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Elucidating the interplay between nuclear and electronic degrees of freedom that govern the complex dielectric
behavior of materials under intense photoexcitation is essential for tailoring optical properties on demand.
However, conventional transient reflectivity experiments have been unable to differentiate between real and
imaginary components of the dielectric response, omitting crucial electron-lattice interactions. Utilizing thin

film interference we unambiguously determine the photoinduced change in the complex dielectric function in
the Peierls semimetal bismuth and examine its dependence on the excitation density and nuclear motion of the
Aj, phonon. Our modeled transient reflectivity data reveal a progressive broadening and redshift of Lorentz
oscillators with increasing excitation density and underscores the importance of both electronic and nuclear

coordinates in the renormalization of interband transitions.
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Currently, ultrashort light pulses remain as powerful probes
for monitoring a variety of out-of-equilibrium dynamics
through sudden changes of the optical dielectric properties
within the photoexcited material [1,2]. In particular, a de-
tailed examination of the dielectric function provides further
insights, such as the electron-phonon coupling strength in
metals [3] and the identification of exciton properties in transi-
tion metal dichalcogenides [4]. Although these effects are also
accessible through other experimental techniques, the main
advantage of qualitatively understanding how these affect the
optical response is the ability to manipulate the latter by
changing electron or lattice degrees of freedom. However, the
complexity of the dielectric response escalates as the number
of degrees of freedom participating increases. Disentangling
these intertwined contributions presents one of the current
challenges in ultrafast science [5,6]. In particular, the various
degrees of freedom in correlated materials like VO,, TiS,,
especially layered ones like TaS, [7] and other charge density
wave (CDW) compounds [8,9] or group V semimetals [10] are
of broader interest. To target this topic a wealth of transient
reflectivity studies were conducted in the semimetal bismuth
(Bi) [2,11-15], known for its intrinsic Peierls distortion [16],
low carrier density [17], and small effective mass [18]. When
photoexcited, Bi undergoes a significant increase in carrier
density, resulting in a transient modification of the atoms’
potential energy surface, which, in turn, launches coherent A,
phonons [19-21]. Despite this body of work, the interconnec-
tion between carrier and nuclear dynamics and the dielectric
response remains unclear [22].
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Here, we study the change of the complex dielectric
function Ae(fiw) upon impulsive photoexcitation through
broadband femtosecond (fs) transient reflectivity. Measure-
ments were carried out on a series of (111)-oriented Bi films
[23,24] epitaxially grown on Si(111). Film thicknesses d of
17, 28, 39, 42, and 197 nm allow us to exploit interference
effects and obtain an unambiguous solution for the lattice and
electronic contributions to the transient dielectric function.
Based on the geometry and crystal orientation used in our ex-
periment we only study the ordinary dielectric function [25].

The films were excited by 160-fs optical pulses with a cen-
tral wavelength of A = 800 nm (1.55 eV) in normal incidence,
providing a maximum absorbed fluence of 0.23 mJ/cm?. The
optical response of Bi was probed by time delayed, Az, white
light pulses (p-polarized, 32° incidence). Transient reflectiv-
ity changes AR/Ry(/iw, At) in the range of A = 580 nm to
700 nm (2.1 eV to 1.8 eV) were recorded using a dispersive
spectrometer. Ex situ ellipsometry (see Supplemental Material
[26]) was used to verify the thickness of the Bi films on silicon
and the consistency of the optical properties in comparison
with existing studies [25,27].

Figure 1(a) shows a typical time-resolved broadband tran-
sient reflectivity spectrum AR/Ry(hw, At) obtained from the
17-nm-thick Bi film with characteristics such as the initial
sharp jump of reflectivity, the oscillations at ~ 3 THz, and
the decaying background. The spectral dependence exhibits
a minimum around 2 eV. For further analysis, we applied a
moving average window with a width of 0.015 eV (teal line).
Temporal traces within Ar (—0.5 ps to 1.0 ps) are shown in
Fig. 1(b) for five different Bi film thicknesses at a photon en-
ergy of iw = 1.9V and an incidence fluence of 0.9 mJ/cm?.
It is noteworthy that the transients exhibit a flip of sign in their
oscillation amplitude between 28 nm < d < 39 nm.
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FIG. 1. (a) AR/Ry(At, hw) for a 17-nm-thick Bi film. (b) Tem-
poral traces, averaged across the teal line in (a), obtained at a photon
energy of 1.9 eV for films of different thickness. The grey area marks
where the calculation of Ae was conducted. The black lines mark the
fits obtained with the model described in Eq. (1). The large colored
dots refer to distinct points in the potential energy surface of the
distorted lattice [see Fig. 2(a)]. (c), (d) show the amplitudes Ay,
and Ao, as indicated by the solid black bars in panel (b), for the
28-nm-thick film.

