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Excursions far from their equilibrium structures can bring crystalline solids through collective
transformations including transitions into new phases that may be transient or long-lived. The direct
spectroscopic observation of far-from-equilibrium rearrangements provides fundamental mechanistic
insight into chemical and structural transformations and a potential route to practical applications,
including ultrafast optical control over material structure and properties. However, in many cases,
photoinduced transitions are irreversible or only slowly reversible, or the light fluence required exceeds
material damage thresholds. This requirement precludes conventional ultrafast spectroscopy, in which
optical excitation and probe pulses irradiate the sample many times, each measurement providing
information about the sample response at just one probe delay time following excitation, with each
measurement at a high repetition rate and with the sample fully recovering its initial state in between
measurements. Using a single-shot, real-time measurement method, we are able to observe the photo-
induced phase transition from the semimetallic, low-symmetry phase of crystalline bismuth into a high-
symmetry phase whose existence at high electronic excitation densities is predicted based on earlier
measurements at moderate excitation densities below the damage threshold. Our observations indicate that
coherent lattice vibrational motion launched upon photoexcitation with an incident fluence above
10 mJ=cm2 in bulk bismuth brings the lattice structure directly into the high-symmetry configuration
for several picoseconds, after which carrier relaxation and diffusion restore the equilibrium lattice
configuration.
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I. INTRODUCTION

Crystals with symmetry-lowering Peierls distortions
[1–5] present particularly attractive targets for time-
resolved measurements of collective transitions to new
structural phases. Like their molecular counterparts with
Jahn-Teller distortions, Peierls-distorted systems arise due
to coupling between electrons in partially filled states of
nearby energy and vibrational modes along whose

coordinates the distortions occur. The energy cost of the
vibrational excursion is more than compensated for by the
associated splitting of degenerate or near-degenerate elec-
tronic states, with electrons populating the lower-energy
states. Optical excitation removes electrons from those
states, reducing the energypayback for vibrational distortion.
Under sufficiently intense illumination, the distortion might
be removed completely.
The semimetal bismuth is a prototypical Peierls system

[6], where its rhombohedral crystal lattice is related to a
simple cubic structure (observed in antimony at elevated
pressures as the stable, metallic phase [7,8]) through the
motion of atoms away from the high-symmetry locations
along the unit-cell diagonals, corresponding to the A1g optic
phonon mode of the rhombohedral phase. This collective
distortion opens a band gap to produce the semimetallic
phase. Previous ultrafast spectroscopic studies on bismuth
have shown time-dependent oscillations of the A1g phonon
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mode, with significant softening of the phonon frequency
as the excitation density is increased up to 1.5% of the
valence electrons [4]. Density-functional-theory (DFT)
calculations by Murray et al. [3] predict that, if the
electronic excitation is strong enough (>2% of valence
electrons excited), it should be possible to drive the bismuth
atom past the center of the unit cell and reach a transient
high-symmetry structure, shown in Fig. 1(a). This photo-
induced phase transition, which has not yet been observed,
is predicted to be nonthermal, and the high-symmetry phase
cannot be reached by raising the temperature. The lattice
change occurs due to exceptionally strong electron-phonon
coupling, as the removal of valence electrons upon optical
absorption changes the lattice potential preceding any loss
of electron energy to the lattice. In contrast, in aluminum
and many other metals, carrier excitation has a minimal
effect on the lattice potential energy, and phase transitions
such as lattice melting proceed through the transfer of
energy from hot carriers to the initially cold lattice over a
few picoseconds [9].
The removal of a lattice distortion by electronic excitation

has been observed in other systems with Peierls-like
distortions, such as VO2 [10], blue bronze [5], charge-
ordered manganites [11–13], organic crystals [1,2], and rare-
earth chalcogenides [5,14], and predicted theoretically in
arsenic and antimony [15,16]. Despite bismuth’s status as a
canonical Peierls system, sample damage at high excitation
densities has prevented the observation of electronic lifting

