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ABSTRACT: Coherent longitudinal lattice vibrations of black phosphorus provide
unique access to the out-of-plane strain coupled in-plane optical properties. In this
work, polarization-resolved femtosecond transient absorption microscopy is applied to
study the anisotropic coherent phonon responses. Multiorder phonon harmonics were
observed with thickness dependence well explained by the linear chain model, allowing
rapid optical mapping of phonon frequency distributions. More interestingly, exotic
coherent phonon oscillations occourred with a 7-phase jump between the armchair and
zigzag polarizations, which reveals opposite signs of photoelasticity under the
longitudinal strain. Specifically, compressive strain reduces the imaginary refractive
index in the armchair polarization but increases the real refractive index in the zigzag
polarization, as confirmed by the ab initio calculations and thin film model. These
fundamental properties of black phosphorus hold potential for applications in ultrafast

and polarization-sensitive photoacoustic/photoelastic modulators.

lack phosphorus (BP) has attracted growing interest
among the 2D family because of not only its excellent
layer-dependent electronic and optical properties'~® but also
the strong anisotropic behavior due to the puckered honey-
comb structure with armchair (AC) and zigzag (ZZ) features,
including optical,’”"" mechanical"'* and electric proper-
ties."' ' Most extensively studied were the static in-plane strain-
induced anisotropies.”’> On the other hand, out-of-plane
strain coupled in-plane anisotropy also results in peculiar
properties, such as the ne§ative Poisson ratio of BP, as shown
in theoretical calculations.'* Experimental investigations of the
longitudinal strain-induced optical anisotropy in BP are more
challenging yet expected to provide a fundamental under-
standing of the photoelasticity, as well as the modulation of
optical dichroism through coherent dynamic strain pulses.
Lattice vibration (phonon) of BP provides a unique means
to study its elasto-optical properties,>'® because of the strong
electron—phonon and interlayer couplings.'”'® Vibrational
properties of 2D materials have usually been studied with
conventional Raman spectroscopy, especially for the high-
frequency optical phonons as in graphene, molybdenum
disulfide (MoS,), and BP."” Low-frequency optical phonons
and acoustic phonons are more difficult to measure with
conventional Raman scattering”® and could be alternatively
observed by femtosecond pump—probe spectroscopy in the
time domain.”"** In these experiments, impulsive laser
excitation (pump) generates collective motion of lattice
vibrations known as coherent phonons (CPs), which modify
the local dielectric function that further modulates the probe
pulse intensity, via either differential reflection (AR/R) or
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differential transmission (AT/T).*"**** Time-resolved CP
dynamics reveals the embedded information on phonon
frequency, damping time, and oscillation phase. More
importantly, coherent longitudinal acoustic phonons
(CLAPs) generate dynamic out-of-plane strain waves,”
providing a unique opportunity to investigate the longitudinal
strain-induced in-plane optical properties in BP, especially the
polarization sensitivity of the photoelastic responses and its
ultrafast dynamical behaviors that may have potential
application for high-speed modulators.

In this work, we applied femtosecond transient absorption
microscopy to study the thickness- and polarization-dependent
coherent phonon dynamics in BP films with thickness ranging
from a few layers to 400 nm. A common CLAP mode has
dominated the transient optical behavior of BP below 200 nm
thickness, agreeing with the strong electron—phonon coupling
effects and selection rules for transient optical measurements.
Moreover, anisotropic CP oscillations with a z-phase jump
between the AC and ZZ directions were observed in BP films
with a thickness of around 5—30 nm, indicating opposite signs
of longitudinal strain-induced transmission. This revealed
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Figure 1. Characterization of black phosphorus flakes with ultrafast pump—probe microscopy. (a) Illustration of the excitation and detection of
coherent phonons with pump—probe microscopy. (b) Transient absorption image taken at 5.5 ps time delay. (c) Atomic force microscopy image of
the same sample in the dashed square region. (d) Representative transient absorption dynamics in the two thickness regions. (e) Anisotropic TA

signal. Scale bar: b, 10 ym; ¢, 4 ym.

opposite photoelastic properties in the AC and ZZ directions
of BP, as confirmed by our calculations and theoretical model.

