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Coherent and incoherent structural dynamics in laser-excited antimony
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We investigate the excitation of phonons in photoexcited antimony and demonstrate that the entire electron-
lattice interactions, in particular coherent and incoherent electron-phonon coupling, can be probed simultaneously.
Using femtosecond electron diffraction (FED) with high temporal resolution, we observe the coherent excitation of
the fully symmetric A, optical phonon mode via the shift of the minimum of the atomic potential energy surface.
Ab initio molecular dynamics simulations on laser excited potential energy surfaces are performed to quantify
the change in lattice potential and the associated real-space amplitude of the coherent atomic oscillations. Good
agreement is obtained between the parameter-free calculations and the experiment. In addition, our experimental
configuration allows observing the energy transfer from electrons to phonons via incoherent electron-lattice
scattering events. The electron-phonon coupling is determined as a function of electronic temperature from our
DFT calculations and the data by applying different models for the energy transfer.
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I. INTRODUCTION

The excitation of electrons in molecules and solids can
change their real-space electronic distribution and therefore
the potential energy landscape of the nuclei. Examples include
semiconductors, where photoexcitation drives transitions from
bonding to antibonding states [1,2], some metal oxides [3], ma-
terials with ionic bonding [4], charge density wave systems [5],
and Peierls-like distorted materials such as bismuth and
antimony [6]. A sudden change of the potential energy surface,
as induced by photoexcitation of electrons with femtosecond
laser pulses, induces collective atomic motion towards its new
minimum, resulting in coherent lattice oscillations [7] or even
nonthermal phase transitions [8]. The nonequilibrium state
with electrons highly excited in an initially unperturbed lattice
relaxes by incoherent transfer of energy from electrons to
lattice vibrations until a new thermal state is reached. The
rate at which energy is transferred to and between phonon
modes depends on electron-phonon as well as phonon-phonon
scattering processes [9] and determines the lifetime of the
nonthermal state. Both processes are therefore intimately
connected and need to be investigated to understand the
complex lattice dynamics following photoexcitation.

The crystal structure of antimony can be seen as a distorted
cubic structure, in which the body diagonal is elongated. Along
this direction, a Peierls-like distortion leads to a pairing of
atoms and a doubling of the unit cell. The widely accepted
picture is that the electronic excitation, induced, e.g., by a
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femtosecond laser pulse, changes the potential energy surface
along the Peierls-like distorted crystal direction (z direction). If
the laser pulses are shorter than an oscillation period, the shift
is quasi-instantaneous and the atoms start moving collectively.
The mechanism is thus referred to as displacive excitation
of coherent phonons (DECP). The excitation and the decay of
these coherent lattice oscillations in antimony and bismuth has
been observed in early optical pump-probe experiments [10]
and has been studied extensively since then with the applied
techniques ranging from all-optical measurements at various
excitation conditions [11-14], to time-resolved x-ray scatter-
ing [15,16] and molecular dynamics (MD) simulations [17].
The incoherent electron-phonon coupling in bismuth has
been studied by density functional theory (DFT) [18] and
time-resolved electron diffraction [19]. Electron diffraction
has also been applied to investigate the expansion [20] and
acoustic breathing modes of bismuth [21,22].

Where optical measurements offer a high temporal res-
olution and are comparably easy to perform, they only
provide an indirect measurement of the lattice dynamics. Such
experiments are sensitive to the dielectric function, which
depends on the electronic structure and therefore indirectly on
the state of the lattice. The disentanglement of electronic and
structural dynamics from time-resolved optical measurements
is not trivial and, specifically, the incoherent transfer of energy
from electrons to the lattice can only be retrieved if the
measurements are accompanied by theory calculations [23].
Time-resolved x-ray diffraction experiments provide a more
direct access to the lattice dynamics. Due to the small Ewald
sphere of hard x rays in the 10’s of the keV range, the probed
area in reciprocal space is small, allowing for the simultaneous
observation of a few Bragg peaks only. In contrast, the typical
energies of electrons in femtosecond electron diffraction
experiments of around 100 keV allow us to map a large part
of reciprocal space and thus a complete determination of the
lattice dynamics. So far, however, the limited time resolution
of these experiments has only allowed investigating coherent
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and incoherent electron-phonon coupling for low-frequency
shear or breathing modes [24,25].