of the Peierls distortion analogous to what has been observed
in these systems, and its low melting point prevents the
observation of the high-symmetry phase at thermal equilib-
rium. The experimental observation of electronic lifting of
the Peierls distortion in bismuth provides a benchmark for
electronic lifting of a Peierls distortion in a relatively well-
understood system with minimal electron correlation, where
the observed dynamics are purely structural.
Previously, Fritz et al.performedoptical pumpx-rayprobe

measurements in bismuth, showing bond softening and an
approach toward the symmetric phase [4]. However, sample
damage prevented exploration at excitation densities beyond
where 1.3% of the valence electrons are excited. Sciaini et al.
probe photoexcited bismuth with femtosecond electron
diffraction and show evidence of nonthermal melting faster
than 1 ps after high-fluence excitation above the damage
threshold [17], and Sokolowski-Tinten et al. report x-ray
diffraction measurements that show a partial loss of long-
range order after several picoseconds [18].
The results to date leave open the question of whether a

transient high-symmetry crystalline state in bismuth may be
reached upon photoexcitation. In this hidden phase, the unit
cell would be halved in size, with only one atom per unit
cell and no optic phonon modes. Therefore, the absence of
coherent optical phonon oscillations in a time-resolved
pump-probe trace with a high pump fluence could indicate
a higher-symmetry crystalline phase with no long-range
order between bismuth dimers. However, the Raman-active
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FIG. 1. Dual-echelon single-shot spectroscopy of bismuth. (a) Potential energy surface of bismuth along the A1g mode coordinate at
various levels of electronic excitation. The range of coherent lattice motion upon fast excitation from the ground state is shown in red
along the curves. At excitation densities above 2% of the valence electrons, the kinetic energy imparted to the A1g mode is enough to
drive the central atom (shown in red in the schematic) across the center of the unit cell, forming the symmetric phase. The distorted
(bottom) and symmetric (top) crystal structures are shown in (a), with arrows showing the direction of motion of the central atom (red).
The lattice distortion is exaggerated for clarity. (b) Differential image of the echelon grid on a 275-nm-thick bismuth film, excited with a
fluence of 3 mJ=cm2 and a probe wavelength of 800 nm, on a scale of −1% to 3% ΔR=R, showing coherent phonon oscillations on the
signal (left) grid. This image is averaged over 50 laser shots. (c) Unfolded single-shot pump-probe trace extracted from the image in (b),
showing coherent phonon oscillations of the A1g mode. The red curve shows the fit to Eqs. (1) and (2).
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A1g optic phonon mode is also absent in liquid and amor-
phous solid systems. Lowering the initial sample temperature
precludes thermal melting at a high laser fluence. The time-
dependent reflectivity can then monitor the time-dependent
evolution of the lattice distortion closely, but such data are
difficult to collect if each high-fluence excitation laser shot
is followed by a single probe pulse that records the transient
optical properties at a single delay time. In that case,
permanent damage of each irradiated sample region allows
data to be recorded only at a few time delays, with a limited
signal-to-noise ratio because extensive signal averaging is
impossible and the time dependence must be determined by
combining measurements at different delays from different
sample regions. Here, we report results of measurements
that circumvent these limitations by recording the sample
response atmany delay times after each excitation pulse [19],
providing an experimental probe of a hidden solid phase and
the measurement of the dynamics of its formation and
relaxation.

II. METHODS

The bismuth samples are polycrystalline thin films sput-
tered on sapphire and glass substrates, with film thicknesses
of 20 and 275 nm (essentially bulk). See Supplemental
Material [20] for more details on the sample characterization
(Figs. S1–S3). The substrates are heated to 170 °C during
sputter coating to ensure crystalline deposition. Substrates
are sonicated in acetone to remove any residual surface
deposits and then plasma cleaned in the sputter coater before
deposition. Powder diffraction confirms the samples are
crystalline and slightly textured with the surface preferen-
tially oriented along the (1 1 1) direction, as shown in
Supplemental Material [20] (Fig. S3).
Single-shot transient-reflection pump-probe measure-

