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Bismuth, with its rhombohedral crystalline structure and two Raman active phonon modes corresponding to
the internal displacement (A;,) and shear (E,) ionic motions, offers an ideal target for the investigation of the
nonequilibrium phonon-phonon and electron-phonon couplings. We investigate the E, phonon dynamics under
intense photoexcitation by performing anisotropic transient reflectivity (TR) measurements on a 1-mm-thick
bismuth single crystal at 11 K. The amplitude of the coherent E, phonon is found to increase with incident
pump fluence up to 10 mJ/cm? and then turns to an apparent decrease. This behavior is in stark contrast to the
amplitude of the A, phonon in standard TR measurements, which increases monotonically up to 20 mJ/cm?
and then saturates. The contrasting behaviors of the two phonon modes can be interpreted in terms of the strong
coupling of the E, oscillation with large-amplitude A, displacement in a highly excited electronic state, where
dynamic fluctuation of the vibrational potential will lead to a quick loss in the E, vibrational coherence. Unlike
previous studies on thin Bi films on substrates we observe no sign of a transition to a high-symmetry phase and
instead observe signs of partial damage of the crystalline surface at 28 mJ/cm?, possibly due to less efficient

cooling at the surface of the bulk crystal.

DOI: 10.1103/PhysRevB.110.094313

I. INTRODUCTION

Bismuth has recently attracted renewed attention because
of its surface accommodating topological insulating elec-
tronic states. As for the bulk Bi electronic states, it has been
established that Bi is a semimetal with its Fermi surface
consisting of three electron pockets at the L points of the
Brillouin zone and one hole pocket at the T point [1], al-
though their topological classification is still under debate
[2-6]. The crystalline structure of Bi crystal is rhombohedral
with A7 symmetry, as illustrated in Fig. 1(a), with the ground-
state internal displacement along the trigonal (z) axis u =
c1/2(c; + ¢2) = 0.2357 and the trigonal shear angle 647 =
57.23° [3,7,8]. This structure will be transformed to a simple
cubic structure by a slight deformation to u = 0.25 and 647 =
60° [1,9]. Theoretical simulations predicted that the electronic
band structure of Bi could undergo phase transitions from a
semimetal to a semiconductor and to a metal by tweaking
u and/or 647 [1,3,7,8]. Correspondingly, a pressure-induced
semimetal-semiconductor phase transition of Bi was reported
experimentally [10,11].

The rhombohedral Bi crystal features two Raman active
modes with A, and E, symmetries, which are associated with
the variations in u and 647, respectively, as shown in Fig. 1(a).
It has been theoretically demonstrated that the introduction of
photocarriers [12,13] transforms the potential energy surface
(PES) along the A, coordinate from a double well into a
flattened single well, as schematically shown in Fig. 1(b). The
susceptibility of the PES to the electronic excitation leads to
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a significant enhancement of coherent A;, phonons via the
displacive excitation of coherent phonons (DECP) mechanism
[14,15] and thereby makes the A;, mode a model target for
optical studies on nonequilibrium electron-phonon coupling
[14,16-29]. In the DECP mechanism a photoinduced shift
in the equilibrium coordinate gives a driving force that is
dependent on excited carrier density N [15,30]. If the carri-
ers are created sufficiently quickly and live sufficiently long
(displacive limit), the coherent ionic displacement Q, can be
described by a shifted damped harmonic function:

0.(t) = QF — Q¥ exp(—T,t) cos(2mv,t), (1)

with the initial amplitude defined by the equilibrium shift
between the ground and excited states, Q?(N )= Qf (N) —
Q?ﬂ“. The DECP enhancement of the A;, mode of Bi was
experimentally confirmed by means of time-resolved x-ray
diffraction (trXRD) [31-36] and was supported by density
functional theory (DFT) calculations [12,13,32,37]. One of
the interests of recent ultrafast spectroscopic experiments on
Bi lies in the optical control of its structural and electronic
phases. A single-shot transient reflectivity (TR) study on thin
Bi films [38] observed the disappearance of the coherent Ay,
oscillation signal under intense photoexcitation and attributed
it to the theoretically predicted transition to a high-symmetry
phase with a single-well PES. The threshold fluence for the
phase transition was found to depend critically on the Bi film
thickness, suggesting that the phase transition competes with
the electronic transport in the depth direction on a subpicosec-
ond timescale [26,39].