Here, we present femtosecond electron diffraction experi-
ments on textured samples with sufficient time-resolution to
simultaneously determine the excitation of coherent optical
phonons and the incoherent energy-transfer from electrons to
lattice vibrations in antimony. Complementary ab initio MD
simulations are performed to connect the measured diffraction
intensities with real-space atomic displacements.

II. EXPERIMENTAL TECHNIQUES

In the FED experiments, laser pulses of a 1 kHz amplified
Ti:Sapphire laser system with 800 nm central wavelength
and duration of 50 fs FWHM were used to excite free-
standing samples. Diffraction images were taken with elec-
tron pulses arriving at the sample at variable delays with
respect to the pump pulses. The electron pulses contain
few thousand electrons and are accelerated to an energy of
94 keV, resulting in pulse durations of around 100 fs on the
sample position [26]. The samples were tilted by 30 degrees
with respect to the electron propagation direction and the
pump pulses were directed onto the sample under an angle
of 60 degrees, perpendicular to the electron propagation
direction, see Fig. 1(a). In this geometry, the mismatch in
arrival time at the sample plane of probe electrons, which are
moving with a speed of 0.54c, and the optical pump pulse is
minimized.

The samples used in this study were 30-nm-thick films of
Sb, sandwiched between two 5-nm-thick films of Si3Ny. They
were produced by successive sputtering of the different films
onto a NaCl crystal. By dissolving the NaCl in water, the
samples detach and float on the water surface, from where
they were picked up with standard TEM grids.

The deposition of Sb on a SizNy film resulted in poly-
crystalline samples with the crystallites showing a preferred
orientation of their (110) axis parallel to the film normal,
as evidenced by the vanishing intensity of the respective
lattice peak in diffraction images taken at normal incidence
of the electrons and in agreement with earlier reports [27].
As the samples were tilted by 30 degrees compared to the
electron propagation direction, their texture results in changes
of the intensity of the polycrystalline diffraction rings in the
angular direction, as seen in the raw diffraction image in
Fig. 1(b). This allows identifying and separating closely spaced
diffraction rings. Radial averages (RAs) were calculated from
the raw images by integrating them in angular direction
within four distinct areas, chosen to well separate some
closely lying peaks. Figure 1(c) shows the resulting diffraction
patterns together with literature values of the Bragg-peak
positions [28]. In the case of the Peierls-distortion being
lifted, i.e., the atomic positions being shifted to z = 0.25
and z = 0.75 along the ¢ axis of the unit cell, the symmetry
changes, leading to the disappearance of some Bragg peaks.
Those peaks are indicated by orange lines in Fig. 1(c) and are
referred to as Peierls-distortion (PD) peaks, whereas those that
persist are referred to as high-symmetry (HS) peaks. Asthe A,
phonon mode corresponds to an atomic motion towards (and
away from) the more symmetric phase, the relative changes of
the intensity of the PD peaks are particularly large.
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FIG. 1. (a) Sketch of the experimental configuration. (b) Diffrac-
tion image of tilted, polycrystalline antimony with (110) texture.
The axis of rotation is shown as a dotted line. (c) Radial averages,
calculated by integrating selected angular regions (colored bars) of the
diffraction pattern shown in (b). [The different ratios of the intensity
of closely spaced peaks allows a better determination of relative
intensity changes with pump-probe delay (not shown).] The lines
indicate the positions of Bragg peaks that remain (gray) or vanish
(orange) in the more symmetric phase.

The evolution of the Bragg peak intensities is obtained by
fitting the radial averages taken at different pump-probe delays.
First, the background, composed of inelastic scattering of Sb
as well as scattered intensity of the SizNy films, is determined
and subtracted. Second, the peaks are fitted with pseudo-Voigt
line profiles. The evolution of the intensity of each Bragg peak
is obtained from the RA in which it is most dominantly present.