ments are conducted using a method demonstrated earlier
[19] in which a 20 × 20 grid of 400 probe pulses is focused
onto the same region of the sample as an 800-nm excitation
pulse, with the probe pulse time delays incremented by
23 fs. The reflected probe pulses are projected onto a CCD
camera, where they again form a 20 × 20 grid, allowing the
data from each of the 400 time delays to be read out. The
method is summarized in Supplemental Material [20]
(Sec. II, Fig. S5), and representative images and traces
are shown in Figs. 1(b) and 1(c), respectively.
To ensure that melting could not occur before the

formation of the symmetric phase, the experiments are
performed with an initial sample temperature of 80 K, well
below bismuth’s melting point of 544 K. Depending on the
pump fluence, 20–100 shots are recorded from each sample
region before permanent damage occurs, as assessed by
changes in the static reflectivity and by pump-probe time-
dependent signals that are recorded at a low fluence, and
confirmed after the experiment by checking for visible
damage on the sample surface with an optical microscope
(see Supplemental Material [20], Fig. S7, for more details).

The pump spot size is approximately 1 mm in diameter on
the sample and is determined by placing a camera at the
sample position.

III. RESULTS

A. Single-shot spectroscopy

Single-shot data from the bulklike (275-nm film) and thin-
film (20-nm film) samples are shown in Fig. 2. Reflectivity
traces for the bulk sample are shown in Figs. 2(a) and 2(b),
while similar traces for the 20-nm thin film are shown in
Fig. S6 in SupplementalMaterial [20]. In bulk bismuth, upon
increasing the excitation fluence, the lifetime of the coherent
phonon mode drops dramatically, and the frequency drops
from its equilibrium value of 2.95 THz down to a minimum
measurable value of 1.8 THz [Fig. 2(c), solid circles]. Above
9 mJ=cm2, the coherent phonon oscillations persist for less
than a half cycle [Fig. 2(b)], indicating that the coherent
lattice vibrational motion initiated upon photoexcitation
through electron-phonon coupling propels the atoms directly
into their positions in the high-symmetry phase. Above this
fluence, the initial potential energy along the vibrational
coordinate in the excited state is higher than the barrier in the
center of the unit cell, as shown in Fig. 1(a). The initial
motion of the bismuth atoms toward (and past) the center of
the unit cell, followed by rapid dephasing, randomizes the Bi
atom positions in their local potential minima about the unit-
cell centers, thereby forming the high-symmetry phase.
We see similar results in bond softening and the eventual

disappearance of coherent oscillations at 300 and 80 K in
both the 20- and 275-nm thin films. In the 20-nm film, lower
pump fluences are required for similar reductions in the
phonon frequency and for the disappearance of the phonon
oscillations [Fig. 2(c), empty circles]. As discussed earlier
[22], the confinement of excited carriers in the thin film
preserves a higher carrier density than in the thicker sample,
in which fast carrier diffusion quickly reduces the photo-
excited electron density. This confinement accounts for more
pronounced thin-film responses at lower pump fluences, as
noted in several studies [4,18,22]. Quantumconfinement and
backreflections from the substrate in the 20-nm thin film
reverse the sign of the reflectivity change and reduce the
amplitudes of the reflectivity oscillations compared to the
bulk sample [22] but do not affect the excitation density
dependence of the lattice potential. The fluence-dependent
trend in bond softening does not change significantly with a
sample temperature between 300 and 80 K [Fig. 2(c)]. Small
differences may be due to thermal contraction and a slightly
higher carrier diffusivity at a low temperature.
To measure coherent phonon frequencies in double-pump

and single-pump pump-probe experiments, single-shot
traces are fit to a decaying background signal of the form

�
ΔR
R

�
bgd

¼ A1e−t=τel þ A2; ð1Þ
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where τel is the decay time of the slowly varying background
and A1 and A2 are the amplitudes of the decaying and quasi-
dc components. To obtain the phonon frequency, the trace is
subtracted from the fitted background and fit to a decaying
sine function of the form