The E,-symmetry mode of Bi has been much less
explored by time-resolved experiments, despite the theoretical
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FIG. 1. (a) Crystalline structure of Bi together with the directions
of the A, and E, displacements. (b) and (c) Schematic illustrations
of potential energy surfaces (PESs) along the (b) A, and (c) E,
coordinates for the ground and photoexcited states.

predictions that it could lead to a semimetal-semiconductor
phase transition [1,3,7]. This is partly because of its much
smaller amplitude compared to the A;, mode [34,40,41] as
a result of the insusceptibility of its equilibrium position to
photoexcitation, as schematically illustrated in Fig. 1(c). The
anisotropic optical polarization dependence confirmed the
generation of the E, phonon is dominated by the impulsive
stimulated Raman scattering (ISRS) mechanism at low
excitation densities [19]. With a sufficiently short light field
and a short-lived intermediate state (impulsive limit) the ionic
displacement can be expressed as [30,42,43]

0,(t) = QS exp(—T'y¢) sin(2mvyt). 2)

A DFT study [13] predicted strong coupling between the E,
and A;, modes under intense photoexcitation. The coupling
was experimentally demonstrated by the emergence of a
combination mode at the difference frequency in a prior
TR study [44]. The literature also reported a coherent E,
amplitude as a function of pump fluence based on its fast
Fourier transform (FFT) peak height obtained from the
standard (isotropic) TR detection. The FFT spectra featured
a much larger A, peak as well, however; at high fluences
the asymmetrically broadened A;, peak overlapped and
obscured the E, peak, which left considerable uncertainty in
the quantitative evaluation of the latter mode.

In the present study we experimentally investigate coherent
E, phonons in Bi under intense photoexcitation by employing
an anisotropic detection scheme in which the isotropic Ay,
contribution to the TR signals could, in principle, be canceled.
To maximize the E, phonon signal we choose a bulk single-
crystal Bi whose crystalline axes are well specified and keep it
at a low temperature of 11 K [19,44]. For comparison we also
examine the fluence dependences of the A;; mode and pho-
toexcited carriers in the standard (isotropic) detection scheme.
We find that the amplitudes of the two phonon modes exhibit
strikingly different fluence dependences and interpret the re-

sults in the context of dynamic coupling of the E, phonons
with the A, mode and with nonequilibrium photocarriers.
On the other hand, the initial phases of the two coherent
phonons shift in parallel with increasing fluence, suggesting a
fluence-dependent transition time from the ground state to the
excited state.

II. EXPERIMENT

The sample studied is a 1-mm-thick bulk single-crystal Bi
with a (0001)-oriented polished surface in hexagonal nota-
tion [or (111) in cubic notation], which was purchased from
MaTeck and was used without further treatment. The crystal
was mounted in a closed-cycle cryostat with its [1120] axis in
the vertical direction and was kept at 11 K.

Single-color pump-probe reflectivity measurements were
performed on the Bi crystal with an output of a regenerative
amplifier with 120-fs duration, 810-nm center wavelength
(1.53-eV photon energy), and 100-kHz repetition rate as the
light source. An f = 100 mm plano-convex lens focuses the
linearly polarized pump and probe beams to the ~80- and
40-um spots on the sample with incident angles of < 5°
and 15° from the surface normal, respectively. Incident pump
fluence was adjusted between Fj,. = 0.40 and 28 mJ /em? by
rotating a half-wave plate before a fixed plate-type polarizer
located in front of the focusing lens. The pump beam was
modulated with an optical chopper for lock-in detection.

To examine the E, phonons we measured anisotropic
transient reflectivity, ARa, = ARy — ARy, by employing the
incident probe polarized at ~45° from horizontal (H) and by
detecting the H and vertical (V') polarization components of
the reflected probe light with a pair of matched photodiode
detectors. For comparison we also measured electronic and
A, responses in the standard (isotropic) TR scheme, in which
the pump-induced change in reflectivity AR is measured by
detecting the probe light before and after reflection at the
sample surface with a pair of matched photodetectors. In both
detection configurations, the signal from the detector pair was
amplified with a current preamplifier and a lock-in amplifier.
Time delay ¢ between the pump and probe pulses was scanned
step by step with a translational stage (slow scan).