III. COMPUTATIONAL METHODS

For the theoretical simulation of the structural response
of antimony to an ultrashort laser excitation we used the
Code for Highly exclted Valence Electron Systems (CHIVES),
which has successfully explained several ultrafast phenomena
[29-33]. CHIVES is an ab initio code that uses the temperature
dependent density functional theory formalism [34], in which
the electronic temperature 7, of the system is the key quantity
for describing the laser excitation. 7, is set to 2000 K, which we
estimate the initial electronic temperature to be in the experi-
ment from the lattice temperatures reached at long time -delays
and the electronic and lattice heat capacities (see Sec. IV).
The electronic temperature is then kept constant during the
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1.25 ps of our MD simulation runs in the laser-excited state.
Incoherent electron-phonon coupling reducing the electronic
temperature is not considered in the MD simulations, which
are therefore only valid for times at which the increase of
ionic temperature through incoherent heating is small and
does not much effect the coherent motion, i.e., r < 1 ps, see
Fig. 3(c). On the other hand, the coherent electron-phonon
coupling is fully taken into account by the change in the
potential energy surface, computed by CHIVES on the fly
at every time step. The exchange and the correlation energy
functionals are computed in the local density approximation.
For the electronic system, CHIVES uses norm-conserving
pseudopotentials [35] for the tightly bound core electrons and
atom-centered Gaussian basis sets for the less bound valence
electrons. The basis set for antimony consists of 18 basis
states [36]. Our supercell contains N = 1440 atoms, which
shows a good convergence in the quantities of interest and
enables us to reach a high ¢ point resolution for the structure
function, see also [32]. We stress that these are the first ab
initio MD simulations on laser excited coherent phonons in
antimony using the full laser excited interatomic potential.
For statistical reasons, we averaged over 20 independent runs,
where we initialized each run near room temperature using an
Anderson thermostat.

The comparison of the MD simulations to the experiment
is done by calculating the intensities of different diffraction
peaks directly from the atomic positions at various time steps
of the simulation using

2

N
I(h,k,l,l) — Z fje—2i7‘[(hb1+kb2+lb3)l‘j(t) (1)
j=1

where N is the number of atoms in the used supercell, hkl
are the Miller indices, by, bz, b3z are the reciprocal basis
vectors of the unit cell, and rj(t) are the positions of the
atoms at each timestep ¢. In order to compute the electronic
heat capacity, we calculated the change of the total energy
by additionally performed static calculations at different
electronic temperatures between 7, = 200 and 2650 K.

The calculations for the electron-phonon coupling follow
the Allen formalism (for details see Ref. [9]), in which the
coupling strength is approximated with the Eliashberg spectral
function («®F):
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where ng(w,T) and f(e,T) are the Bose-Einstein and Fermi-
Dirac distributions, respectively, and g(e) is the electronic
density of states. The spectral function and density of states
g(w) were obtained with the QUANTUM-ESPRESSO package [37]
using dense Monkhorst-Pack grids of 28 x 28 x 28 k points
and 14 x 14 x 14 q points in the rhombohedral unit cell.
The differences between the values of the electron-phonon
coupling G, calculated using this fine sampling and sparser
meshes of 14 x 14 x 14 k and 7 x 7 x 7 q points were
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only 6%. Here, the electronic system is also described by
norm conserving pseudopotentials but instead of Gaussian
basis sets a plane wave basis is used with a cutoff energy
of 60 Ry (816 eV). For these calculations we used the
PBE approximation to the exchange correlation functional
and relaxed the lattice parameters and internal coordinates
to their optimal values. We note that the predicted cell
volume at this level of theory is about 7% larger than the
experimental one and the internal coordinates are off by less
than 0.2%. The electronic and vibrational densities of states
and, correspondingly, the electron and lattice contributions to
the specific heats calculated with the PBE and LDA methods
are in good agreement with each other. We did not consider
the spin-orbit interaction in our calculations.