�
ΔR
R

�
osc

¼ A cosð2πftÞe−γt; ð2Þ

where f is the coherent A1g phonon frequency, A is the
amplitude of the phonon oscillation, and γ is the phonon
damping rate. The chirp in theA1g mode oscillation observed
in previous studies [3,23,24] is not necessary for fitting traces
under a very high fluence excitation andmost two-pulse data
after high fluence excitation, because the oscillation lifetime
is sufficiently short that no change in the oscillation fre-
quency ismeasurable during thedecay time. Fits (black lines)
are shown superimposed on the raw data (color) for each
single-shot trace as a function of the fluence in Figs. 2(a)
and 2(b). The fitted frequency f and damping rate γ as a

function of the fluence are shown in Figs. 2(c) and 2(d),
respectively. The fitting breaks down at a high fluence when
the coherent oscillation is seen for less than a half cycle, very
close to and above the onset of the symmetric phase.
As discussed below, thermal modeling shows that an

excitation fluence of 20 mJ=cm2 or below is not sufficient
to bring the surface of the 275-nm sample from 80 K to the
melting point, indicating that the loss of the phonon signal
is due to a transition into the high-symmetry crystalline
phase rather than melting. To probe the structural evolution
of the bismuth crystal after strong photoexcitation, we
irradiate the sample with a second, weak excitation pulse at
various time delays following the first strong pump pulse,
and we measure the time-dependent signal following the
second pulse. This measurement allows us to observe the
recovery of phonon oscillations induced by a weak pump
pulse, indicating if the crystal had returned to the low-
symmetry phase by the time that the second pulse arrived
[10]. Figure 3(a) shows results from the 275-nm film at
80 K for a first pump fluence of 10.9 mJ=cm2 and a second

(a)

(c) (d)

(b)

FIG. 2. (a) Single-shot pump-probe traces for 275-nm Bi films with an initial temperature of 300 K. (b) Single-shot pump-probe traces
for 275-nm Bi films with an initial temperature of 80 K. In (a) and (b), the colored lines are experimental data, and the black curves are
fits of the experimental data to Eqs. (1) and (2), as described in the text. (c) The coherent phonon frequency at 300 and 80 K as a function
of the fluence for two separate films: one 20 nm thick and one 275 nm thick. Lines are simulation curves calculated using the
photoexcited carrier density from an extended two-temperature model [21] and the carrier density-dependent anharmonic lattice
potential [3]. At high fluences, the fitting used to calculate a damping rate breaks down when the coherent phonons vanish (above
10.5 mJ=cm2 in the 275-nm film at 300 K and above 9 mJ=cm2 at 80 K). The probe wavelength for all traces in this figure is 800 nm,
and traces are offset for clarity. (d) The damping rate of the coherent oscillations, which increases with photoexcitation fluence.
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pump fluence of 1 mJ=cm2. After a delay of 3 ps between
the first and the second pump pulses, there is no indication
of coherent oscillations induced by the second pulse. After
a 20-ps delay between the first and second pump pulses,
the coherent oscillations are clearly present. For the initial
pump fluence of 10.9 mJ=cm2, the phonon oscillations
return within 10 ps. The oscillation frequency as a
function of the delay of the second pump pulse with
respect to the first pump pulse, for two fluence values of
the first pump pulse, is shown in Fig. 3(b). The low first
pump pulse fluence of 7 mJ=cm2 is below the transition
threshold to the symmetric phase, and the higher pump
pulse fluence of 10 mJ=cm2 is above the transition

threshold. The picosecond timescale for restoration of
the low-symmetry crystalline state is consistent with the
kinetics of electron-hole recombination and diffusion but
is clearly inconsistent with recrystallization from a liquid
state through either nucleation or growth from nearby
crystalline regions, which would be on the order of
nanoseconds or more. The picosecond timescale indicates
that the disappearance of the Peierls distortion as mea-
sured by the absence of an A1g coherent phonon is not due
to the formation of a liquid phase through either thermal or
nonthermal melting. The results of a two-pump experi-
ment on the same film with an initial sample temperature
of 300 K are shown in Fig. 3(d), showing a similar

