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ABSTRACT

The lattice response of a Bi(111) surface upon impulsive femtosecond laser excitation is studied with time-resolved reflection high-energy
electron diffraction. We employ a Debye–Waller analysis at large momentum transfer of 9.3 Å�1 � D k� 21.8 Å�1 in order to study the lat-
tice excitation dynamics of the Bi surface under conditions of weak optical excitation up to 2 mJ/cm2 incident pump fluence. The observed
time constants sint of decay of diffraction spot intensity depend on the momentum transfer Dk and range from 5 to 12 ps. This large variation
of sint is caused by the nonlinearity of the exponential function in the Debye–Waller factor and has to be taken into account for an intensity
drop DI > 0.2. An analysis of more than 20 diffraction spots with a large variation in Dk gave a consistent value for the time constant sT of
vibrational excitation of the surface lattice of 126 1 ps independent on the excitation density. We found no evidence for a deviation from an
isotropic Debye–Waller effect and conclude that the primary laser excitation leads to thermal lattice excitation, i.e., heating of the Bi surface.

VC 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5093637

I. INTRODUCTION

Bismuth is a prototypical model system for studies of laser
induced energy transfer from an excited electron system to the lattice
system in the time domain. In its most common form, Bi exhibits the
a-arsenic or A7 structure1 and is a semimetal with the conduction
band slightly lower in energy than the valence band. The charge car-
riers are holes at T point and electrons at L point in the Brillouin
zone.2 The almost vanishing density of states at the Fermi energy
results in a low number of free carriers of 1017–1019 cm�3. This makes
this material very sensitive to optical excitations as changes in the elec-
tron occupation affects the potential energy surface and trigger atomic
motion through displacive excitation. Bismuth is subject to a Peierls
distortion which breaks the translational symmetry along the (111)
direction. The crystal basis consists of two Bi atoms: atom 1 on an
undistorted lattice site and atom 2 at a position slightly displaced from
the center along the body diagonal of the unit cell. This equilibrium
structure, in particular, the distance of the two atoms of the basis, can
easily be perturbed by electronic excitation.3,4 When the distance is
changed by an ultrafast displacive excitation, the Bi atoms perform a
damped oscillation along the body diagonal. This mode of coherent
atomic motion represents a symmetric A1g optical phonon mode of
the crystal.5–10

Depending on the degree of fs (femtosecond)-laser optical irradia-
tion, vastly different time constants for the excitation process of the Bi
lattice were observed. Strong excitation with fluences of more than
6 mJ/cm2 generates so many electron hole pairs that this causes a rapid
change in the potential energy surface resulting in nonthermal melting.
For fluences of 18 mJ/cm2, the electronic acceleration of the atomic
motion occurs as fast as 190 fs, resulting in ultrafast melting, destruction
of the Bi-film, and a coherent A1g phonon mode is not observed.11,12

For fluences lower than 6 mJ/cm2, the lattice response is revers-
ible, the coherent A1g optical phonon mode is excited,8 and the bond
softening occurs which results in an inverse Peierls transition.7,12–14

Subsequently, the lattice is heated on slower time scales of 2–4 ps
(Refs. 8, 11, and 15–17) through energy transfer from the electron
system to the lattice by electron phonon coupling and anharmonic
coupling of the A1g mode to acoustic phonons.18 The vibrational exci-
tation of the surface atoms is even slower: thermal motion of the Bi
surface atoms sets in on a timescale of 12 ps and has been attributed to
the weak coupling between bulk and surface phonons.16

Due to its high-atomic mass and weak bonds (the melting
temperature is 271 �C), bismuth exhibits a low-Debye temperature of
HD¼ 112K19 and thus a large vibrational amplitude of the thermal
motion. These large displacements make Bi an ideal model system to
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study lattice dynamics upon ultrashort optical excitation by means of
diffraction techniques.

Here, we present a study of the lattice response of a Bi(111) sur-
face upon fs-laser excitation. We analyze the lattice excitation of the
surface atoms through time-resolved reflection high-energy electron
diffraction (RHEED). Using the Debye–Waller effect, the onset of
atomic motion was directly accessible in earlier studies through the
transient intensity changes in the diffraction patterns.20–24 Electron
diffraction allows for a large momentum transfer due to the possible
large scattering angles which result in large intensity changes.
Employing all detected diffraction spots of the RHEED pattern for the
analysis provides the variation of the momentum transfer Dk of dif-
fraction, i.e., a wide range of parallel kjj and vertical k? momentum
transfers are available all at once. Such analysis is reported here.

