
Minicolloque n° O27     X Oral  � Poster  
 

Atomic forces and dynamics in the photoexcited state:  
electrons driving atoms and atoms driving electrons 

 
Stephen Fahy a,b 

 
a. Department of Physics, University College, Cork, Ireland 
b. Tyndall National Institute, Cork, Ireland 

 
* email : s.fahy@ucc.ie  

 
Ultrafast optical excitation of materials and new time-resolved x-ray and ARPES techniques have 
opened up new ways of exploring electron and phonon dynamics in the highly excited state. At the 
same time, electronic structure theory allow us, using simplified models of the photoexcited system, 
to understand how the photoexcited electrons drive the atomic motion, while phonons drive and 
scatter electrons. After excitation, anharmonic phonon dynamics in the excited system lead to 
intriguing squeezing processes and mode decay that can be investigated, both experimentally and 
theoretically.  
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Figure 1 : Lifetime of the photoexcited Eg force in group-V 
semimetals during a 50 fs, 800nm optical pulse, as a function of 
temperature. [S.O’Mahony et al., PRL 123, 087401 (2019)] 

where N is the number of wave vectors k (or q) in the
uniform Brillouin zone grid, ωqλ are the phonon frequen-
cies, and δðεmkþq − εnk # ωλqÞ are the energy conserving
delta functions for emission and absorption of a phonon.
Finite lifetimes give the electronic states a Lorentzian line
shape in energy and the energy conservation delta function
broadens to a Lorentzian whose width is the sum of the
linewidths of the initial and final state in the scattering
process [36]:

P# ¼
ℑΣmkþq þ ℑΣnk

½Δεnmk;kþq # ωλq'2 þ ½ℑΣmkþq þ ℑΣnk'2
; ð4Þ

where Δεnmk;kþq ¼ εmkþq − εnk and ℑΣnk is the imaginary
part of the electron self-energy for state jnki. It is temper-
ature dependent and related to the equilibrium lifetime of
the state via 1=τnkðTÞ ¼ 2ℑΣnkðTÞ=ℏ [34] [37]. This
brings our rate equations into agreement with the com-
pleted-collisions limit of the Kadanoff-Baym equations
[33]. For reasons of numerical efficiency, we replace these
Lorentzians with Gaussians of the same width.
The atomic force Fα on atom α in the unit cell is

computed at each time step using the diagonal part of the
electron-phonon matrix [38]:

Fα ¼ −
1

N

X

n;k

Δfnkhnkj∇ταĤjnki; ð5Þ

where Δfnk ¼ fnk − f0nk is the change in occupation of
state jnki from its equilibrium value and τα is the
displacement of atom α from equilibrium [41].
The time evolution of both the Eg and the A1g driving

forces are shown in Fig. 1, demonstrating that the Eg force
exponentially decays to zero, as expected, while the A1g
force undergoes a more complex time evolution. In Bi and
Sb, the A1g force undergoes a partial decay from its initial
value to a nonzero constant. In As, the A1g force increases
slightly before decaying to a nonzero constant. This is not
surprising, since the evolution of the A1g force depends on
the precise distribution of photoexcited electrons. In fact, at
some other photon energies, the evolution of the A1g forces
in Bi and Sb also depart from purely exponential behavior.
The final values of the A1g forces in Bi and Sb are obtained
by fitting the calculated time-dependent values to a
decaying exponential plus a constant term, as explained
in the caption of Fig. 1. In As, we extract the final A1g force
by fitting the same function to the tail of the calculated
values. In Table I, we see that the final A1g forces in all three
materials are slightly higher than that which would be
obtained in constrained DFT (CDFT) by assuming a hot
thermal distribution of electrons and holes, with different
chemical potentials [42]. The A1g force will eventually
relax to 0 when the excited electronic occupations return to
equilibrium, i.e., Δfnk ¼ 0, as indicated by Eq. (5).

However, this process occurs on much longer timescales
(>10 ps) [44] and is beyond the scope of this work.
Li et al. [17] determined the Eg force lifetime indirectly,

by comparing the ratio of the Eg to A1g mode amplitude in
an optical pump-optical probe experiment with cross
sections obtained in a cw Raman scattering experiment.
The experimental Eg force lifetimes in Ref. [17] were
derived, assuming that the A1g force does not change over
the duration of the pump pulse (∼70 fs). However, our
calculations show a decay of the A1g force from F0 → sF0

in much less than 70 fs for Bi (s ∼ 0.80) and Sb (s ∼ 0.65),
as shown in Fig. 1. We adjust the experimental analysis in
Ref. [17] to account for this partial decay. See
Supplemental Material for the full details [38]. This allows
us to make a quantitative comparison between our calcu-
lated Eg force lifetimes and the experimental ones.
In Fig. 2, the calculated and experimental Eg force

lifetime are shown as functions of temperature for Bi and

TABLE I. Comparison of initial (Fi
A1g) and final A1g force

(Ff
A1g) with those obtained in a two-chemical potential CDFT

calculation (F2μ
A1g) [42]. The forces are computed assuming an

absorbed fluence of 0.1 photons of energy 1.5 eV per unit cell.

Material Fi
A1g (eV=nm) Ff

A1g (eV=nm) F2μ
A1g (eV=nm)

Bismuth 1.82 1.46 1.34
Antimony 2.52 1.66 1.38
Arsenic 1.35 1.21 1.13

FIG. 2. Lifetime of driving force on Eg mode as a function of
lattice temperature for Bi, Sb, and As for a pump photon energy
of 1.5 eV. The curves are theoretical results, the points are the
experimentally inferred values [17] rederived taking into account
the partial decay of the A1g force. Inset: the average lifetime of
states within the excited electron-hole plasma, as defined in
Eq. (6). Both hτi and τEg

were computed for 16 temperatures
in the interval [0.1, 300] K and fitted with the function
fðTÞ ¼ fð0Þ=½1þ 2nBðT;Ω0Þ', where nBðT;Ω0Þ is the Bose-
Einstein occupation number for a mode frequency Ω0 at temper-
ature T and Ω0 is a fitting parameter: ℏΩ0ðBiÞ ≈ 6.8 meV,
ℏΩ0ðSbÞ ≈ 10.7 meV, and ℏΩ0ðAsÞ ≈ 15.5 meV.
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