For a Bi crystal with moderate coherent ionic dis-
placements Q;, photoexcited carrier density N, and lattice
temperature 7;, the standard TR signal can be approximately
expressed by:

ARG®) 1 IR
R _[Z(aQI)Q’(’”(aN)N(”

R AT (¢ 3
+(8T1) ,()} 3)

with i = y and z denoting the displacements along the E, and
Ay, coordinates. In the anisotropic detection scheme the last
two terms of Eq. (3) and the A, contribution to the first term
are canceled since they are isotropic within the surface plane.
The scheme therefore enables us to monitor the E, phonon
response exclusively:

AR.(1)
—R - <8Qy ) Q) (). “
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FIG. 2. (a) Anisotropic TR signals of the Bi(0001) surface obtained at 11 K with different pump fluences. Pump light is polarized parallel
to the [1120] axis. (b) Fast Fourier transform (FFT) spectra of the oscillatory part of (a). (c) to (g) Pump fluence dependences of (c) the
amplitude, (d) dephasing rate, (e) initial frequency, (f) frequency chirp, and (g) initial phase of the coherent E, phonon obtained by fitting the
reflectivity signals in (a) to Eq. (5). The dashed line in (c) indicates a linear fit in the low-fluence regime.

For a crystal far from equilibrium under extremely intense
photoexcitation, however, Eqs. (3) and (4) may no longer
be adequate because of the contributions of the higher-order
terms and/or because the crystal may be approaching a pho-
toinduced phase transition [45,46].

III. RESULTS
A. Coherent E, phonon

We first examine the FE, phonon dynamics in the
anisotropic detection scheme. Figure 2(a) shows the
anisotropic TR signals AR,, at selected incident fluences Fj.
Here the pump polarization is set to be parallel to the [1120]
crystalline axis to maximize the E, phonon contribution, and
the probe is polarized at ~45° to it for anisotropic detection
[19]. At the minimum fluence of F,. = 0.40 mJ/cm? the TR
signal shows a negative spike att = 0, followed by a periodic
modulation predominantly due to the E, phonon at ~2 THz.
The FFT spectrum in Fig. 2(b) shows a small A, peak at
3 THz as well, however, due to the imperfect optical polar-
ization in the experiments. As the fluence is increased, the E,
peak is broadened and redshifted, in agreement with prior TR
studies [40,44]. Meanwhile, the A, peak grows with fluence
and eventually becomes higher than the E, peak. At Fj,c =
16 mJ /cm? the baseline of the signal exhibits large fluctuation,
as shown in Fig. S1(a) in the Supplemental Material (SM)

[30]. We check the reversibility of the fluence dependence by
measuring the same spot again at a low fluence; these results
are summarized in Figs. S1(b) and S1(c) in the SM [30]. We
find that the signal after exposure to the maximum fluence
is as noiseless as that from a fresh spot. The E, amplitudes
before and after the exposure are comparable, and so are the
dephasing rates (the linewidths). These results indicate that no
significant irreversible damage such as melting was induced
by the exposure.

To quantitatively analyze the fluence dependence of the
coherent E, phonons we fit the oscillatory component of the
time-domain TR signals to the sum of two damped harmonic
functions:

AIeOSC

R = A, exp(—Tt)sin[2m v t + ¢.]

+ Ay exp(=Tyt) sin[2w vt 4+ ¢,], (®)]

where the subscripts e and a denote the E¢ and A;, modes. For
simplicity we assume linear chirps in the frequencies:

(©)

with 7 denoting e or a. This function can give excellent fits to
the TR signals for # > 0.3 ps, as demonstrated in Fig. S3 in
the SM [30], whereas for ¢ < 0.3 ps the fitting is somewhat
poorer because of the large negative spike overlapping around
t = 0. Figures 2(c)-2(g) summarize the E, phonon parameters

v; = vo; + Bit,
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obtained by the fitting as a function of incident pump fluence.
The initial frequency vy, redshifts from 2.1 to 1.8 THz, and the
linear chirp B, increases from <10~ to 0.06 THz/ps, whereas
the dephasing rate T, increases from 0.08 to 0.8 ps~!, with
increasing fluence from 0.40 to 12 mJ/cm?.