IV. RESULTS

The measured temporal evolution of the intensity of several
Bragg peaks after excitation with a fluence of 2.6 mJ/cm? is
shown in Fig. 2. Two distinct processes are observed in the
evolution of the peaks. Within the temporal resolution of the
experiment, the PD peaks show a sudden and large decrease of
intensity, which is followed by an oscillation. The intensity of
the HS peaks does not abruptly change but decreases on much
longer time delays of several picoseconds on which also the
intensity of the PD peaks continue to evolve. The immediate
changes and the oscillation of the intensity of the peaks are
related to the coherent real-space motion of the atoms, as this
modulates the structure factor and thus the intensity of the
Bragg peaks [Eq. (1)], whereas the slow decrease of intensity
can be related to incoherent energy transfer to a broad range of
phonons which increases the atomic mean square displacement
(MSD). It is worth noting that the HS peaks of antimony do
not show a fast initial drop indicative of global laser-induced
phonon softening, in contrast to the ultrafast response of
bismuth [38].

To describe the complex lattice dynamics of antimony,
including both coherently and incoherently excited phonons,
Giret et al. proposed a modified two-temperature model
(TTM), in which the real-space motion of the A, mode is
calculated separately from the coupled differential equations
describing the incoherent energy transfer between electrons
and phonons [39]. We adopt this method and calculate the
changes of Bragg peak intensity, caused by the excitation of
the Aj, phonon mode, from our MD simulations and apply
multitemperature models to calculate the electron-phonon
coupling strength from our diffraction data.

Our MD simulations reveal that the excitation of electrons
to T, = 2000 K shifts the Peierls parameter from z = 0.2344
to z = 0.2352, corresponding to a shift of the minimum of
the potential energy surface of 0.9 pm along the z direction
towards the more symmetric phase. This results in a collective
oscillation of atoms around this new equilibrium position.
The change in diffracted intensity in three exemplary peaks
[(111), (110), and (120)], calculated from the MD data as
described above, is shown as solid lines in Fig. 2(a). For
comparison to the data, the results have been convoluted
with a Gaussian function of 200 fs (FWHM) and scaled by
a factor 0.9, 0.9, and 1.35, respectively. The scaling is needed
because the excitation conditions in the MD simulation and the
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FIG. 2. Measured and simulated evolution of the intensity of different Bragg peaks in (a) the first picosecond after excitation and (b) in a
window of 15 picoseconds. Diamond symbols are used for PD peaks and circles denote Bragg peaks which are also present in the high-symmetry
phase. The thick solid lines in (a) are obtained from the MD simulations by convolution with a Gaussian function to account for the temporal
resolution of the experiment. Peak labels only denote the most prominent peaks of the fit.

experiments are only similar to a certain extent. Additionally,
the determination of an absolute change in intensity of single
peaks is, despite the elaborate data analysis, difficult due to
the diffracted intensity from the amorphous SizN4, which is
why different scaling factors are applied. The convolution
reduces the amplitude of the oscillations and is an upper
limit of the time resolution of the experiment, as spatially
inhomogeneous excitation [19] might additionally decrease
the amplitude of the observed oscillations. The simulation
reveals that only the peaks related to the Peierls-like distortion
show a large decrease in amplitude, whereas the HS peaks
are predicted to minutely increase in intensity. The frequency
at the excitation density of the experiments is extracted from
the simulations to be 3.9 THz, corresponding to a significant
softening of the mode compared to the 4.5 THz observed in
experiments with low excitation densities [6] and in agreement
with the experimental data (Fig. 2). The amplitude of the E,
mode, which can be observed in optical and x-ray diffraction
experiments [40,41], is too small to be detected here.

We quantify the incoherent energy transfer from electrons
to the lattice by solving the coupled differential equations
of a TTM, which describe the changes in electronic and
lattice temperature as a function of the temperature difference
between the two subsystems and compute the electron-phonon
coupling from our DFT simulations. The highly excited A,
mode is excluded from this treatment, following Arnaud
et al. [18]. The energy content of the coherently excited Ay,
mode is estimated to be insignificant in the entire energy
balance, justifying this approach. However, the assumption
of a thermal phonon distribution is questionable, as the
coupling of electrons to different phonon branches can vary
significantly [9,18].

