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The lattice response of 5 nm thick bismuth film to femtosecond laser excitation is probed by

ultrafast electron diffraction. The transient decay time after laser excitation is greater for

diffraction from (012) lattice planes compared to (110) planes and is reduced for both planes with

the increased laser fluence. These results indicate that different energy coupling mechanisms to the

lattice occur depending on the crystal direction. The behavior of the diffraction peak width

indicates partial disorder of the film upon photoexcitation that increases together with the laser

fluence. VC 2011 American Institute of Physics. [doi:10.1063/1.3652919]

Bismuth (Bi) crystallizes in the a-arsenic structure

which can be derived from the face-centered cubic structure

with a weak rhombohedral distortion.1 That unit cell has two

atoms: the first is on a lattice site, while the second is slightly

displaced from the center along the body diagonal and is sta-

bilized by the Peierls mechanism, which introduces a narrow

band gap and renders Bi as a semimetal.2 If Bi is excited by

an ultrafast laser pulse, the equilibrium distance of the two

basis atoms is modified and the Bi atoms oscillate along the

body diagonal generating the A1g coherent optical phonons.3

Bi has a very small electron effective mass tensor compo-

nents, large mean-free path (�100 nm at 300 K), highly ani-

sotropic Fermi surface, and small energy overlap of 36 meV,

making bulk Bi a semimetal.4 When the electrons are con-

fined, the band energy split increases and results in the

appearance of a small indirect band gap.4,5

We report here on the observation of anisotropy in lat-

tice dynamics as detected in the electron diffraction intensity

for the (012) and (110) diffraction peaks from a 5 nm thick

Bi film. The transient decay time after laser excitation is

greater for the (012) Bragg peak compared to the (110) peak.

The behavior of the width of the Bragg peaks with time

indicates partial disorder of the Bi flat islands upon

photoexcitation.

Ultrafast electron diffraction (UED)6–8 was used to

probe the structure of laser-excited Bi thin film. A 35-keV

electron gun was used to produce electron pulses by photo-

emission from a silver thin-film photocathode excited by

frequency-tripled laser pulses (110 fs duration, 800 nm fun-

damental wavelength, at 1 kHz repetition rate). The Bi film

was exposed to the fundamental wavelength. The temporal

resolution of the UED setup is better than 2 ps at the photo-

cathode excitation level used. This was confirmed by per-

forming UED experiment on 20 nm thick free-standing

aluminum and bismuth films which showed lattice thermal-

ization time in good agreement with that reported previ-

ously.9,10 The UED system is operated in low 10�9 Torr.

The Bi films were grown by thermal evaporation on

3 mm diameter copper transmission electron microscopy

(TEM) grids coated with <10 nm thick carbon layers. The

as-deposited flat islands were annealed by femtosecond

pulsed laser with a fluence of 2.4 mJ/cm2. Laser annealing

with a fluence of 3.3 mJ/cm2 had similar annealing effect.

The laser-annealed sample had a diffraction pattern that

remained stable during the reported experiments and recov-

ered after heating. Figure 1 shows TEM images of the as-

deposited Bi film and after laser annealing, along with the

corresponding transmission electron diffraction patterns. The

lattice parameters remained unaffected by annealing and

were found to be a¼ 4.6 6 0.1 Å and c¼ 11.6 6 0.1 Å,

which are in good agreement with the reported values of

4.54 Å and 11.81 Å for the Bi unit cell.11

Figure 2 shows the normalized diffraction intensity of

the (012) and (110) Bragg peaks for two laser fluences,

FIG. 1. HRTEM images and diffraction pattern of as-deposited 5 nm thick

Bi film (a) and laser annealed sample at laser fluence of 2.4 mJ/cm2 operated

at 1 kHz repetition rate (b). Laser annealing causes some agglomeration of

the as-deposited islands and an increase of voids. The diffraction patterns

are characteristic of the bulk hexagonal unit cell, indicating no structural

phase transition occurring during annealing. The ring intensities change by

annealing indicating changes in film orientation.

a) Physics Department, Cairo University, Cairo, Egypt.
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1.5 and 3.3 mJ/cm2. The decay time s of the normalized in-

tensity is found to be dependent on the laser fluence and the

diffraction peak. It is generally assumed that the decay of the

diffraction intensity in UED follows the Debye-Waller treat-

ment where the intensity of diffraction peak is reduced due

to increased single- and multi-phonon scattering by lattice

heating. This is considered valid in analysis of UED experi-

ments as a measure of the mean vibrational amplitude;14,15

however, extension of this treatment to define a temperature

is not valid when the equilibrium phonon distribution has not

yet been reached. Phonon equilibration can take several tens

of picoseconds. UED measurements of the decay of coherent

acoustic phonons in Bi film showed a decay time of 40–50

ps,12 which is four times longer than previously found for

optical phonons in pump-probe reflectivity measurements.13

Therefore, the time required for the phonons to reach equi-

librium in the Bi film is longer than �50 ps for the experi-

mental conditions used.

The decay time s in Fig. 2 was fitted to a single expo-

nential. Considerable anisotropy in s is observed between

the (012) and (110) Bragg peaks. At a laser fluence of

1.5 mJ/cm2, s was 11.2 ps for the (012) peak and 4.3 ps for

the (110) peak, while at 3.3 mJ/cm2, s was 4.1 and 3.1 ps for

the (012) and (110) peaks, respectively. This anisotropy in s
shows that the energy transfer from the excited carriers and

coherent phonons to the lattice is anisotropic. Since the ther-

malization of the acoustic phonons takes much longer than s,

the anisotropy in the energy transfer rate to the lattice will

appear as a difference in s measured for different planes.