Surprisingly, the E, amplitude is found to increase almost
linearly only up to Fp ~ 8mJ/cm? and then to turn to an
apparent decrease [Fig. 2(c)]. The decrease is not due to
irreversible photoinduced damage since the fluence depen-
dence is reversible, as we see in Fig. S1 in the SM [30].
We also confirm that the behavior is independent of the
analysis method; the area under the E, peak in the FFT
spectra similarly increases and then decreases with fluence,
as shown in Fig. S4 in the SM [30]. We note that a pre-
vious TR study [44] reported a fluence dependence of the
E, amplitude that appeared to contradict the present result.
This is because that study estimated the E, amplitude as
the FFT peak height from the standard (isotropic) TR sig-
nals. In this case the E; peak height can be overestimated
considerably due to the overlapping A;, peak, as we also
reproduced in the standard TR experiments shown in Fig. S5
of the SM [30].

The initial phase of the E, phonon [Fig. 2(g)] is found
to be close to a sine function of time (¢, =0) at the
minimum fluence, as is expected for an excitation in the
impulsive limit [Eq. (2)] with a §-function-like driving force.
With increasing fluence the phase first steeply decreases
to ¢, ~ —m /4 and then recovers partially to ¢, ~ —m /6.
The deviation of the initial phase from zero indicates that
the duration of the driving force can no longer be neg-
ligible compared to the phonon period. We note that in
the low-fluence regime (Fi,c < 6 mJ /cmz), where we ob-
serve the most prominent phase shift, the fitting results
are excellent (see Fig. S3 in the SM [30]), which ensures
reliable determination of the phase. In the high-fluence regime
(Fne > 6mJ/cm?) the fit has somewhat larger uncertainty,
however, due to the faster dephasing of the E, oscillation
as well as the larger contributions from the negative spike
at t = 0. The poorer fitting may be the cause for the larger
scatter in the initial phase in the high-fluence regime. We also
perform similar anisotropic TR measurements using longer
pump pulses, the results of which are summarized in Fig. S6
in the SM [30]. We find ¢, to exhibit a qualitatively simi-
lar, if less pronounced, shift with fluence for a longer pulse
duration, confirming that the phase shift is no artifact of the
experiments.

B. Electronic and thermal responses

To examine the origin of the unconventional fluence de-
pendence of the £, phonon we also examine the carrier and
Ay, phonon dynamics of the Bi crystal sample excited under
the same conditions in the standard TR detection scheme. The
pump and probe light polarizations are set at 45° and 0° to the
[1120] axis, respectively, to minimize the E, contribution to
the signals [19]. The standard TR signals, shown in Fig. 3(a),
feature a sizable nonoscillatory response of photoexcited car-
riers in addition to the oscillatory coherent phonon response.
The former can be fitted to a multiexponential function on top
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FIG. 3. (a) and (b) Standard TR signals of Bi (solid curves) ob-
tained at 11 K for different pump fluences. Dashed curves represent
the nonoscillatory response obtained by fitting to Eq. (7). (c) Height
of the nonoscillatory response at # = 0.2 ps (A, filled circles, plotted
on the left axis) and the baseline at a long time delay (A4,,, open
squares, on the right axis) as a function of pump fluence. The dashed
curve represents the extrapolation of the fitting to a power function
(Ac o E™) in the low-fluence regime (F;,. < 6 mJ/cm?).

inc

of a baseline,
AR[}OH
R

= ZAjexp(—t/fj)+Azh, (7N
J

whose results are indicated by the dashed curves in Figs. 3(a)
and 3(b).