The grazing incidence of the probing electrons ensures the neces-
sary surface sensitivity and only the topmost bilayer of the Bi film con-
tributes to the RHEED pattern.25,26 The excitation of the surface lattice is
followed by means of the Debye–Waller effect I=I0 ¼ expð�hu � Dki2Þ
with the vibrational amplitude u of the atoms, the momentum trans-
ferDk, and the stationary sample.

If the intensity drop DIðtÞ ¼ 1� IðtÞ=I0 is not too large, i.e.,
DI(t) < 0.2, then the intensity evolution I(t)/I0 can linearly be con-
verted with an error of less than 6% in the time constant to a transient
change in vibrational amplitude u(t) applying the linear expansion of
the exponential function. This linear expansion, however, becomes
inapplicable for intensity drops DI(t)> 0.2 which easily occurs for sys-
tems with a low-Debye temperature, strong excitation, or diffraction at
large momentum transfer Dk. Then, the intensity I(t) decays with a
time constant which becomes significantly shorter with the increase in
the intensity drop DI(t).

Here, we used RHEED spots on three different Laue circles, i.e.,
with different kjj and k?, and various laser pump fluences for the exci-
tation of the Bi(111) film in order to analyze the lattice dynamics of
the Bi(111) surface. The nonlinearity of the exponential function
causes the decrease in the time constant sint for the decay of RHEED
spot intensity from 11 ps to 5 ps with the increase in the laser fluence
U and the increase in the momentum transfer Dk. Irrespective of this
large variation of sint, we obtain a time constant of 12 ps for the heat-
ing of the bismuth surface which is independent of the level of
excitation.

II. EXPERIMENTAL SETUP AND METHODS
A. Experimental setup

The time-resolved RHEED experiments are performed under
ultrahigh vacuum conditions at a base pressure below 2� 10�10 mbar.
A scheme of the experimental laser pump–electron probe setup is
shown in Fig. 1. An amplified Ti:sapphire laser system delivers laser
pulses with a central wavelength of 800nm, a duration of 50 fs, and a
pulse energy of 0.5 mJ at a repetition rate of 5 kHz. The third har-
monic of the fundamental generates electron pulses via photo electron
emission in a back-illuminated transparent gold cathode.27 The elec-
trons are accelerated to 26 keV with a de Broglie wavelength of
k¼ 7.6 pm or momentum k0¼ 2p/k¼ 82.6 Å�1 and are diffracted at
the sample under a grazing incidence of 3:4�, i.e., resulting in a vertical
momentum transfer of 9.3 Å�1 for the specular (00)-spot. The diffrac-
tion pattern is intensity amplified by a microchannel plate, detected by
a phosphor screen, and recorded by a cooled CCD camera. The

sample is excited by 800 nm laser pulses under normal incidence at
pump powers up to 1200 mW, corresponding to an incidence fluence
of U¼ 2 mJ/cm2, adjusted by a combination of half-wave plate and
thin film polarizer.28 The incidence fluence is determined with a sys-
tematic error of�30% þ40%. To record the dynamics after laser exci-
tation, the time delay between pumping laser pulse and probing
electron pulse is varied by an optomechanical delay line. The grazing
incidence of the electrons leads to a systematic change in the arrival
times of the electrons across the sample. This so-called velocity mis-
match of pumping laser pulse and probing electron pulse limits the
temporal resolution to a few 10 ps.29 To compensate this effect and to
ensure constant time delays across the sample, the pumping laser pulse
intensity front is tilted30 by an angle of 71� as described in detail in
Ref. 31.

Two different sample systems were in-situ prepared and studied:
few nm thick epitaxial Pb islands on Si(111) and a 8nm thin epitaxial
Bi(111) film grown on a clean Si(111)–(7� 7) reconstructed