The home-built laser-scanning femtosecond pump—probe
microscope (Supporting Information) was used to detect the
transient absorption (TA) signal with spatial resolution of
~350 nm and temporal resolution of ~200 fs.”* The TA signal
(—AT/T) was collected pixel by pixel as the focused laser spot
raster scanned across the sample to generate a stack of images
at varying time delay (7) between pump and probe pulses
(Figure la and Figure S1). The three-dimensional data (x, y, 7)
allows us to extract the transient dynamics of any chosen
spatial region in the sample. Compared with traditional TA
spectroscopy with fixed laser spots, our rapid and high-
throughput method is advantageous in avoiding photodamage
for BP samples. Unless specifically stated, both beams were
polarized in parallel, and their polarizations could be rotated by
a half-wave plate mounted in a motorized rotational stage
(K10CR1, Thorlabs). BP flake samples were prepared by
mechanical exfoliation onto a transparent polydimethylsiloxane
(PDMS, Gel-Pak) substrate for direct TA measurements or
further transferred onto fused silica substrates (roughness <1
nm) for atomic force microscopy (AFM) measurements for
thickness characterizations. IR absorption measurements were
conducted to determine the crystal orientation, which were
found to be consistent with our polarization-dependent TA
results. Throughout the work, we assigned AC and ZZ crystal
orientations to 0 and 90°, respectively.

Parts b and c of Figure 1 show the TA and AFM images of a
typical BP flake, all of which demonstrate roughly two regions
of thicknesses. The AFM image of the dashed square area
reveals these regions with thicknesses of 15 and 9.5 nm (Figure
1c), which demonstrate different transient behaviors, as shown
in Figure 1d and Supporting Movie S1. Akin to the results of
tew-layer BP, each TA curve is composed of the carrier
dynamics with fast (~1.2 ps) and slow relaxations (~230
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ps)*"** and clear CP oscillations with large amplitude (>10%
of total TA signal), indicating strong electron—phonon
coupling. In contrast to few-layer BP, these thin films do not
exhibit excitonic resonances and hence we would rather focus
on the coherent phonons than the carrier dynamics in this
study. Figure le shows the polarization-dependent TA signal
which exhibits typical anisotropic distributions and could be
used to determine the lattice orientations of BP samples. Pump
laser power dependence shows a linear relationship with CP
amplitude at low excitation power (Figure S2), which agrees
with the mechanism of CP generation by the deformation
potential effect (DPE).”**” Note that the CP amplitude in the
AC direction is more prone to saturate with increasing pump
power than in the ZZ direction, because of the strong
anisotropic optical absorption of BP films.

We first investigated the oscillation frequency of BP samples
with thickness ranging from 7 to 400 nm. Notice that CP
frequency is independent of laser polarization, and to extract
the oscillation frequency from the TA curves, we fitted the data
with an empirical function containing both the carrier and CP
dynamics (Supporting Information). Representative data and
fitting results of the extracted CP components with different
thicknesses are shown in Figure 2a. We plotted CP period T of
all the measured samples with thickness (d) ranging from 7 to
150 nm, which exhibits a linear relation that could be well
fitted by T = 2d/v, as described in the one-dimensional (1D)
standing wave model with boundary condition of zero strains
at both ends.”®*” Here v is the acoustic velocity in BP, which is
estimated to be ~4.87 + 0.05 km/s according to the fitting
result, agreeing well with the time domain thermos-reflectance
(TDTR) measurement™ and our calculation result (Support-
ing Information).

