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We use time- and momentum-resolved x-ray scattering to study thermalization in a photo-excited

thin single crystal bismuth film on sapphire. The time-resolved changes of the diffuse scattering show

primarily a quasi-thermal phonon distribution that is established in �100 ps and that follows the

time-scale of thermal transport. Ultrafast melting measurements under high laser excitation show that

epitaxial regrowth of the liquid phase occurs on the time-scale of thermal transport across the

bismuth-sapphire interface. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4804291]

The dynamics of photo-excited semi-metallic bismuth

are determined by the strong interactions between the elec-

tronic and lattice degrees of freedom.1 In particular, there has

been sustained interest in the coupling between the photo-

excited carriers and the zone-center longitudinal (A1g) optical

phonon,2,3 as it relates directly to the magnitude of the Peierls

distortion. Through ultrafast optical reflectivity4–7 as well as

x-ray diffraction experiments,8–10 the mode is known to

soften with increasing carrier density concomitant with an

increase in equilibrium distance between nearest neighbors as

the system is driven towards a more symmetric state. At the

same time, the A1g lifetime decreases. As the above experi-

ments are sensitive to the average structure, little to no infor-

mation is gained on the dynamics of modes that carry

nonzero momentum. Previously, we have shown that time

resolved x-ray diffuse scattering can be used to follow the

evolution of the non-equilibrium phonon distribution

throughout the Brillouin zone.11 In those experiments, on the

polar semiconductors InP and InSb, we found a surprisingly

long-lived non-thermal state that involved the delayed emis-

sion of high frequency, high wavevector transverse acoustic

modes. Here, we use time-resolved diffuse scattering to study

the structural dynamics of photo-excited bismuth excited

both above and below its melting threshold with momentum

resolution spanning the entire Brillouin zone. Below the melt-

ing threshold, we find that the phonon population primarily

follows a quasi-equilibrium thermal distribution that evolves

on the time-scale of thermal transport. Above the single-shot

melting threshold, we find that the film regrows epitaxially

also on the time-scale of thermal transport.

The experiments are performed at Sector 14

(BioCARS)12 of the Advanced Photon Source (APS) at

Argonne National Laboratory. The experimental setup is

similar to that described by Trigo et al.11 We use x rays with

13 keV photon energy and �100 ps pulse width, and a laser

with 640 nm wavelength and �1 ps pulse duration. The sam-

ple is a single crystal Bi thin film with thickness of �250 nm

epitaxially grown on a sapphire substrate with the c-axis

along the surface normal. The laser is incident on the sample

surface close to normal incidence, and the x-ray beam was

incident at a grazing angle of 1:5�. Each x-ray pulse contains

�1010 photons focused to a spot of 0:07� 2:6 mm2 on the

sample. We estimate that the incident laser fluence was

�1 mJ=cm2 when operating below and 5–30 mJ=cm2 when

operating above the melting threshold. A large area detector

(MarCCD 165 mm diameter) placed 75 mm behind the

sample collects the x rays with scattering angles of up to

2h � 48�. All the measurements shown in this paper were

taken at room temperature.

Figures 1–3 are based on measurements whose pump

laser fluence is below the melting threshold at a repetition

rate of 41 Hz. Fig. 1(a) shows a static (with no laser illumina-

tion) x-ray diffuse scattering image of Bi. The scattered

intensity has contributions from diffuse scattering from the

thermally excited phonons in addition to crystal-surface trun-

cation rods13 and a background due, for example, to static

disorder, air scattering, and Compton scattering. Fig. 1(b)

shows the simulated image of first order thermal diffuse scat-

tering (TDS) for the same conditions as Fig. 1(a) including

crystal orientation and x-ray energy. We obtain the eigenvec-

tors and frequencies of the normal modes corresponding to

the 6 phonon branches from first-principles calculations.14,15

The technical details (convergence parameters, etc.) for the

calculations are the same as those used by Murray et al.1

In thermal equilibrium, the intensity of one-phonon scat-

tering at momentum transfer ~Q has contributions from the

various modes of reduced wave vector ~q and frequency xq;j

and is given by11,16–18
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Taiwan Science Park, Taichung 40763, Taiwan.
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I1ðQ; TÞ ¼ �hNIe
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X
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coth
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2kBT

� �
jFjðQÞj2; (1)

where N is the number of unit cells, Ie is the scattering inten-

sity from a single electron, and FjðQÞ is the one-phonon

structure factor, which is proportional to projection of the

phonon polarization on the scattering vector.18 The close

similarities between Figures 1(a) and 1(b) give us confidence

that away from the Bragg rods, the first order diffuse compo-

nent contributes a significant fraction of the scattered

intensity. Thus to a good approximation, time-resolved

difference images between laser excited (IðQ; t > 0Þ) and

unexcited (IðQ; t < 0Þ) images give a direct measure of the

time-dependent changes in phonon occupation as a function

of Q and delay t following laser excitation.