FIG. 1. Scheme of the experimental setup. The fundamental of the laser system is
split by a R20/T80 beam splitter. The 20%-part is frequency tripled and generates
the probing electron pulse via photo electron emission in a back-illuminated trans-
parent gold photo cathode. The electron pulse is accelerated to a kinetic energy of
26 keV and is diffracted at the sample under grazing incidence. The diffraction pat-
tern is detected by an MCP amplifier with a phosphor screen and recorded by a
CCD camera. The 80%-part of the initial laser pulse is used to excite the sample
under normal incidence. For compensation of the velocity mismatch and to
ensure—over the entire sample—temporal and spatial overlap with zero time delay
of probing electrons and pumping laser pulse, the pumping laser intensity pulse
front is tilted by a grating in a 4f setup. The time delay between laser pump pulse
and electron probe pulse is varied by an optomechanical delay line.
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substrate.32,33 The Pb islands are prepared by the deposition of Pb on
a Si(111)–(7� 7) reconstructed substrate at 300K. Pb is known to
have a large electron phonon coupling constant34 and the lattice
response time after laser excitation is thus expected to be fast. Pb
islands on Si(111) were therefore used to determine an upper limit for
the temporal instrumental response function of the experiment. In
contrast, Bi exhibits an electron phonon coupling that is much
weaker35 compared to Pb and therefore the response time is expected
to be slower than the temporal resolution of the experiment.

B. Data analysis

The intensity of the diffraction spots was determined from a line
profile through the spots. The profile was fitted with a Gaussian func-
tion and the value for the absolute intensity is given by the maximum
of the Gaussian fit. The intensity is normalized to the intensity prior to
excitation at a sample temperature of T0¼ 90K. In Fig. 2, this intensity
IðtÞ=IT0 of the (00)-spot of Pb islands on Si(111) is plotted as a func-
tion of the delay between pump and probe pulse. For negative time
delays, the intensity remains constant: the surface is probed before
excitation. At the temporal overlap of pump and probe pulse, the
intensity decreases as caused by the Debye–Waller effect. Subsequent
to the laser irradiation, the lattice system is excited, the vibrational
amplitude u of the surface atoms increases, and the spot intensity is
reduced.36,37 The intensity as a function of the change in vibrational
amplitude DuðtÞ ¼ uðtÞ � uT0 can be described by

IðtÞ=IT0 ¼ exp �hDuðtÞ � Dki2
� �

; (1)

which, for an isotropic vibrational amplitude, is simplified to

IðtÞ=IT0 ¼ exp �1=3DhuðtÞ2iDk2
� �

; (2)

with DhuðtÞ2i being the transient change in the mean squared dis-
placement (MSD). The measured transient intensity decay is typically
fitted by an exponential function

IðtÞ
I90K
¼ 1� DImax �HðtÞ 1� exp �t=sintð Þð Þ; (3)

with the Heaviside step function H(t), the maximum intensity drop
DImax, and the decay time constant sint for the intensity. The experi-
mental decay time constant for the intensity of the (00)-spot of the
Pb(111) islands on Si(111) is sint¼ 3.06 0.4 ps. The fit is shown as a
solid line. Thus, the temporal resolution of the time resolved RHEED
experiment at 26 keV is better than 3 ps.

C. Diffraction geometry

The Debye–Waller effect depends on the vector of momentum
transfer Dkk;l of the specific diffraction spot (k,l). Therefore, the precise
knowledge of the diffraction geometry and the resulting momentum
transfers Dkk;l of diffraction spots of order (k,l) is indispensable. A
scheme of the diffraction geometry in RHEED is shown in Fig. 3. The
incident electrons with an initial momentum of k0 define the radius of
the Ewald sphere and the origin of the reciprocal lattice. The diffracted
electrons have undergone a momentum transfer of Dkk;l ¼ k0 � kk;l
which can be separated into a component normal to the surface
(Dkk;l;?) and components parallel to the surface (Dkk;l;x and Dkk;l;y).
For the 0th order Laue circle (L0), the momentum transfer in
x-direction is zero and increases by one parallel reciprocal lattice dis-
tance from Laue circle to Laue circle. The second component parallel
to the surface Dky is oriented normal to the plane spanned by the
initial and specular beams.

Figure 4 shows the diffraction pattern of the Bi(111)-film grown
on Si(111) taken at an electron energy of 26 keV, a grazing angle of
incidence of 3:4�, and a static sample temperature of 90K. The
momentum transfer is determined for all diffraction spots from
diffraction geometry and reciprocal lattice constants. The diffraction
pattern is shown in units of Dk? (left axis) and Dky (bottom axis). Dkx
increases with the order of Laue circles (dashed lines). Here, the (00)-
rod is not in the center of the Laue circle because the incident electrons
exhibit an azimuth angle u of 1� from the ½112� direction. The values
for Dk? cover the range from 7 to 22 Å�1. The momentum transfer
jDkjjj parallel to the surface is below 8 Å�1 for all observed spots. Since
Dk? � jDkjjj, our experiment is mainly sensitive to a change in the
vibrational amplitude perpendicular to the surface.