To include the results of few-layer BP,”* the layer
dependence of CP frequency is better described by the 1D
chain model of the layer breathing mode (LBM)," %!
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Figure 2. Thickness-dependent coherent phonon oscillations and imaging phonon frequency distributions. (a) Extracted coherent phonon
dynamics in 10, 30, and 60 nm thick BP flakes. (b) Thickness-dependent oscillation periods fitted with the 1D standing wave model. (Reproduced
with permission.”* Copyright 2018 American Chemical Society.) (c) Layer-dependent oscillation frequency fitted with the 1D chain model. (d) TA
intensity map of a BP flake and (e) the corresponding phonon frequency (thickness) distributions. (f) FFT results of the three thickness regions.

Scale bar: 5 um.

expressed as wy = @,,/1 — cos % Here, N refers to the layer

number, n is the order of the vibrational harmonics (n = 1
applies to the fundamental mode). The 1D chain model
successfully fit all of the CP frequencies from four layers to 150
nm (Figure 2c) with @, = 57 cm™’, agreeing with the previous
result.”” It thus implies that the CP mode for all of the BP
samples within the thickness range is essentially the same
LBM. The 1D chain model converges to the common 1D
standing wave model when N gets larger as in thicker samples,
and the corresponding oscillation period becomes
G _u

v

~

ﬂca)oao
thus be written as v = 2 7ewya,, where aj is the thickness of
single-layer BP (lattice constant) and the phonon frequency
has been converted into wavenumber (cm™"). Using a, = 0.53
nm from the literature,®” the 1D chain model gives an acoustic
velocity of v = 4.03 km/s, agreeing well with our calculation
result (Supporting Information). In fact, the classic monatomic
linear chain model infers a linear phonon dispersion under
long wave approximation (4 > ap),”” resulting in standing
waves with open boundary conditions. However, in the short
wave limit (4 ~ a,), the dispersion linearity breaks as it

(N> 1). The acoustic velocity could
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approaches the boundaries of the Brillouin zone, which is the
case in few-layer samples.

The T—d relationship allows us to image the sample
thickness with TA microscopy, especially for BP flakes on soft
substrates such as PDMS, which is difficult to measure
accurately with AFM. In addition to the intensity map of BP
flakes (Figure 2d), the thickness distribution (Figure 2e) could
be extracted by analyzing the oscillation frequency wy using
fast Fourier transformation (FFT) pixel-by-pixel and convert-
ing wy to thickness d. Representative FFT results of three
thickness regions are plotted in Figure 2f with Lorentzian line
shape fitting. This has potential application in rapid and high-
throughput characterization of sample thickness within the
10—200 nm range, where IR spectra start to lose excitonic
features for thickness characterization and AFM measurements
become limited by the slow speed and small scan area. In our
setup, a 200 X 200 um?® sized BP flake usually costs about 3
min to image with TA microscopy (512 X 512 pixels) to
capture the CP oscillations.

In BP films much thicker than the estimated penetration
depth of ~250 nm,”” heat stress and coherent phonons are
generated near the front surface and propagate through the
sample, forming Brillouin oscillations with thickness-independ-

https://doi.org/10.1021/acs.jpclett.1c01463
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Figure 3. Multiorder phonon harmonics in thick BP. (a) Higher-order phonon harmonics and dynamics in AC and ZZ directions with an enlarged
view shown in the inset. (b) Corresponding FFT results of harmonic frequencies. (c) Layer-dependent harmonic frequencies (n = 1, 3, S) fitted
with the 1D chain model. (d) Illustration of atomic displacements in six-layer BP for the layer breathing mode with harmonics of 1-3.
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Figure 4. Polarization dependence of phonon oscillation phases. (a) Coherent phonon dynamics with pump and probe polarizations
simultaneously varied from AC (0°) to ZZ (90°). (b) The extracted oscillation phases at different polarization angles. (c) TA dynamics with
varying pump polarization while the probe beam was fixed along AC polarization. (d) TA dynamics with varying probe polarization while the pump
beam was fixed along AC polarization. (e) Probe-polarization-dependent CP amplitude, with opposite signs color-coded.

ent frequency (~42 GHz).”"** In this case, the oscillation
period could be written as T = A/2nv, where 4 is the probe
wavelength, v is the acoustic velocity, and #n is the refraction
index. Typical results of Brillouin oscillation could be found in
Figure S3, which agrees with the work of Meng et al.*®