At the lowest fluence examined (F,. = 0.40 mJ/cm?) the
nonoscillatory component can be fitted reasonably to the sum
of an exponential function for the rise and two for the decay.
The obtained rise time, T = 0.6 ps, is in agreement with
that reported for the intervalley electron-phonon scatterings
[47,48]. The decay time constants are found to be Tgg =
0.9ps and tgow = 13 ps; the latter is slower than the time
constants of the energy dissipation to the lattice (4 ps) and of
the electron-hole recombination (2.5 ps) reported in previous
studies [47,49], possibly because of the lower temperature
employed in the present study. At long time delays (z > 30 ps)
the nonoscillatory component approaches a negative baseline
A, as shown in Fig. 3(b). The value of A, can be used to esti-
mate the lattice temperature rise A7; at the long time delays by
adopting the temperature dependence of the reflectivity [50]:

d(AR/R)/dT = —8 x 107> K. 8)

We would obtain A7} < 1K at the minimum fluence.
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With increasing fluence the initial rise in the TR signal be-
comes faster in time, plausibly due to larger contribution from
the intraband scatterings among highly excited electrons and
holes. At Fy,. > 4 mJ/cm? the rise is complete before the first
maximum of the coherent oscillation (i < 0.2 ps) and can
no longer be fitted uniquely to an exponential function. We
therefore fit only the decay (# > 0.1 ps) to two exponentials.
In the following analyses we assume that the electrons and
holes come to follow the Fermi-Dirac distribution before the
first maximum of the oscillation at # ~ 0.2 ps and regard the
nonoscillatory amplitude

 ARuon(t = 0.2ps)

Ac R

€))

as a semiquantitative measure for photoexcited carrier den-
sity N, although the assumption of ultrafast thermalization
may not hold at extremely high densities. We find that A¢
grows first superlinearly (Ac o< F,,, with n=1.5) up to
Fyc >~ 6m] /cm2 [dashed curve in Fig. 3(c)], then turns to a
linear increase until A¢ reaches a saturation at ~20 mJ/ cm?,
as shown by the filled circles in Fig. 3(c). A further increase in
the fluence eventually leads to the emergence of large noise in
the TR signal at Fy,. = 28 mJ/cm?, as shown in Fig. S2 in the
SM [30]. When the fluence is reduced after the exposure to
the maximum fluence, we obtain a noiseless TR signal with
distinct coherent phonon oscillation again, which excludes
photoinduced melting and amorphization of the crystal by the
exposure.

The saturation of Ac at Fpe > 20mJ/cm? may be inter-
preted as the saturation of linear optical absorption. To assess
the possibility we estimate the carrier density as follows.
At t = 0 the photoexcited carrier density N should have a
depth distribution described by an exponential function of the
distance from the surface x: N(t = 0, x) = Ny exp(—ax). A
recent TR study on thin («1 um) Bi films on Si substrates
reported that the depth distribution becomes homogenized
within 150 fs and its density at the surface reduces to 1/3—1/5
depending on the film thickness [26]. Such ultrafast homoge-
nization of photocarriers is less likely in our bulk crystal, and
for simplicity we assume the incident pump light with photon
energy hw = 1.53eV is absorbed uniformly and completely
within the optical penetration depth 1 /o = 14.7 nm:

(1 = R)Fea/(hw)  for
0 for

0<x<l/a,
Ne=0) = x> 1/a

(10)

which will give an upper limit of the carrier density at the
surface. As for the reflectivity at 11 K we tentatively esti-
mate R = 0.95 by extrapolating the reflectivity reported for
higher temperatures [36,51], as discussed in Fig. S7 in the
SM [30]. The absorbed fluence F,,s = (1 — R)F;,. obtained
by using this reflectivity value is plotted on the top axes of
Figs. 2(c)-2(g), 3(c), and 4(b)—4(f). This choice is justified
by the quantitative agreement of the fluence dependence of
the Ay, frequency, shown in Fig. S9 in the SM [30], with
that reported for a 197-nm-thick Bi film at room temperature
[26]. At Ey = 20mJ/cm?, at which Ac reaches saturation,
we would obtain N = 2.8 x 10?! cm™3. This density would
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FIG. 4. (a) FFT spectra of the oscillatory part of TR signals
shown in Fig. 3(a). (b) to (f) Fluence dependences of (b) the am-
plitude, (c) dephasing rate, (d) initial frequency, (e) frequency chirp,
and (f) initial phase of the coherent A;, phonon, obtained by fitting
the oscillatory reflectivity signals to the second term in Eq. (5). The
dashed line in (b) represents the extrapolation of a linear fitting in the
low-fluence regime (F,. < 3 mJ/cm?).