FIG. 2. Impulsive heating of epitaxial lead islands on Si(111) at T0 ¼ 90 K. The nor-
malized intensity of the (00)-spot is plotted as function of the time delay between
pump and probe pulse. The data are fitted with an exponential decay function (solid
line). The time constant sint was found to be 3.0 ps. The diffraction pattern was
taken at an electron energy of 26 keV with a grazing angle of incidence of 3:4�.

FIG. 3. Scheme of momentum transfer in RHEED adopted from Ref. 53. The inci-
dent electrons have a momentum k0 and are diffracted at the surface of the sample.
The origin of reciprocal space is marked by (000). The position of the diffraction
spots on the screen is determined by the projection of the intersection of the lattice
rods with the Ewald sphere. Ln indicates the different orders of Laue circles.
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III. RESULTS AND DISCUSSION

Time-resolved RHEED measurements were performed on an
8nm thin Bi-film on Si(111). The base temperature of the sample was
T0¼ 90K and the incident pump laser fluence U ’ 1.4 mJ/cm2. The
intensity of all diffraction spots is analyzed as a function of time delay.
In Fig. 5(a), the intensity evolution is exemplarily shown for diffraction
spots on the three Laue circles: the (00)-spot, the ð�10Þ-spot, and the
ð�20Þ-spot. All diffraction spots show an intensity drop that can be
described by an exponential decay function. The intensity drop is

caused by the Debye–Waller effect. The minimum intensity is reached
after 	40 ps. Cooling of the thin film occurs via thermal transport to
the Si substrate on a timescale of 500–1000 ps23,28 and therefore can-
not be observed on the timescale of 50 ps after excitation. The intensity
decay IðtÞ=IT0 of the three diffraction spots in Fig. 5(a) scales with the
squared momentum transfer that rises from 86.5 Å�2 for the (00)-spot
to 472 Å�2 for the ð�20Þ-spot. The time constant obtained from the
exponential fit decreases from 11.5 ps for the (00)-spot to 5.4 ps for
the ð�20Þ-spot. To clearly illustrate the difference of the time constants,
the normalized intensity drop DI(t) is plotted in Fig. 5(b).

In earlier works, the transient intensity of ultrathin hetero films
was directly converted into a temperature curve employing a station-
ary calibration measurement.23,27,28 Here, we analyze the transient
spot intensity without such conversion. For simplicity, we apply the
Debye model in the high-temperature regime (T � HD;surf ) and
assume an isotropic MSD hu2i proportional to the temperature

hu2i ¼ 3�h2T

MkBH
2
D;surf

; (4)

where HD;surf is the effective surface Debye temperature in the frame-
work of individual harmonic oscillators [HD;surf ¼ 47K for the
Bi(111) surface23,38,39] andM is the atomic mass of Bi. We also assume
an exponential increase in MSD, i.e., an exponential rise in tempera-
ture T(t) to a maximum temperature T0 þ DTmax, with a time con-
stant sT,

TðtÞ ¼ T0 þ DTmax �HðtÞ 1� exp �t=sTð Þð Þ: (5)

The intensity is

IðtÞ=IT0 ¼ exp �aDTmax �HðtÞ 1� exp �t=sTð Þð Þ
� �

; (6)

with a ¼ �h2Dk2=MkBH
2
D;surf . For small values of aDTmax, we can

safely use a linear approximation of the exponential because the higher
order terms in the expansion are negligibly small,

IðtÞ=IT0 ’ 1� aDTmax �HðtÞ 1� exp �t=sTð Þð Þ: (7)

With this approximation, the maximum intensity drop is
DImax ¼ aDTmax and the time constant sint—as experimentally deter-
mined from the transient intensity decay—is almost the same as sT
from the temperature curve. The question arises up to what arguments
aDTmax we can use the linear approximation?

We modeled the intensity to obtain the time constant sint in
dependence of the intensity drop DImax. An exponential temperature
rise with a time constant of sT¼ 12 ps [see Fig. 6(a) and observed in
Ref. 16] is converted into the corresponding intensity I(t) using Eq.
(6). I(t) is plotted in Fig. 6(b) as a function of the time delay for 5 dif-
ferent values of aDTmax (solid lines) and fitted with an exponential
decay function as given by Eq. (3) (dashed lines). For small values
aDTmax¼ 0.2, the calculated intensity I(t) exhibits almost the same
behavior like T(t) and is well described by the fit function [Eq. (3)].
The intensity drop DImax is � 18% and the time constant obtained
from the exponential fit (dashed line) sint¼ 11.3 ps deviates only by
6% from sT.