Lattice excitation occurs through carrier thermalization by

electron-phonon and phonon-phonon interactions. Carrier

diffusion is negligible since the film thickness is less than the

laser skin depth in Bi which is �28 nm.13

Excitation of Bi by ultrashort laser pulses changes the

equilibrium atomic positions within the unit cell by displa-

cive excitation of coherent phonons of the symmetric A1g

mode. The photoexcited carriers generate nonequilibrium

electron distribution that changes the lattice bonding. The

main mechanism for the relaxation of the A1g coherent pho-

nons is dephasing by phonon-phonon interaction due to lat-

tice anharmonicity.16 The carrier relaxation time and

dephasing time of the A1g phonons were previously found to

depend on the structure and size of the studied sample. For a

polycrystalline Bi film, these times were both �4.1 ps. The

carrier relaxation time was shorter (2.8 ps) in Bi single crys-

tal, while the A1g phonons dephasing time was about the

same as for the polycrystalline sample.16 The increased car-

rier relaxation time in the polycrystalline sample is thought

to be due to its semiconductor character as a result of size

reduction.

The decay time s observed for the (110) peak is consist-

ent with the carrier relaxation time observed in Bi films.16

The (110) planes are parallel to the body diagonal and, there-

fore, diffraction from these planes is not sensitive to A1g

oscillations or decay of these oscillations into coherent

acoustic phonons oscillating along the body diagonal. How-

ever, the (012) peak is sensitive to oscillations along the

body diagonal. The longer s observed for the (012) peak

could be due to additional lattice excitation mechanisms

involving decay of A1g oscillations into coherent acoustic

phonons and their subsequent relaxation into the phonon

bath.

Increasing the laser fluence from 1.5 to 3.3 mJ/cm2

reduced s for the observed diffraction peaks. The reduction

of s together with increasing fluence was also previously

observed for 30 nm thick Bi film, although no anisotropy in s
was reported for the diffraction peaks studied.10 The reduc-

tion in s together with increasing laser fluence can be

explained by the increased carrier density resulting in higher

carrier relaxation time, as well as by an increase in the damp-

ing of the coherent phonons, both optical and acoustic, with

laser fluence as was previously detected for the A1g

oscillations.17

To estimate the final lattice temperature, we used the

normalized diffraction intensity level near the end of the

pump-probe scans in Fig. 2 and the measured Debye temper-

ature for the (110) diffraction peaks, which we found previ-

ously to be 86 6 9 K.18 The increase in lattice temperature as

a result of heating by 1.5 mJ/cm2 laser pulse is �150 K,

resulting in maximum temperature of �450 K. Surface melt-

ing of the Bi islands can occur at this temperature.18,19

FIG. 2. (Color online) Time evolution of Bragg peak normalized intensity.

(a) For the (012) planes, the decay time s is 11.2 and 4.1 ps for laser fluence

of 1.5 and 3.3 mJ/cm2, respectively. (b) For the (110) planes, s is 4.3 and 3.1

ps for laser fluence of 1.5 and 3.3 mJ/cm2, respectively. Anisotropy in the

decay time of the (012) and (110) peaks indicates different lattice excitation

mechanisms that is dependent on crystal direction.
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Figure 3 shows the full width at half maximum (FWHM)

of the (012) diffraction peak at the time delay of 41 ps nor-

malized to that without laser heating plotted as a function of

the laser fluence. The behavior of the (110) peak was similar

in shape. The increase in the FWHM of the diffraction peak

width indicates reduction in the crystalline size. We have pre-

viously observed an increased diffraction peak width in the

case of Bi nanoparticles under continuous heating, and this

was attributed to formation of a liquid shell around the nano-

particles.18 Excitation of longitudinal acoustic phonons and

strain effects can also affect the measured FWHM, however,

unlike the behavior observed in Fig. 3, these effects decay in a

few tens of picosecond.20 The results in Fig. 3 show that some

disorder is occurring at a fluence as low as 1.5 mJ/cm2 and

continues to increase with the laser fluence. The inset in Fig. 3

shows the temporal development of the normalized FWHM,

which shows that the diffraction width reaches a plateau at a

time that is reduced with the increasing laser fluence and is

delayed by �20 ps for the laser fluence of 1.5 mJ/cm2. The

FWHM remains constant up to the maximum probed time,

100 ps. This observation is consistent with the formation of a

stable disorder (a liquid layer), that persists over time due to

the slow thermal diffusion out of the Bi islands.

In UED experiments on 5 nm thick Bi film, consisting of

flat islands, the temporal development of the diffraction in-

tensity shows that the transient decay time after laser excita-

tion is greater for the (012) diffraction peak compared to the

(110) peak. These results indicate that different energy cou-

pling mechanisms, depending on the crystal direction, are

occurring in the case of femtosecond laser excitation. The

behavior of the FWHM of the diffraction peaks with time

indicates partial disorder of the Bi islands that increases with

the laser fluence.

This material is based upon work supported by the U.S.
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FIG. 3. (Color online) Diffraction width of the (012) Bragg peak normalized

to that without laser heating taken at delay time 41 ps for different laser flu-

ences. Inset is time evolution of normalized Bragg peak width at two differ-

ent laser fluences.
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