−
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−

−
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−

−
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(c) (d)

(b)

FIG. 3. Two-pulse experiments on the highly excited state of the 275-nm bismuth film. (a) Single-shot traces following an initial
excitation pulse (P1) of 10.9 mJ=cm2 and a second excitation pulse (P2) of 1 mJ=cm2 on a 275-nm film at 80 K. The coherent phonon
signal is suppressed 3 ps after the first excitation pulse and returns 20 ps later.Δt is the time delay between the two excitation pulses. The
probe wavelength for this experiment is 720 nm. (b) Coherent phonon frequency as a function of the time delay between an initial
excitation pulse with an incident fluence of 6.9 and 10.9 mJ=cm2 and a second excitation pulse with an incident fluence of
P2 ¼ 1 mJ=cm2. The solid lines are the predicted oscillation frequency based on an extended two-temperature model. Within 1 ps after
excitation at 10.9 mJ=cm2, no phonon oscillations are induced by a weak second excitation pulse, indicating that the irradiated region of
the film is in the symmetric phase. (c) The transient reflectivity of the Bi film at 300 K as a function of time after excitation for various
pump fluences with an 800-nm probe. Note the logarithmic timescale. Points are measurements made at selected long times averaged
over the 9-ps time window of the single-shot instrument. Solid lines are calculations based on an extended two-temperature model and
the known thermoreflectance of bismuth. The simulations do not account for the reflectivity change due to hot carriers, and so are
expected to agree only with the experiment at a long delay. The dashed line labeled ΔR=RðTmeltÞ corresponds to the relative reflectivity
difference of bismuth at its initial temperature of 300 K and its melting point Tmelt ¼ 544 K. (d) Transient A1g frequency measured using
the same method as in (b) for the sample starting at 300 K for three representative pump fluences. The solid line labeled fðP2Þ
corresponds to the coherent phonon frequency observed by the weak pump pulse in the absence of the strong pump P1. The dashed line
indicates the expected A1g phonon frequency for bismuth heated to its melting point.
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recovery timescale of the coherent phonon frequency. The
symmetric phase is reached for the trace with an initial
pump fluence of 10.9 mJ=cm2.
Furthermore, the single-shot instrument permits us to

measure the time-dependent reflectivity after the initial,
strong excitation pulse for up to 1 ns following photo-
excitation. The final time-dependent reflectivity change can
be used as a secondary check of the final lattice temperature
after a strong photoexcitation pulse, using the known
thermoreflectance of bismuth. The time-dependent reflec-
tivities at 800 nm at various pump fluences are shown in
Fig. 3(c). For a probe wavelength of 800 nm, the thermore-
flectance parameter in bismuth is dR=dT ¼ −9 × 10−5 K−1

[25]. Therefore, the 4% change in reflectivity after excitation
with a 20 mJ=cm2 pulse corresponds to a 500-K temperature
jump. This result is in good agreement with our thermal
model at later time delays (>60 ps) as discussed in the next
section.

B. Modeling and simulations

We can calculate the expected carrier density within the
optical penetration depth based on the excitation fluence
and the carrier diffusion rate. Then, we can use the potential
energy surface calculated by Murray et al. [3] to relate
the carrier density at the irradiated sample surface to the
phonon frequency. Based on our calculations for carrier
diffusion and the measured phonon frequency, the maxi-
mum photoexcited carrier density reached at the surface in
the experiments presented here is greater than 2% of the
valence electrons excited, which is above the calculated
threshold for the structural phase transition in bulk Bi.
The photoexcitation of 2% valence electrons threshold is
reached with a pump fluence of 9.2 mJ=cm2.
Using an extended two-temperature model [19], we

simulate carrier diffusion and thermalization away from
the irradiated sample surface and thermalization with the
lattice as a function of time t and depth z, the results of which
are shown in Fig. 4. The extended two-temperature model is
the solution to the coupled equations for the carrier density,
carrier temperature, and lattice temperature. The excited
carrier density ne is described by the diffusion equation