With the increase in the values for aDTmax, however, the time
constant obtained from the exponential fit sint (dashed lines in Fig. 6)
decreases. In the right panel of Fig. 6, the fitted time constant sint is
plotted as a function of the intensity drop DImax. For DImax

FIG. 4. Diffraction pattern of Bi/Si(111) recorded at an energy of 26 keV and a sam-
ple temperature of T0 ¼ 90 K. The grazing angle of incidence of the electrons was
3:4�. The vertical Dk? and parallel Dky momentum transfer of the diffracted elec-
trons are indicated. The momentum transfer in x-direction (along the incident elec-
tron beam, see Fig. 3) depends on the order of Laue circle (dashed lines indexed
by L0, L1, and L2).

FIG. 5. (a) The intensity IðtÞ=IT0 as a function of the time delay is shown for three
diffraction spots on different Laue circles (red: 0th, green: 1st, and blue: 2nd). The
intensity drop DImax increases with momentum transfer from 40% to more than
80%, while the time constant decreases from 11.5 ps to 5.4 ps. (b) The intensity is
normalized to the intensity drop to illustrate the difference in the time constants sint.
The incident pump laser fluence is U ’ 1.4 mJ/cm2.
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approaching unity, i.e., drop to intensity to almost zero, the time con-
stant sint decreases to 3 ps and less. We therefore have to expect
strongly varying experimental time constants sint depending on the
degree of excitation (DTmax) or momentum transfer (a). The varying
time constants of 5.4–11.5 ps obtained for the different orders of Laue
circles shown in Fig. 5 are thus explained by the correlation of DImax

and sint as shown in Fig. 6(c). The correct time constant of the temper-
ature rise sT can only be found by extrapolation to DImax¼ 0.
Therefore, under our diffraction conditions at large momentum trans-
fer Dk and large intensity drop DImax, the time constants sint can be
much shorter than sT. In the following, we perform a thorough
Debye–Waller analysis in order to prove that the preconditions for
such analysis are still valid.

From the change in the spot intensity, we obtain information
about the change in the MSD,

�lnðIðTÞ=IT0Þ ¼ 1=3Dk2 hu2ðTÞi � hu2T0
i

� �
: (8)

From the kinematic diffraction theory,36,37 we expect a linear
dependence of the negative logarithm of the intensity �lnðIðTÞ=IT0Þ
as a function of Dk2 with a y-axis intercept equal to zero [Eq. (8)]. The
slope �dðlnðIðTÞ=IT0ÞÞ=dðDk2Þ is equal to one third of the change in
the MSD Dhu2i ¼ hu2ðTmaxÞi � hu2T0

i or, if the effective surface
Debye temperature HD;surf is known (here HD;surf ¼ 47KÞ, propor-
tional to the temperature rise DTmax, respectively. Figure 7 depicts
�lnðImin=IT0Þ for all diffraction spots plotted as a function of the
squared momentum transfer Dk2. The value Imin is the minimum
intensity obtained from the fit for the maximum transient tempera-
ture. The expected behavior for kinematic diffraction theory and

isotropic vibrational motion is plotted as the dashed line. The data are,
however, better described by a linear fit with a y-axis intercept > 0.
Such positive intercept was also observed in transmission electron dif-
fraction experiments40–42 and is caused by multiple scattering effects.
The offset observed in transmission electron diffraction was found to
be proportional to the temperature change as well and is explained by
dynamical two beam diffraction theory.

The scatter of the data in Fig. 7 and the large variation of the
intensity of the diffraction spots in Fig. 4 are attributed to multiple
scattering effects. Through the fitting of the Debye–Waller drop for all
the 14 analyzed diffraction spots, many of these dynamic scattering
effects are averaged out and we can apply a kinematic analysis of the

FIG. 6. (a) Exponential temperature rise by DTmax with time constant sT ¼ 12 ps.
(b) The intensity for the temperature rise in (a) is plotted as a function of the time
delay with different values of aDTmax (solid lines). The curves are fitted by an expo-
nential decay function (dashed lines). (c) The time constant obtained from the fit is
plotted as a function of the intensity drop DImax. With the increase in the values for
aDTmax, the intensity drop becomes larger and the fitted time constants decrease
dramatically from 12 ps for aDTmax 
 0 to 2.9 ps for aDTmax ¼ 5.