Figs. 1(d)–1(i) show IðQ; tÞ � IðQ; t ¼ �1 nsÞ for a few

illustrative time delays. Following laser excitation, the scat-

tering first increases for several hundred picoseconds, then

decreases after a few nanoseconds, and eventually returns to

equilibrium, in qualitative agreement with Trigo et al.11 on

InP and InSb. Figure 1(c) displays little difference between

no laser excitation (“laser-off” image, Fig. 1(a)) and the

x-ray pulse arriving 1 ns before laser excitation (“laser-late

image,” IðQ; t ¼ �1 nsÞ) showing that the sample returns to

equilibrium between pulses.

In Fig. 2(a), we plot the time average of the difference

data which closely resembles the calculated equilibrium

diffuse scattering image in Fig. 1(b), showing that within

our temporal resolution the scattering associated with the

FIG. 1. (a) Room temperature TDS images of Bi at 13 keV oriented with (11–2) nearly parallel to the x-ray direction (grazing angle¼ 1:5�) with no laser illumination.

(b) Calculated first order TDS, on top of which displayed the Brillouin zone boundaries. (c) Difference between laser-off and laser-late frame for comparison. (d)-(i)

Differences between a few laser-early frames and laser-late frame, IðtiÞ � Iðt < 0Þ, showing the evolution of phonon distribution. ((c)-(i) use the same scale.)

FIG. 2. Averages of the difference data. (a) Time averaged image (normal-

ized), in which each pixel is averaged over all the time delays; and (b) rela-

tive change of the pixel averaged data to the static image. In each case,

regions around the Bragg rods were masked out.

FIG. 3. Variation of the difference-images relative to the average for

selected time delays. These figures are scaled by the normalization factor

used for Fig. 2(a), so that we can compare their amplitudes.
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laser-excited bismuth is similar to what we would expect for

a thermally excited sample at increased temperature when

the modes are classically occupied (as in the case of Bi at

room temperature). The corresponding time dependence of

the average is shown in Fig. 2(b) and consists of a sharp

increase followed by a decay with �10 ns time-constant,

suggesting the time-resolved evolution corresponds to lattice

heating followed by cooling due to thermal transport. The

x-ray penetration depth at this angle is �400 nm, which is

thicker than the Bi film which itself is thicker than the laser

penetration depth, and thus we measure an average over the

entire film thickness. Using a combination of time-resolved

x-ray diffraction, Sheu et al.19 determined that thermal trans-

port following laser excitation in these films is dominated at

early times by thermal diffusion in the film and on the nano-

second time-scale by the Kapitza conductance between the

Bi and sapphire. Using the Kapitza conductance measured

by Sheu et al.,19 we obtain a time constant of cooling of

�15.4 ns, in good agreement with our observation.

The maximum change of �6% in Fig. 2(b) corresponds

to about 18 K temperature rise, averaged over the thickness of

the sample, assuming all modes are thermally occupied and

that the laser-off data are dominated by TDS. To see if there

are substantial non-thermal contributions to the data, we cal-

culated the residue of the image at various time-delays after

subtracting the average, as shown in Fig. 3. The residue shows

clear structure above the statistical noise. Nonetheless, the dif-

ferences are small relative to the average, and we could not

determine whether there is a significant contribution due to

non-equilibrium phonons or lattice strain.

Under the same geometry as above, we increased the

laser fluence to above melting threshold. Earlier ultrafast

electron diffraction experiments20 have studied the initial

steps of Bi melting over the first few ps. We lack the tempo-

ral resolution to compare with these results. Instead, we

concentrate on the cooling dynamics. Fig. 4 shows the time-

resolved diffuse scattering image, similar to Figs. 1(d)–1(i)

for this laser fluence. Each image is averaged over 5 pulses

on the same sample spot, and different delay images are

taken on different spots. There are no obvious laser-induced

damages on the sample within 5 pulses of illumination, so

our method is essentially the same as the single shot meas-

urements. Not shown, after 5 shots we start to see permanent

damage in the form of polycrystalline rings. We see from

Fig. 4 that a liquid ring appears instantaneously (within our

100 ps resolution) upon strong laser illumination. The liquid-

ring becomes strongest around 1 ns, presumably when the

maximum amount of Bi is melted, and persists for �10 ns,

after which it starts to fade and eventually disappears at

�50 ns, showing epitaxial regrowth of Bi single crystal and

the recurrence of the long-range order. This indicates the

laser-induced liquid phase lasts for a similar time scale of

that shown in Fig. 2(b), which suggests that the recrystalliza-

tion of Bi is limited by the heat flow across the interface.

In conclusion, we find that the photoinduced evolution

of diffuse scattering in single crystal Bi films is dominated

by the thermal quasi-equilibrium change in phonon popula-

tion, whose time scale agrees with the characteristic time of

Kapitza conductance across the Bi/sapphire interface.

Whereas laser-induced melting of Bi results in a liquid phase

that lasts for a similar thermal time scale during which Bi

grows back epitaxially into a single crystal state.
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