correspond to 2% of the valence electrons of Bi:
N, = 5Nqaw/M = 1.4 x 103cm ™3, (11)

with 5 being the number of valence electrons per Bi atom,
N, being the Avogadro constant, w = 9.747 g/cm? being the
density of Bi, and M = 209 being the atomic number. It would
be reasonable to expect the linear absorption to be saturated at
such a high carrier density.

At long time delays (¢ > 10 ps) we obtain the baseline A,
by fitting the TR signals to Eq. (7) and estimate the equilib-
rium lattice temperature using Eq. (8). A;, increases almost
linearly with fluence up to F,. = 20 mJ/cm? and then turns to
a steeper increase, as plotted by the open symbols in Fig. 3(c).
At the maximum fluence examined, the lattice temperature
rise is estimated to be AT; ~ 35K.

C. Coherent A, phonon

The A, phonon response can be extracted from the TR sig-
nals in Fig. 3(a) by subtracting the nonoscillatory component
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(dashed curves). The FFT spectra shown in Fig. 4(a) feature
only the A, peak at 3 THz, confirming that the E, contribution
is minimized with the selected pump and probe light polariza-
tions. We accordingly fit the oscillatory signals to only the
second term of Eq. (5), either over the entire time range or
over the first three cycles of the oscillations, as was done in
some of the previous studies. The results of the two fittings are
compared in Figs. S8 and S9 in the SM [30]. Although neither
reproduces the experimental oscillations perfectly at all the
pump fluences, the A, phonon parameters obtained from the
two fittings are in reasonable agreement. We therefore discuss
only the phonon parameters obtained from the fitting over the
entire time window, which are summarized in Figs. 4(b)—4(f).
The A, amplitude increases linearly in the low-fluence
regime (Fj,. < 3mJ/cm?), as indicated with a dashed line
in Fig. 4(b), but grows superlinearly (A, Firl{cs) in the
intermediate-fluence regime (Fj,. = 3—-15mJ/ cm?). A further
increase in the fluence leads to saturation of the amplitude in
the high-fluence regime (Fj,. > 20mJ/cm?) and eventually
to the emergence of large noise in the TR signal during
the time delay scan, as we have already seen in Fig. S2(a)
in the SM [30]. When the fluence is reduced after exposure
to the maximum fluence, we obtain coherent A;, oscillation
whose initial amplitude is almost as large as that before the
exposure, but the dephasing is faster, as shown in Figs. S2(b)
and S2(c). The comparison indicates a small irreversible
change in the crystal, such as slight damage at the surface,
but no sign of complete melting or other phase transition.
The observed fluence dependence of the A, amplitude is
in quantitative agreement with a prior TR study performed
under similar conditions (on a 1-mm-thick Bi single crystal at
5 K) [52]. The behavior is also in rough, although not perfect,
agreement with that of the electronic response Ac [filled cir-
cles in Fig. 3(c)], suggesting that the saturation of the A, am-
plitude has the same origin as that of A¢. On the other hand, it
is in striking contrast to the fluence dependences of the E, am-
plitude [Fig. 2(c)], which starts to decrease already at Fj,. ~
10 mJ /cm?, while the Ay, amplitude still grows superlinearly.
The contrast excludes the possibility that the E, amplitude
decreases because the entire crystalline lattice is becoming un-
stable by approaching the high-symmetry phase, for example.
The initial phase ¢, is close to a cosine function of time
(¢po = —m/2) at the minimum fluence of Fj, = 0.4 mJ/cm2,
as expected for coherent phonons excited in the displacive
limit [Eq. (1)] with a Heaviside-step-function-like driving
force. With increasing fluence the initial phase first shifts
steeply down to ¢, ~ —m and then gradually recovers to ¢, =
—2m /3. We note that fitting results are excellent throughout
the entire fluence range examined, as shown in Fig. S8 in
the SM [30], ensuring reliable determination of the initial
phase. We also observe a consistent phase shift with fluence
in the standard TR measurements using longer pump pulses,
as shown in Fig. S6(b) in the SM [30]. On the one hand, in
the DECP model the initial phase can deviate from a cosine
function if the driving force is not a Heaviside step function
but has a finite decay time [15]. On the other hand, we notice
that the initial phase of the E, phonon [Fig. 2(g)] also shifts
with fluence, almost in parallel to that of Aj,. The parallel
trends of the two modes could be better explained by a fi-
nite rise time in the driving forces, which could affect both