FIG. 7. The negative logarithm of the minimum intensity IðTmaxÞ=IT0 is plotted as a
function of Dk2 for all diffraction spots at a time delay of t¼ 38 ps. Data from the
different Laue circles are plotted in different colors. Solid data points are from spots
analyzed in Fig. 5(b). If applying kinematic scattering theory, a linear fit through the
origin is expected (dashed line). The solid line gives a better fit to the data and the
intercept is explained by multiple scattering effects, following the literature.40–42

FIG. 8. �lnðIðTðtÞÞ=IT0 Þ as a function of Dk2 was determined for all diffraction
spots for each time delay step. The slope �dðln ðIðTÞ=IT0 ÞÞ=dðDk2Þ and intercept
(inset) found from the linear fit for each time step are plotted as a function of the
time delay. The data are fitted exponentially. The time constant obtained from the fit
of the slope is (12.76 1.3) ps. The data points of the intercept have a larger error
bar, but can also be described by an exponential decay function with a fixed time
constant of 12.7 ps.
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Debye–Waller effect. We also did not find any systematic deviations as
a function of parallel Dkjj or vertical Dk? momentum transfer. This
justifies the pre-assumption of an isotropic thermal motion. The pre-
sent data do not provide insight into any potential non-equipartition
in parallel or vertical vibrational amplitude. Finally, we obtain a change
in the MSD at t¼ 38 ps that is Dhu2i ¼ 8:8� 10�3 Å

2
.

To obtain information about the change in MSD DhuðtÞ2i as a
function of time, we performed a Debye–Waller analysis same as in
Fig. 7 for every time delay step during a measurement. In Fig. 8,
DhuðtÞ2i and the intercept (inset) are plotted as function of the time
delay. The change in MSD DhuðtÞ2i is a measure for the transient
temperature T(t) and is fitted by an exponential function with a time

constant of (12.76 1.3) ps. Due to the noise and large error bars the
intercept as a function of time was fitted with this fixed time constant
of 12.7 ps (inset of Fig. 8). With the surface Debye temperature
HD;surf ¼ 47K,38,39,43 the maximum change in MSD for t !1 is
converted to an asymptotic temperature change in DTmax¼ 54K.

A. Variation of pump fluence

The intensity drop DImax depends on the absorbed energy that
was changed by varying the pump fluence. In Fig. 9, the intensity as a
function of the time delay is plotted for three diffraction spots (same as
in Fig. 5) and four different pump fluences U between 0.4 and 2 mJ/
cm2. The intensity drop DImax becomes larger with the increase in the
pump fluence for all diffraction spots. The (00)-spot (Dk2 ¼86.5 Å�2)
shows only a weak variation of sint from 11.7 to 10.7 ps upon increas-
ing pump power. The intensity decay is still in the regime of the linear
approximation and the maximum error of the time constant is <10%.
For the ð�10Þ-spot (Dk2¼ 295 Å�2), a significant reduction of the time
constant sint to 9.1 ps can already be observed. The ð�20Þ-spot
(Dk2¼ 472 Å�2) exhibits intensity drops DImax up to 90% and sint
becomes shorter by a factor of more than 2 for the highest pump
fluence of 2 mJ/cm2: a time constant of sint¼ 5.3 ps is observed.

For each pump fluence, a Debye–Waller analysis same as in Fig.
7 was performed for the minimum intensity I(Tmax) obtained from the
exponential fit. The slope of the Debye–Waller analysis averaged over
all spots is plotted as a function of pump fluence in Fig. 10. The slope
and therefore the change in the MSD Dhu2i rise linear with the pump
fluence. From this, we conclude that the absorbed energy is propor-
tional to the pump fluence and the vibrational motion of the atoms
is still in the harmonic regime of the potential. For the maximum
laser pump fluence of U¼ 2 mJ/cm2, the MSD increases by Dhu2i
¼ 11:9� 10�3 Å

2
. This corresponds to an asymptotic temperature

rise in DTmax¼ 72K.