Since the reflectivity change AR/Ry(At, d) is the essential
input for the calculation of the dielectric function change Ae,
we systematically describe it by fitting a phenomenological
model [28] for all thicknesses d, photon energies lhw, and
pump fluences F as follows:

AR I ot
(1) =Avg e T Age €™ cos (Q1). (1)
0

The model consists of two terms, the first one describing
the decaying background with initial amplitude Ay, and time
constant t,,. The second one representing the oscillations aris-
ing from A, phonons, with initial amplitude Ay, dephasing
time constant 7., and angular frequency 2. The last of these
was obtained independently by Fourier analysis and found to
change linearly with fluence. The terms are usually referred to

as “electronic” and “phononic” [29-31]. Such references are
not used in this work because, in general, both parts include
carrier and lattice contributions.

The incident fluence F is an inappropriate parameter to
compare the excitation in layers of different thicknesses d.In a
previous work [32] we demonstrated that ultrafast transport of
nonthermalized carriers redistributed the excitation through-
out thin films (d < 60nm) within 150 fs after excitation.
Afterwards the film is homogeneously excited, quantified by
the absorbed energy density p = Fyps/d, where d is either
the film thickness or the effective carrier skin depth de as
introduced in Ref. [33] and F,, the absorbed fraction of
incident fluence. Within the time window of 150 fs to 500 fs
[grey area in Fig. 1(b)] and for the sake of a simple analysis
we approximate the transients of AR/Ry(At, p) by a cosine
with the amplitude Ay and offset Ay, excluding the decays
described by Tpg and Tes.. They can be ignored in our analy-
sis because the cooling [34] and dephasing behavior [14,35]
depends on d and the thermalized excited carriers remain at
the valence band maximum (7-point) and the conduction band
minimum (L-point) for a few ps prior to recombination [22],
respectively. The amplitudes Ao (0, fiw) and Apg(p, fiw), in-
terpolated to the same p, are shown in Figs. 1(c) and 1(d).
The most characteristic pattern of Ays(p, hiw), observed for
the 28-nm film, features the flip of sign in the p-hw-plane,
similar to the one in Fig. 1(b) for different film thicknesses.

Owing to the cosine approximation for AR/Ry(At), it is
sufficient to recover the change of dielectric function Ae¢ at the
two extrema and the node of the oscillations. Thus Apg + Agsc,
Apg, and Ay, — Ao refer to the dielectric function changes
Agg, Agg_eq, and Ag, at the three indicated positions. q-eq
denotes the new quasi-equilibrium position and the phases
¢ =0 and ¢ = 7 describe the maxima and minima of the
oscillation. The three distinct points are marked in the poten-
tial energy surface (described in Ref. [36]) by colored dots
(see Fig. 2).

The dielectric function change Ae is obtained by fitting
AR/Ro(Ac¢, d, hw) at the three distinct points in the poten-
tial energy surface. Because AR/Ry is connected to Ae by
the absolute square and all complex information is lost, an
unambiguous solution for Ae is only obtained by providing
additional information. This can be transmission [3], polar-
ization [37-39], incident angle [39-41], or in this case the
film thickness d. The use of d is only reasonable when thin
film interference causes significant changes of AR/R( within
aregime of d where the films are homogeneously excited. We
can exclude any optical property changes of the Si substrate as
a Schottky barrier at the Bi/Si interface [42] prevents its ex-
citation. The formation of the Bi surface state is prevented by
the formation of a 3 -nm-thick oxide layer [24]. Quantum con-
finement effects are negligible for the film thicknesses studied
herein [43]. Therefore, AR/Ry(A¢, d, hiw) is computed solely
with the Fresnel coefficient at the air/Bi and Bi/Si interfaces,
d, and the dielectric function change in the bismuth film Ae
by using the transfer matrix method [44].

The individual panels in Fig. 2(e) exemplarily
show the solutions, indicated by the fits’ residuals
|Apg(d) — AR/Ro(d, Ag)| for the change in the real and
imaginary parts of the dielectric function for five different
film thicknesses at the same 7w = 2.1 eV. No unambiguous
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FIG. 2. (a) Bismuth’s potential energy surface according to [36].
The colored dots refer to the positions of the oscillation shown in
Fig. 1(b). The grey arrow marks the pathway of excitation. The
red and blue arrows indicate the changes to the quasi-equilibrium
position (gq-eq) and the displacive component (disp) respectively.
[(b)—(d)] Combined residual for all films at the positions marked in
(a). (e) Residuals of the fits for Ae(d) at the g-eq position.

solution for Ae = Re[Ae] 4+ iIm[Ag] is obtained for each
of the film thicknesses d, but a set of solutions in the
Re[Ag]-Im[Ag]-plane [indicated by a solid line in Fig. 2(e)]
that changes due to thin film interference. Based on the safe
assumption that, at the same absorbed energy density, Ag is
independent on film thickness d, the intersection of these in-
dividual solutions (grey line) yields the unambiguous solution
for Ae.