∂ne
∂t ¼ De

∂2ne
∂z2 −

1

τ
½ne − n0ðTlÞ�: ð3Þ

The parameter De is the ambipolar carrier diffusivity, τ
is the carrier lifetime, and n0 is the equilibrium carrier
density at lattice temperature Tl. The carriers also have a
high nonequilibrium temperature Te (on the order of a few
eV) which evolves in space and time with the modified
diffusion equation

Ce
∂Te

∂t ¼ De
∂2Te

∂z2 − gðTeÞðTe − TlÞ: ð4Þ

Δ

−

c

c

(a)

(b)

(c)

FIG. 4. Extended two-temperature modeling in bismuth.
(a) The average carrier density within the optical penetration
depth for the first 10 ps after excitation, for a range of fluences
comparable to those used in the experiment. The line corresponds
to the carrier density required for bismuth atoms to be accelerated
over the potential barrier at the center of the unit cell and enter
the symmetric phase upon excitation with a short pulse. (b) The
lattice temperature in bulk Bi for the first 100 ps after excitation
with an initial temperature of 80 K averaged over the penetration
depth. The maximum lattice temperature is reached 15 ps after
excitation. The dashed line shows the melting temperature of
bismuth (544 K). The melting temperature plus heat of fusion
required to melt the surface is out of the range of the graph.
(c) Simulations of the A1g contribution to the reflectivity obtained
by solving the classical equations of motion for the A1g mode on a
time-dependent potential defined by the carrier density in (a). The
y-axis ΔR is the square of the displacement along the A1g mode
coordinate x relative to the symmetric position x ¼ 0 (in arbitrary
units) displaced from its initial position x0, which is proportional
to the change in reflectivity induced by the coherent lattice
oscillation, as given by Eq. (7). The simulated trace at
9.2 mJ=cm2 crosses the barrier at the center of the unit cell,
forming the symmetric phase for 1–2 ps, depending on the
excitation fluence.

SAMUEL W. TEITELBAUM et al. PHYS. REV. X 8, 031081 (2018)

031081-6



In this equation, Ce is the carrier heat capacity (per
carrier), and De is the carrier thermal diffusivity. As the
carriers cool, the lattice heats equivalently. The heat
equation for the lattice temperature Tl is given by

Cl
∂Tl

∂t ¼ Dl
∂2Tl

∂z2 þ g0ðTe − TlÞ þ
1

τ
½Eg þ TeCe�ðne − n0Þ;

ð5Þ

where Cl is the lattice heat capacity, Dl is the lattice
thermal diffusivity, and Eg is the band gap. The first term
describes thermal transport into the depth of the material,
the second term accounts for heating by carrier-lattice
thermalization through electron-phonon coupling, and the
third term accounts for lattice heating through hot carrier
recombination.
Additional details, equations, and parameters of the

extended two-temperature model are given in Supplemental
Material [20] and in Ref. [21]. The parameters used for the
extended two-temperature model agree well with previous
results at a moderate excitation density [4,21,24,26]. Our
simulations show the maximum lattice temperature Tmax
is reached 25 ps after excitation, and 90% of the lattice
temperature jump is complete within 5 ps. This lattice
temperature rise is consistent with similar results using
conventional two-temperature models [26–28], which do
not take into account independent carrier density and
temperature (see Supplemental Material [20], Fig. S10,
for more details). The lattice would reach the melting point
Tmelt with enough excess heat to surpass the heat of fusion
in the heated volume onlywith a far higher fluence than that
required to reach the symmetric phase. At 80 K, the surface
temperature reaches the melting point at a comparable
excitation fluence to the onset of the high-symmetry phase
transition but is never heated past the heat of fusion
required for melting to occur over the probe penetration
depth (15 nm). In order for a liquid phase to form, the
bismuth film must be superheated well past the melting
point order to overcome the activation energy required to
form a solid-liquid interface [29]. Based on our thermal
model, Tmax=Tm is less than 1.1, which results in melting
times well over one second using the homogeneous
nucleation theory [29]. A small liquid layer could form
near the surface in tens of picoseconds but cannot account
for the complete loss of the coherent phonon signal at high
excitation densities.
Based on the carrier density and lattice temperature