the Heaviside-step-function-like and §-function-like driving
forces for the A1, and E, modes.

The rise in carrier-phonon coupling after photoexcitation
may be visualized by performing a time-windowed Fourier
transform on the whole TR signal containing both the elec-
tronic and phononic responses [colored curves in Fig. 3(a)].
The results obtained with a Gaussian time window of half
width At = 0.33 ps, which allows us the best balance between
the temporal and frequency resolutions (Av >~ 0.5 THz), are
presented as false-color plots in Fig. 5. At the lowest flu-
ence [Fig. 5(a)] the phononic response at ~3 THz and the
electronic response at <1 THz are well separated from each
other; they both emerge within the time window width used in
the analysis. With increasing fluence the electronic response
acquires a higher-frequency component at early time delays,
which interconnects it with the phononic response in the first
fraction of a picosecond. At later time delays the coupled
electron-phonon response (solid curves in Fig. 5) approaches
the intrinsic Aj, phonon frequency (dash-dotted curves in
Fig. 5). The timescale for this transient blueshift is comparable
to the time window width at the minimum fluence (F,. =
0.4mJ/cm?) but becomes as slow as 1 ps at the maximum
fluence. This observation may be interpreted in terms of the
fluence-dependent transition time from the ground-state PES
to the excited-state PES, as was predicted for the A; phonon
of tellurium, another elemental semimetal with Peierls insta-
bility, by recent time-dependent DFT simulations [53]. We
note that there is a notable discrepancy between the transient
blueshift obtained from the time-windowed analyses (solid
lines in Fig. 5) and that estimated from the time-domain fitting
to Eq. (5) (dashed lines). The discrepancy can be regarded as
the manifestation of the excited-state PES still shifting and
deforming towards a new equilibrium. The two frequencies
eventually coincide after the system reaches the equilibrium in
the low- and intermediate-fluence regimes. In the high-fluence
regime (Fipc > 15mJ/ cm?), however, the two frequencies no
longer coincide on reasonable timescale, implying the failure
of assuming a linear frequency chirp in this regime.

IV. DISCUSSION

We now discuss the origin of the unconventional fluence
dependence of the E, phonon amplitude [Fig. 2(c)], which
is in stark contrast to the behavior of the A;, amplitude
[Fig. 4(b)].

A prior DFT study [13] calculated excited-state PESs as
a function of the E, and A, coordinates. Figures 6(a) and
6(b) partially reconstruct the reported two-dimensional (2D)
PESs around the ground-state equilibrium (z = Q;“i“ =0.234
and y = 0) for two selected densities of photoexcited electron-
hole pairs N,_,. The 2D PESs over the entire calculated
displacements, showing the double-well potential along the
Ay, coordinate, are reconstructed in Fig. S10(a) in the SM
[30] for all four densities reported in the literature. Upon
photoexcitation the equilibrium shifts along the z coordinate
from Q;ni“ to Qf (N—pn). This gives a driving force to Bi ions
to oscillate between the ground-state equilibrium Q?‘i“ and
the maximum Q" = 2Qf — Q;“i“ via the DECP mechanism.
In the y coordinate the ions oscillate around y = 0 via the
ISRS mechanism, whose amplitude was not obtained from the
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FIG. 5. False-color plots of the time-windowed FFT amplitude of the TR signals in Fig. 3(a) as functions of time window position
and frequency. A Gaussian time window of 330-fs half width at half maximum is used. Solid curves represent the peak positions within
the frequency range of 2-3.5 THz. Dashed lines reproduce the linearly chirped A;, frequency v, = v, + B.t using parameters plotted in
Figs. 4(d) and 4(e). Dashed-dotted lines represent the intrinsic A;, frequency.
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FIG. 6. (a) and (b) Excited-state PESs at photoexcitation of
(a) 0.5% and (b) 1.42% of valence electrons, as reproduced by using
the parameters obtained by DFT simulations in Ref. [13]. y and z
represent the E, and A, coordinates in units of the hexagonal lattice
constant a and in the form of the internal displacement parameter
u, respectively. Crosses represent the ground-state minimum at z =
Q:,“i“ = 0.234 and y = 0. Dashed and solid lines denote the equilib-
rium on the excited state QE and the maximum displacement Q7"**
in the A, coordinate. (c) and (d) Slices of the two-dimensional PES
along the E, coordinate for different values of u at photoexcitation of
(c) 0.5% and (d) 1.42% of valence electrons.