B. Comparison of experiment and modeling

Increasing pump fluence and analysis of spots with larger
momentum transfer Dk result in the increase in the intensity drops

FIG. 9. Time resolved measurements were performed with different incident pump
fluences between 0.4 and 2 mJ/cm2. The intensity is plotted as a function of the
time delay for three diffraction spots. The momentum transfer increases from (a) to
(c). Data are fitted with an exponential decay function (solid lines).

FIG. 10. For each pump power, the slopeDW of �lnðIðTmaxÞ=IT0 Þ over Dk2 was
determined same as in Fig. 7. The slope rises linear with the pump power. Thus,
the change in the mean square displacement hu2i as well as the change in temper-
ature rises linear with the fluence.
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DImax and thus shorter time constants sint. The modeling shown in
Fig. 6 explains this correlation well. Figure 11 summarizes all the
experimental results and compares them with the expected behavior
of sint (DI) shown in Fig. 6 (dashed line). For each diffraction spot, the
time constant determined from the fit is plotted over the intensity
drop for all four pump fluences. Light symbols represent weak diffrac-
tion spots exhibiting strong noise. For the determination of the time
constant sT of the temperature rise, we modeled sintðDImaxÞ-curves for
different values of sT and found a minimum standard deviation for
sT¼ (12.06 0.4) ps. No evidence for a dependence of excitation time
constant sT on the excitation level is found in the regime of weak exci-
tation with incident pump fluences U� 2 mJ/cm2.

IV. CONCLUSION

We determined the thermal response time of the surface atoms
of a Bi(111)-film upon fs-laser excitation with ultrafast time resolved
RHEED. The Debye–Waller effect IðtÞ=I0 ¼ expð�1=3huðtÞ2iDk2Þ
was employed to follow the onset of vibrational motion u(t) of the sur-
face atoms. The measured time constant sint of the decay of the diffrac-
tion spot intensity I(t) varied from 5.3 to 11.7 ps and was found to be
strongly dependent on the relative intensity drop DImax. Thus, sint
depends both on the temperature rise DTmax and the momentum
transfer Dk of the specific diffraction spot under investigation. For
large intensity drops DImax > 0.2, the nonlinearity of the exponential
function has to be considered as it results in faster intensity decays and
seemingly faster time constants. This situation easily occurs for sys-
tems with a low-Debye temperature and strong excitation and/or large
momentum transfer Dk during diffraction.

Taking care for the aforementioned effect, we found a constant
value for the time constant for the rise in Bi surface temperature of
sT¼ 12 ps independent of the excitation level, i.e., variation of temper-
ature rise DTmax between 18 and 72K. Almost, the same time constant
of 12.7 ps is observed for the analysis of the transient change in the
mean square displacement huðtÞ2i which is a direct measure of tem-
perature, too. We thus observe a time constant for heating of the sur-
face atoms which is more than 4 times larger than values reported for
the bulk under conditions comparable to our incident laser fluences.16

Thus, the surface is not following the excitation of the bulk. Instead,
the thermal excitation of the surface atoms occurs delayed on a time
scale of 12 ps.

These findings can be explained within two different scenarios:
In the first scenario, we attribute the slow excitation to a reduced elec-
tron phonon coupling at the surface. The Bi(111) surface exhibits a
pronounced electronic surface state.35,44–48 This surface state is easily
populated upon fs IR irradiation.49 The number of excited electrons in
this surface state exhibits a lifetime comparable to the thermalization
time constant observed in our experiment [see Fig. 5(a) of Ref. 49].
Both time scales for the de-excitation of the electron system and for
the rise in vibrational amplitude of the lattice system are almost identi-
cal. It may thus be plausible that weak electron–phonon coupling in
the surface state directly excites phonon modes at the surface.

The second scenario relies on a mechanism as it was proposed by
Waldecker et al.: Photoexcitation generates surface and bulk carriers
in the film. Through electron phonon coupling in the bulk primarily, a
nonequilibrium population of optical phonons in the film is generated.
This initial excitation of high-frequency optical phonons anharmoni-
cally decays into thermalized acoustic phonons on a 	10 ps time-
scale.50,51 Because optical phonons at the same energy density exhibit
a smaller vibrational amplitude than low-frequency acoustic phonons,
we would also expect a delayed drop of intensity as the Debye–Waller
effect is sensitive to hu2i and thus less sensitive to optical phonons.52

Variations of the strength of anharmonic coupling by changes in the
sample temperature or manipulation of the electronic surface state are
promising routes for future clarification of the mechanism of lattice
excitation.
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