calculated using our transport and thermalization models,
we can predict the A1g phonon frequency after excitation
and comparewith the experimentally determinedA1g phonon
frequency. The comparison is shown between the points
and curves in Fig. 3, which agree to within the uncertainties
of our fitting. As the photoexcited carriers recombine, the
lattice distortion and coherent phonon frequency recover
toward their equilibrium values. The persistence of the

phonon frequency redshift at long times (>60 ps) is due
to heating of the bismuth film [23]. The predicted coherent
phonon frequencies based on the lattice temperature
[Fig. 4(a)] and carrier density [Fig. 4(b)] simulated by an
extended two-temperature model agree well with the mea-
sured phonon frequencies.
Similarly, we can use the final reflectivity after the strong

excitation pulse as a secondary thermometer at long delays,
given the known thermoreflectance of bismuth. The time-
dependent reflectivity is shown in Fig. 3(c). In comparison
with our model, the reflectivity agrees with our model to
within 20% at delays longer than 80 ps. Given the accuracy
of the thermoreflectance parameter, this agreement is
effectively within the margin of error of our model and
demonstrates that our thermal model correctly predicts the
lattice temperature at late times. At early times, when hot
carriers persist and have not thermalized with the lattice, we
would not expect the lattice temperature alone to describe
the transient reflectivity change of the sample.
Nevertheless, the agreement at late times indicates that
the thermal model is able to estimate the overall lattice
heating 80 ps after the excitation pulse. The expected time
for minimum reflectivity based on thermoreflectance is
20 ps, earlier than what is observed experimentally, where
the minimum reflectivity is around 60 ps. This difference is
likely due to competition between hot carriers, which
results in a rise in reflectivity, and heating, which results
in a drop in reflectivity, and not necessarily due to an
underestimate of the heating time.
Finally, we simulate the process by which the bismuth

atoms are driven across the center of the unit cell. This
barrier crossing, when combined with strong damping,
destroys the Peierls distortion and forms the symmetric
phase. To simulate this process, we solve the classical
equations of motion numerically for a particle in a time-
dependent potential. At every point in time, we use the
appropriate lattice potential from the time-dependent car-
rier density predicted by our extended two-temperature
model. This potential surface, along with an empirical
damping rate based on the incident fluence [Fig. 2(d)],
allows us to solve the equations of motion for the coherent
part of the A1g mode trajectory xðtÞ. The equation of motion
governing the trajectory of the mode is

μ
∂2x
∂t2 þ Γ

∂x
∂t þ

∂Vðx; tÞ
∂x ¼ 0: ð6Þ

Here, μ is the effective mass of the A1g mode, and the
parameter Γ is the phenomenological damping, which is
0.9 ps−1 times the incident fluence in mJ=cm2, and the
potential V½x; nðtÞ� is the lattice potential given by the time-
dependent carrier density nðtÞ derived from the extended
two-temperature model. This scheme is analogous to the
equation of motion used in Ref. [5] but with a time-
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dependent potential defined by an ab initioDFT calculation
and a carrier density.
This trajectory can then be converted to a reflectivity