Figures 2(b)-2(d) summarize this procedure for Agy,
Agq_eq, and Aeg;. Correspondingly to Fig. 2(e), the colored
lines mark the individual solutions for each film thickness d
while the cross identifies the overall minimum of the com-
bined residuals ), |A(d) — AR/Ry(d, A¢)|. Across Fig. 2,
Ag&q_eq 18 emphasized by red arrows. It is useful to define a
displacive component Agg;sp (blue arrows in Fig. 2), including
only the changes from g-eq towards the maximum (¢ = 0)
and minimum (¢ = ) displacement within the potential en-
ergy surface. Aggisp is modulated solely by the nuclear motion
in an excited state. Because of the cosine approximation
Acggisp is symmetric:

Asdisp = ASO — qu—eq = —ASn + Aeq—eq- (2)
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FIG. 3. (a) Change of real and imaginary part of Agq_.q for
selected absorbed energy densities p. Solid lines mark Ag, the light-
colored area the uncertainty, and the dashed lines the fitted model.
(b) Aegisp for selected p. (c) Imaginary part of bismuth’s dielectric
function &4 (black), based on the model from Ref. [25]. The colored
peaks are the single Lorentz peaks. (d) Peak shift fit parameter AE
compared to expected estimated shifts from literature [58,59]. (e)
Sketch of bismuth’s band structure based on Ref. [45]. The orange
arrow marks a possible probe interband transition. The blue area
indicates population changes affecting the probe intensity. The shift
observed in AE is caused by arbitrary band shifts, indicated in red.

This procedure to obtain Ae was performed for all film
thicknesses d, photon energies /iw, and absorbed energy den-
sities p at the positions q-eq and disp, yielding an indigestible
multi dimensional parameter space. Displaying only selected
energy densities p provides more insight. Figure 3(a) shows
Agq_eq(liw) for selected p and Fig. 3(b) Aegisp(fiw), respec-
tively. The solid lines in Figs. 3(a) and 3(b) depict the real
and imaginary parts of Ae(hw). The light-colored areas mark
the regime of uncertainty obtained from the fits. Figure 3(c)
shows the imaginary part of the equilibrium dielectric func-
tion &4 obtained over a broader spectral range by ellipsometry
measurements based on a model taken from the literature [25].

The next step is to provide a model for the observed
changes in the dielectric function Agq_eq and Aeg;sp that gives
insight into the transient electronic dynamics in the material.
Since the overall excitation densities p are weak and hence the
deviations from equilibrium are small, we construct a simple
model by changing the dielectric function under equilibrium
conditions

e(p) = Eeq T qufeq(p) + A“3disp(:0)- 3)

Drude or intraband contributions (dominant in metals) are
negligible for Bi in the range of visible light [22] and thus &4
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is mainly defined by interband transitions [25,46,47] In such
cases the Lorentz oscillator model [48-51] is often used and
defined as the sum of single complex Lorentz peaks that obey
the Kramers-Kronig relation
AT E;
e (i) = J 1 , 4
ca(fie) ;E}—W—ir,hw @

with the parameters amplitude A;, width I';, and central en-
ergy E;. The numerical values were taken from the literature
[25] and agree with our ellipsometry data (see Supplemental
Material [26]). Comparing the Lorentz peaks with the spectral
window studied [see Fig. 3(c)], we notice that only the tails of
two oscillators are important. In a simple picture the oscilla-
tors refer to interband transitions with large spectral weight in
the band structure.

First, we consider only the influence of the excited charge
carriers under a slightly weakened Peierls distortion of
the lattice at the new quasi-equilibrium position (qg-eq),
treating the system as if there were no coherent phonons. The
modification of Lorentz oscillators has proven to describe the
impact of population changes and band shifts in the optical
properties, as recently demonstrated in transition metal
dichalcogenides [4,52,53]. In most materials the parameters
of the Lorentz oscillators do not vary much throughout a
broad spectral range [54-57] and since our spectral range is
comparatively small, we have to approximate the change of
all Lorentz peaks with three parameters only: A; — faA;,
'y — frl'j, and E; — E; + AE. They are determined by
fitting the modified Lorentz oscillators (dashed lines) to
the data shown in Fig. 3(a) for each corresponding p. The
change in AE as a function of energy density is shown in
Fig. 3(d) and compared to the extracted estimated relative
shift between valence and conduction bands in recent studies
perfomed with time-resolved angle-resolved photoemission
spectroscopy (tr-ARPES) [58] and time-resolved extreme
ultraviolet (tr-XUV) spectroscopy [59]. We find that the
Lorentz peaks decrease in amplitude, broaden, and redshift in
energy. This result is very close to the general behavior of the
parameters A;, I';, and E;, describing the change in dielectric
function in semiconductors upon changes in temperature as
observed for Si, Ge, and GaAs [54-57].