As predicted in the 1D chain model, higher-order harmonic
modes (n > 1) should also exist in the generation process of
coherent phonons, yet they require specific selection rules and
sufficient electron—phonon couplings to be detected optically.
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We observed multiorder harmonics mostly in BP samples
thicker than 60 nm, with a typical result shown in Figure 3a
(~190 nm thick). In both the AC and ZZ directions, the TA
dynamics show not only the fundamental oscillations of the
~80 ps period but also higher frequency components that add
up together to synthesize the overall TA behavior to appear
“triangular wave”-like (Figure 3a), “square wave”-like, and like
other waveforms (Figure S4). FFT analysis revealed that only
odd-order harmonics could be detected with TA measure-

https://doi.org/10.1021/acs.jpclett.1c01463
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transient coherent phonon responses in AC and ZZ.

ments (Figure 3b), and up to ninth order harmonics could be
seen in the spectra, with perfect linearity between frequency
and order number (Figure SS). Although anisotropic CP
features exist in the FFT spectra between AC and ZZ, they
share the same frequencies except that ZZ tends to cut off at
relatively lower orders. Moreover, all thickness-dependent CP
frequencies for n = 1, 3, and S could be globally fitted by the
1D chain model (Figure 3c), with the fitting result of w, = 65.4
+ 0.3 cm™ (corresponds to v = 4.62 km/s).

The selection rule that only odd orders of phonon
harmonics could be detected with TA can be explained by
the resonant acoustic cavity effect for discrete acoustic phonon
modes.””*® As illustrated in Figure 3d, the acoustic cavity
essentially results in standing waves along the z direction with
zero strains at both surfaces. Therefore, in the fundamental
mode (n = 1), the total volume (thickness) undergoes periodic
expansion and contraction that modulates the transmission
intensity of the probe beam through the photoelastic effect,
which is also true for other odd orders (such as n = 3) with
nonzero changes of the total volume. However, in even orders
(such as n = 2), no net change of volume occurs because of the
cancellation between the equal number of subsets with
opposite displacements, and this thus contributes little to the
TA signal. In addition to the above detection selection rule, the
excitation process may also favor the symmetric odd modes
other than the antisymmetric even ones, because of the
homogeneous heat stress in thin films that generates
predominantly symmetric lattice strain field.”**”

Optical anisotropy of black phosphorus is commonly seen in
both linear and nonlinear optics,” mainly attributed to
anisotropic lattice structures that lead to polarization-depend-
ent optical responses coupled with electronic transitions.
Vibrational transitions also demonstrated strong anisotropy
through electron—phonon couplings, as shown in Raman and
CP studies of few-layer BP.'”***® In contrast to the
phenomena observed in few-layer BP where the amplitude of
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CP shows resonance enhancement in the AC direction and
vanishes in ZZ, thicker BP films with thickness ranging from 5
to 30 nm exhibit more exotic coherent phonon behaviors,
especially the out-of-phase oscillation of CP dynamics along
the two orthogonal directions, from which we could extract the
anisotropic photoelasticity of acoustic—optical coupling.

As shown in a typical BP flake of ~16 nm thickness, the
time-domain CP oscillation undergoes a 7-phase jump when
the beam polarizations collinearly changed from the AC (0°)
to ZZ (90°) direction (Figure 4a and b). In order to
understand the mechanism, we performed separate polar-
ization-dependent measurements. With fixed probe polar-
ization (in AC), only the amplitudes of CP and photocarrier
responses changed proportionally with varying pump polar-
ization, yet no variation of the phonon oscillation phase was
seen (Figure 4c). In contrast, when the pump polarization was
maintained (in AC), CP oscillations demonstrated a clear out-
of-phase transition between the two perpendicular probe
polarizations (Figure 4d). More detailed pump- and probe-
polarization-dependent TA data could be found in Figure S6.
Probe-polarization-resolved CP amplitude is shown in the
polar chart (Figure 4e), with different colors representing
opposite signs of oscillation amplitudes (z-phase shift).
Considering CLAP generates strains in the z direction, we
hypothesized that the breathing of the sample thickness may
induce opposite changes of probe absorbance in AC and ZZ
polarizations, resulting in the out-of-phase oscillations of the
differential transmission signal of the probe beam. However,
the pump beam mainly contributes to the density of excited
coherent phonons and photocarriers.