The calculated electron-phonon coupling (see Sec. III) is
plotted in Fig. 3(b). We find a pronounced dependence of the
electron-phonon coupling on electronic temperature. A simi-
larly strong dependence has been reported for bismuth [18,42],

which has been explained as a consequence of the strongly
varying electronic density of states near the Fermi level. The
red dashed curves in Fig. 3(b) show the partial coupling
strength of electrons to the acoustic as well as to the optical
phonon branches. For all considered electron temperatures,
the incoherent electron-lattice interaction is dominated by
the coupling to optical phonons. This implies that the two-
temperature approximation fails in out-of-equilibrium states
and that a TTM might not accurately describe the microscopic
energy flow between electrons and lattice. As the TTM is the
commonly applied model, however, at first we continue by
fitting a TTM to our data, compare the obtained electron-
phonon coupling strength to our first principle values and
discuss the implications of nonthermal phonons thereafter.

We calculate the change of atomic mean square displace-
ment from the change of intensity of the HS Bragg peaks via
the relation

3 ] [re s
W0 — )= - L MmO

where I s is the relative intensity of the Bragg peak with
scattering vector s. Using tabulated values for the temperature
dependence of the Debye-Waller factor [43], the mean-square
displacement is converted into a lattice temperature, which
explicitly assumes the phonons to be in thermal equilibrium.
The MSD is plotted as a function of delay time in Fig. 3(c).

The coupled differential equations of the TTM are solved
and optimized numerically to best reproduce the experimental
values of the lattice temperature and are given by

aT,

C.(T,) 3t = _Gep(Te)(Te -1+ f(t — 1), (4a)
o7,

CZ(TI)W = Geop(T T, — T)). (4b)

The function f models the temperature increase of the
electrons by a Gaussian function, the integral of which is
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FIG. 3. (a) Electronic heat capacity of Sb as a function of electronic temperature, calculated by DFT. (b) Electron temperature dependence
of the electron-phonon coupling strength. The blue solid line is the retrieved coupling strength from the TTM fit with the light blue area
denoting its error. The blue dashed line is G, from the DFT calculations, and the red dashed lines are the partial couplings G, ; to optical and
acoustic phonon branches, respectively. (c) Measured change in atomic mean square displacement (black squares) as a function of pump-probe
delay. The blue solid line is derived from the two-temperature model fit, the dotted blue line is the MSD obtained by running a TTM with
the DFT values of G,, as an input. The red dashed line is the result of the nonthermal lattice model using the ab initio partial coupling

strengths.

the absorbed energy density ug. The variable parameters
of the optimization are the absorbed energy density, the
time of pump-probe overlap 7y and the electron-phonon
coupling G,,(T,), see also Ref. [9]. The electronic heat
capacity C.(T,) is calculated from our first principle DFT
data via C, = (dE/dT,)|y (see Sec. III) and is plotted as
a function of electronic temperature in Fig. 3(a). Linear fits
to the electronic heat capacity, C, = mT, + b, result in m =
(25.7 £ 0.6) J/(m*K?) and b = (—370 % 300) J/(m>K) in the
low-temperature region (below 800 K) and m = (88.7 £ 0.8)
J/(m?K?) and b = (—62000 % 2000) J/(m’K) for tempera-
tures between 1100 K and 2600 K. The lattice heat capacity
C; was taken to be independent of temperature at a value of
C; = 1.38 x 10° J/(m>K) [44]. We include a dependence of
G., on T, in the numerical optimization process, which we
restrict to being linear, G.,(T,) = G¢p,0 + gT., as the data
quality and the numerical optimization do not allow fitting
a more complex dependence. Heat flow into the capping
layers is not expected to significantly influence the evolution
of the experimentally obtained lattice temperature, as it has
been shown in similar experiments that the equilibration with
the SizNy substrate occurs on delay times of several tens to
hundreds of picoseconds [45] and would mostly be important
in very thin films [19].