In these references, however, the carriers are thermally and
not optically excited and band structure changes arise from
thermal lattice expansion instead of a modified Peierls-like
distortion. This is still comparable to our situation because
in Bi optically excited electrons are quasithermalized 150 fs
after excitation [58], matching the time window studied [see
Fig. 1(b)]. Also, the lattice changes induced by thermal
heating are related to a reduction of the Peierls distortion
and softening of the energy surface, respectively [60]. Fur-
thermore, we can compare our results to energy shifts AE
observed in tr-ARPES [58] and UV-absorption spectroscopy
studies [59]. Both, compared to the fitted AE, exhibit the same
trend and the same order of magnitude, while absolute values
are hard to compare due to the ambiguity of excited carrier
density [32,33].

The relation between the behavior of excited carriers AE
and the modification of peak amplitudes and widths can be
explained in the band structure picture as sketched around the
L-point in Fig. 3(e). This allows for the extraction of transient

band shifts for, e.g., the semiconductor Te, which also exhibits
a Peierls distortion, by Kudryashov et al. [48,49] or in later
studies by Shih er al. [61] and Richter et al. [38] for ZnO.
Population dynamics upon photoexcitation lead to bleaching
and thus to changes of the maximum in Re[Agq_.q] around
2 eV. During thermalization the carriers relax to the band edge
and accumulate at the L-point (electrons) and 7T-point (holes)
after 150 fs, respectively [58]. This region is exactly covered
by our spectral range. The L,(2) — L,(3) transition [orange
arrow in Fig. 3(e)] connects an occupied valence band to this
partially occupied conduction band minimum, AE =~ 2 eV
apart [17,45,47,62]. With this transition bleached by excited
carriers, thus reducing the availability of final states, the ab-
sorption decreases the strongest at ~2eV. Furthermore, the
increased peak width can be understood in a two-temperature
model through the smeared-out Fermi-distribution of the ther-
malized but still hot carriers [63].

Moving on to the displacive component Aggisp. In gen-
eral, the phonon influence on the electronic properties is
often modeled with a deformation potential approach [64]
and was successfully applied to the correlated material Te
[48,49]. Based on previous studies in semimetals, namely, Sb
by Stevens et al. [65], which treated the coherent phonon ex-
citations without excitation of the electron system, we would
expect a Raman correction term that results from adding the
electron-phonon interaction to the Hamiltonian like in the
general approach. This term, Aeggis, = xgQ(t = 27/Q), is
described by the Raman susceptibility yz and the phonon co-
ordinate Q(¢). The Raman susceptibility xz can be described
in terms of a second-order nonlinear interaction between the
probe light and a “phonon field,” which is coupled to the
electron system via the electron-phonon coupling Z. Using
the simplifications 2 < w and E = const. [65,66], we obtain

_ g0 d
Acgisp = XrO ~ T o fea (5)
In contrast, we find the nonempirical relation
A(‘E‘disp o8 aqu—eqa (6)

which seems to depend on the quasi-equilibrium component
or the change of &, in general. An explanation might be
that population changes at the L-point in Sb do not strongly
affect interband transitions around 2 eV, as in bismuth. Ad-
ditionally, the assumption E = const. may not necessarily
hold, and the previous simplification does not account for
population changes. Therefore, we hypothesize that the pop-
ulation of excited carriers plays a significant role in the
description of optical properties changes by coherent phonons
in Bi. Proposing a first-principle’s solution to this open
question based on the available data set would be highly
speculative, but a possible starting point would be a mod-
eling of the dielectric function with the Lorentz model at
each given time delay like in the works by Kudryashov
et al. [48,49].

In summary, we tracked the changes in the complex
dielectric function Ae of photoexcited Bi and separated
it into a quasi-equilibrium and a displacive structural
component, incorporating the carrier and lattice dynamics.
These contributions were analyzed using a phenomenological
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approach. A modified Lorentz oscillator model revealed a
substantial impact of the interband transition to the conduction
band minimum at the L-point, and the effects of the electron
gas temperature and Pauli blocking on the optical properties
of this strongly correlated system.
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