calculations but was estimated to be an order of magnitude
smaller than Ay, in a previous trXRD study [34].

At a low excitation density, where the displacements are
small and the PES can be approximated to be harmonic, one
could assume that the E, and A, oscillations are independent
of each other. Even in the case of N,_, = 0.5% of valence
electrons, however, the PES slice along the y coordinate,
shown in Fig. 6(c), is not perfectly independent of the A, dis-
placement and experiences a small disturbance as a function
of z. With increasing N,_; the maximum Q7"*, indicated by
the solid lines in Figs. 6(a) and 6(b), approaches the central
barrier at z = 0.25, while the barrier becomes lower. This
introduces significant deformation in the PES slice along the
y coordinate as z varies from Qmln to Q7™ i.e., within a
half cycle of the A, oscillation. At N,_; =1 42%, the PES
along the y coordinate suffers such significant deformation
that the curvature of the PES slice becomes negative when
the ion reaches Q7'*, as shown in Fig. 6(d). We infer that
this deformation of the PES will lead to a quick loss of the
vibrational coherence of the E; mode within a single cycle of
the A, oscillation and thereby to an effective suppression of
coherent E, phonons at high fluences, as observed in Fig. 2.

A further increase in the excitation density above 2%
would transform the double-well PES in the z coordinate to
a single well, as illustrated in Fig. 1(c), according to another
DFT simulation [12]. A single-shot TR study [38] reported a
gradual decrease in the Ay, oscillation amplitude with increas-
ing fluence and complete disappearance at Fy,. > 10 mJ/cm?
(Fyps > 3mJ/ cm?) for a 275-nm-thick Bi film at room tem-
perature. The disappearance was interpreted as the result of
a photoinduced transition to the theoretically predicted high-
symmetry phase. A trXRD study on a 50-nm-thick Bi film at
room temperature reported a similar disappearance of the os-
cillation at Fy,s > 3 mJ/cm? [54]. In the present study, which
we believe stayed below the reported threshold fluence, we
did not observe such complete disappearance of the Aj, os-
cillation. Instead, we observed large noise in the TR signal to
appear halfway through the scan of the time delay (Fig. S2
in the SM [30]), which is indicative of partial damage of the
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crystal surface as a result of continuous heating due to the
repetitive excitation at 100 kHz at a high fluence. We speculate
that the lattice cooling at the surface of our 1-mm-thick Bi
crystal could be less efficient than in a sub-micron-thick film
on a substrate due to the low thermal conductivity of Bi [55].

V. CONCLUSION

The ultrafast dynamics of coherent E, phonons of bulk
single-crystal Bi was investigated under intense photoexci-
tation at low temperature. With increasing pump fluence the
E, amplitude reached its maximum and started to decrease
at a significantly lower fluence than the A, amplitude be-
came saturated. These contrasting behaviors were explained

in terms of the strong coupling of the E, oscillation with
the large-amplitude A, oscillation on the highly excited elec-
tronic state, which could lead to suppression of the former
oscillation via dynamic deformation of the PES. By contrast,
the fluence dependence of the A;, phonons is dominated
by the coupling with photoexcited carriers rather than that
with the E, phonon. The phase shifts of the two phonon
modes with fluence could be an indication of a carrier density-
dependent transition time from the ground-state PES to the
excited-state one.
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