover, super-
solution techniques could be applied to improve spatial
resolution of pump−probe type microscopy by implementing
stimulated-emission-depletion (STED)-like techniques.50,51

In summary, we have systematically investigated the ultrafast
carrier and coherent phonon dynamics during phase transitions
of BP films within ∼22 GPa using high-pressure-compatible
femtosecond pump−probe microscopy. The spatially resolved
ultrafast TA images and carrier dynamics directly revealed the
pressure induced modifications of the electronic structure (Sc-
BP to Sm-BP) and lattice structure (BP- BlueP-SC phases).
We found a common hardening of LAM phonons in the
semiconductor phase and an anomalous softening of TAM
phonons in the semimetal phase. Furthermore, we demon-
strated carrier-density and time dependences of TAM
frequency and revealed peculiar electron−phonon coupling,
as verified by DFT calculations. Our results offer valuable
insights for the modulation of band gap, lattice structure, and
EPC strength with pressure.
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