change by

ΔR
R

¼ A½xðtÞ2 − x20�; ð7Þ

where x0 is the initial position of the Bi atom along the
c-axis direction and xðtÞ is the time-dependent displace-
ment, where x ¼ 0 is the center of the unit cell. The
predicted reflectivity change xðtÞ2 − x20 based on simulated
trajectories for incident fluences used in the experiments
shown in Fig. 2(a) are shown in Fig. 4(c). The parameter A
is a scaling factor that converts displacements to reflectivity
through the modulation of the dielectric function. Note that,
in the regime the barrier is crossed, we expect strong
coupling to other modes [30], strong damping of the A1g

mode due to the anharmonicity of the potential, and a loss
of Raman activity of the A1g mode [5,10]. The strong
damping seen in Fig. 4(c) at high fluences is due to this
strongly anharmonic, time-dependent potential, coupled
with the velocity damping term in Eq. (6). As the carriers
diffuse away from the surface, the barrier in the potential
surface reappears. The Peierls distortion does not reappear
instantaneously after the barrier reappears, as it takes some
time for a macroscopic domain to reform, which accounts
for the 2–3 ps delay between the appearance of the coherent
phonons in Fig. 3(a) (3–5 ps after excitation) and the carrier
density dropping below the switching critical density in
Fig. 4(c) (1–3 ps after excitation) [31].

IV. DISCUSSION

Having presented the experimental evidence for the
appearance of a high-symmetry crystalline phase of bis-
muth under strong photoexcitation and thermal modeling
that estimates the extent of electronic and thermal excita-
tion near the sample surface, we now return to our picture
of the formation of the high-symmetry phase. The key
phenomena and timescales are the following, described
approximately by the two-temperature model that has been
applied to bismuth [21]. Within the excitation pulse
duration, the excited electrons equilibrate with each other
at the 1.5-eV photon energy, establishing an excited carrier
temperature of thousands of degrees Kelvin, which equili-
brate with the other valence electrons in tens of femto-
seconds [27]. Carriers diffuse out of the 15-nm optical
penetration depth of the crystal, while incoherent electron-
phonon coupling leads to heating of the lattice, which
reaches a maximum temperature in the irradiated region
after approximately 25 ps, consistent with optical and
electronic spectroscopy measurements [4,24]. The A1g
phonon frequency reflects these kinetics. The high initial
carrier density leads to a pronounced phonon softening, the
extent of which decreases as the excited electrons relax and

diffuse out of the optical penetration depth. The elevated
lattice temperature induces a more moderate phonon fre-
quency reduction due to lattice anharmonicity. With mod-
erate pump fluences, such as 6.9 mJ=cm2, the phonon
frequency recovers close to its equilibrium value of
2.9 THz after less than 100 ps, as measured with a second
weak pump pulse at long delay times [see Fig. 3(b)]. At
higher pump fluences, the phonon frequency does not fully
recover even after the longest second-pump delays of 800 ps
shown in Fig. 3(b), indicating an elevated lattice temperature
that persists for nanoseconds or longer.
In the short time (>150 fs) it takes to form the high-

symmetry phase, the unit cell does not have time to change
volume, so the primitive lattice likely remains rhombohe-
dral. Within tens of picoseconds following excitation above
the threshold for the phase transition, carrier diffusion and
thermalization partially restore the lattice potential, which
restores lattice ordering along the A1g mode coordinate,
resulting in the reappearance of the A1g coherent phonon
response after a weak second excitation pulse.
In conclusion, we excited bulk and thin-film bismuth

with high fluences, and through the use of a real-time
measurement method we observed an ultrafast phase
transition into a high-symmetry crystalline phase. Two-
pulse measurements show that the symmetric phase in
bismuth persists for several picoseconds before the lattice
distortion recovers. Our results show that the predicted
high-symmetry crystalline phase, which is inaccessible
thermally, exists and that it is reached through coherent
collective motion of the photoexcited lattice. Direct single-
shot observation of coherent motion all the way to far-from-
equilibrium structures (despite the photoexcited sample
never returning to its pristine state) has enabled a com-
parison to first-principles theoretical calculations and opens
up possibilities for coherent control that could be extended
to multidimensional control in materials with complex
phase diagrams.
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