We then quantitatively evaluated the coherent acoustic
phonon-induced TA signal of BP thin film on PDMS substrate.
In the conventional Brillouin scattering process with photon
energy below the bandgap, only the real part of the refractive
index accounts for the CP signal in transient reflectivity.’”
However, in our case, the probe photon energy is above the BP

https://doi.org/10.1021/acs.jpclett.1c01463
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bandgap and electronic transitions from valence bands to
conduction bands contribute largely to the TA signal; hence,
both the real and imaginary parts of the complex refractive
index and photoelastic coeflicient need to be included.
Combining the general perturbative approach in bulk material
developed by Thomsen™ and multireflection/interference
effects in thin film, the strain-induced transient absorbance
could be approximated as

AT 2t 821'50 a~ d
—— =~ 2Im||t; — Ol—m ko—n f y,(2, t) dz
T 1 + ryre™® | “an,, Jo

(1)

where k, denotes the probe wave vector in a vacuum, 7 = n, +
in; is the complex refractive index of BP, r, represents the
amplitude reflection coefficient at the air/BP interface, r, and ¢,
represent the amplitude reflection and transmission coeflicient
at the BP/PDMS interface, and 8, = kyfid is the complex phase
of probe light traveling through BP film of thickness d. Thin
film approximation has been made to simplify the equation (d
< 1), and detailed formula deductions could be found in the
Supporting Information.

The expression of eq 1 has considered contributions of
multiple reflection, transmission, absorption, and backscatter-
ing from inhomogeneous distribution of refractive index
induced by the time-dependent longitudinal coherent strain
field 733(2, t). The electron—phonon coupling strength that
determines the CP amplitude is hidden in the complex
photoelastic coefficient Py = 0n/dn;; (i = 1,2), which is
independent of strain in the linear regime (small strain on the
order of 133 ~ 107*), and the anisotropic behavior of CP
oscillation is linked to the anisotropy of the photoelasticity.
Although we focus on the fundamental phonon mode, it can be
immediately seen from eq 1 that even-order phonon harmonics
do not contribute to the transient signal because the spatial
integral of the antisymmetric strain field #733(z, t) vanishes.
Since the photoelastic coeflicients of BP film in the near-
infrared probe wavelength range are unknown, we rely on the
ab initio calculation results based on the density functional
theory (DFT) method. The computational details related to
the DFT calculations are shown in the Supporting Information.

We computed the strain-induced changes of the complex
dielectric function (& = &, + ig;) of 16 nm thick BP film in both
AC and ZZ polarizations under longitudinal strains #5; of 0,
+0.1% (Figure Sa,b and Figure S7) as well as the photoelastic
coefficients 071/01;5 (Figure Sc). Our results show that, at 800
nm (1.55 eV), only the imaginary photoelastic coefficient dn,/
0n33 in the AC direction has a positive sign, opposite to all of
the other three coefficients (Figure Sc). It is also shown that
the photoelasticity in the AC direction is dominated by the
imaginary part, while the ZZ direction is dominated by the real
part. The opposite signs indicate that compressive/tensile
strain leads to decreased/increased imaginary refractive index
in AC and increased/decreased real refractive index in the ZZ
direction. For ~16 nm BP film generating transient signal
—AT/T ~ 1074 a longitudinal standing wave with strain
amplitude 7753 ~ —107* is estimated that could well reproduce
the experimental data by our model in eq 1, including both the
amplitude and phase relationships of the damped CP
oscillations (~1S5 ps damping time) between AC and ZZ
directions (Figure Sd). The negative sign of 153 suggests
compressive stress induced by photoexcitation. On the basis of
bulk deformation potentials and elastic properties of BP, we
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can also calculate the photoinduced longitudinal strain 733 =
(d. + dy)N./pe* ~ —107% in agreement with our model. Here
d, and dy, are the deformation potentials (d, + dj, = BOE,/oP =
—6.44 ¢V)," B = 36 GPa is the bulk modulus, N, is the
photoexcited carrier density, p, is the mass density, and v is the
acoustic velocity. Although the simple model offers a thickness-
dependent description, the CP phase information becomes
more complex in thicker films due to the interference of
higher-order phonon harmonics and the deviation from thin-
film approximation, whereas the excitonic resonance effect
becomes dominant in few-layer BP. Hence, the anisotropic
out-of-phase oscillation phenomenon is most reliably shown in
samples within the thickness range of 5—30 nm.