The lattice temperature, calculated by the TTM with the
optimized parameters, reproduces well our data and is plotted
as a blue solid line in Fig. 3(c). The retrieved G, (T,) is plotted
in Fig. 3(b). The light blue area is the error of the fit, which we
obtain by running the TTM with different start parameters
and taking the variation of the optimized parameters. The
experimentally retrieved G, (T,) is significantly smaller than
the one calculated by DFT. Similarly, the evolution of the
MSD calculated by a TTM with the DFT results for G,,(T,)
does not reproduce our data [see dotted line in Fig. 3(c)]. We
explain this quantitative difference between the theoretically
and experimentally obtained values of G, () as a failure of

the two-temperature approximation as a result of the markedly
different coupling to optical and acoustic phonons [Fig. 3(b)].
After optical excitation of the electrons, incoherent electron-
phonon coupling preferentially generates optical phonons.
High-energy phonons, however, contribute less to the atomic
MSD compared to low-energy phonons [9]. In such a case,
the analysis of experimentally determined MSD with the
assumption of thermal phonon distributions results in an
underestimation of the energy content of the phonon degrees
of freedom and consequently in an underestimation of the
electron-phonon coupling strength.

We therefore apply a refined model lifting the restriction to
thermal phonon distributions (nonthermal lattice model, NLM)
by splitting the phonons into subgroups [9] and assigning
temperatures to these smaller subgroups of phonons. Here,
we treat acoustic and optical phonons independently and
calculate the energy balance between electrons and both types
of phonons as three independent subsystems:

aoT,
CeT)—5 = Y =Gepi(TXTe = T) + ft —10), (52)

oT;
Ci(Ti)W = Gopi(T)Te = Ti) + G pp(Ti = T)), (5b)

where i, j = {a,o} andi # j.The heat capacity of the acoustic
(a) and optical (o) phonon branches are calculated to be
6.42 x 10° J/m’K and 6.31 x 10° J/m?K, respectively. We
solve the NLM numerically and compare to the experimental
data by computing the MSD from the temperatures of both
phonon subsystems [9]. All material-specific parameters are
taken from first principles calculations except for the phonon-
phonon coupling parameter G, connecting the two phonon
systems, which is optimized numerically. The best fit is
obtained forG,, =8 £ 1 x 10'6 W/m3K, see red dashed line
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in Fig. 3(c). The NLM employing the first principle values of
G.p,; reproduces the data much better than the TTM with
the calculated G,,, as shown in Fig. 3(c). This suggests that
the minimal extension of the TTM by separate treatment of
acoustic and optical phonons results in a significantly more
accurate description of the energy flow between electrons and
lattice. The NLM is a minimal extension of the TTM and does
not account for nonthermal electronic distribution or arbitrary
nonthermal phonon distributions [46], which likely explains
the remaining deviation of data and NLM at short times. Our
observations imply, however, that the NLM is a sufficient
extension of the NLM for a quantitative description of the
energy exchange between electrons and lattice.

V. SUMMARY AND CONCLUSIONS

We have investigated the lattice dynamics of antimony in
laser-induced nonequilibrium states. By applying femtosecond
electron diffraction experiments with tilted, polycrystalline
but textured samples, and by performing ab initio molecular
dynamics simulations, we have determined the effects of
coherent as well as incoherent electron-phonon coupling in
a single measurement. For a fluence of 2.6 mJ/cm?, our MD
simulations predict that the laser-excitation leads to a shift of
the potential-energy surface of 0.9 pm, resulting in a coherent
atomic oscillation of the A, mode of 3.9 THz. The spatial
and temporal resolution of the compact FED experiment are
sufficient to resolve this motion. In addition, the incoherent
energy transfer of electrons to the lattice is analyzed in the

PHYSICAL REVIEW B 95, 054302 (2017)

framework of a TTM and a model allowing for nonthermal
phonon distributions. The evolution of the lattice temperature
is extracted from the data, and the electron-phonon coupling
parameter G, is determined from the measurements as well
as from ab initio DFT calculations. Using the TTM with
G, as a free fit parameter results in a very good agreement
with the measured time-dependent MSD. In comparison to
DFT calculations, however, the TTM analysis significantly
underestimates the electron-phonon coupling strength. We
attribute this to the large differences in coupling strength
of electrons to acoustic and optical phonon branches and a
failure of the two-temperature approximation. By allowing for
nonequilibrium between these phonon branches in a nonther-
mal lattice model, the DFT calculations are able to reproduce
the data. This work demonstrates the suitability of FED
measurements combined with ab initio simulations to probe
coherent and incoherent microscopic coupling mechanisms
and elementary atomic motion in solid state systems exhibiting
complex dynamics.
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