The 7-phase shift of coherent phonons has been observed in
other semiconductors and superlattices’®*"** but with differ-
ent phenomena and underlying physical mechanisms. These
include the pump-power-induced changes of built-in electric
field;*" the competition between the deformation potential
effect and the inverse piezoelectric effect that generated
opposite signs of transient signals with different pump
power; ™ and the strain-induced shift of bandgap that yields
opposite signs of differential signal when the probe photon
energy varied across the bandedge.”® In contrast, the z-phase
shift in thin BP film is caused by the opposite photoelasticity
along the two orthogonal lattice orientations, which is seldom
seen in other materials.

Static strain-induced changes of BP optical properties have
been investigated mostly with in—glane methods produced by
stretching/bending of substrates."> Complimentarily, coherent
longitudinal acoustic phonons allow us to investigate the out-
of-plane strain coupled in-plane optical properties. Our finding
that the out-of-plane strain induces opposite changes of
refractive index may be related to the negative Poisson ratio of
each BP layer; i, compressive longitudinal strain induces
tension along the AC direction but compression along the ZZ
direction,"* resulting in opposite changes of dielectric
responses in the two polarizations. Given the ultrafast time
scale of the coherent phonons (~200 GHz), the dichroic
photoelasticity of BP may have promising device applications
for ultra-high-speed and polarization-selective photoelastic or
photoacoustic modulators, that allow the tuning of modulation
phase/amplitude by rotating the light polarization or device
orientation. Besides, we noticed that the photoelastic
anisotropy of BP has little dependence on the probe
wavelength within our tuning range (Figure S8).

It is worth discussing the boundary conditions of lattice
motions in BP films. The open boundary condition (stress-free
at both surfaces) is clearly satisfied in free-standing films,**
which leads to standing wave with phonon period expressed in
T = 2d/v. However, for thin films on substrates, different
boundary conditions may be required. For instance, in MoS,/
Si and As,Te;/SiO,, zero-displacement boundary condition is
satisfied at the material/substrate interface (the other surface
remains free), resulting in T = 4d/ p218 However, in Au/BK7
glass and BP/SiO,, the results are the same as in free-standing
films.** The difference is originated from the acoustic
mismatch between material and substrate.”” In our BP case,
SiO, and PDMS substrates correspond to “soft substrate”;
hence, the coherent phonons share similar frequencies as in
suspended films, as shown in our experimental results (Figure
S9).

In summary, we have systematically studied the coherent
phonon behaviors of BP films in a wide thickness range using
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ultrafast pump—probe microscopy. The strong electron—
phonon coupling has enabled observation of multiharmonics
of phonon modes. We found the thickness dependence of
these harmonic frequencies could be thoroughly described by
the standard 1D chain model, confirming that the layer
breathing mode is commonly shared in the coherent phonons
from few-layer to ~200 nm thick samples. Furthermore, we
demonstrated anisotropic coherent oscillations with a z-phase
difference between the AC and ZZ polarizations and revealed
peculiar photoelasticity, as verified with numerical calculations.
These results have potential applications in rapid character-
ization of BP thin films as well as in nanomechanic,
photoelastic, and piezochromic devices.
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