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Quantum pathways of carrier and coherent phonon excitation in bismuth
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Quantum pathways inducing coherent lattice dynamics are studied in bismuth (Bi). A crystalline Bi film
is excited by femtosecond midinfrared pulses and transient intensity changes on the (111) Bragg reflection
are probed by hard x-ray pulses. A fast decrease and coherent oscillations of the diffracted intensity display
up to 50% and 10% intensity change, respectively. The oscillation frequency of 2.6 THz is independent of
pump intensity. Midinfrared excitation opens different quantum pathways for electron-hole generation, such as
field-driven carrier tunneling at the L points, which reduces the crystal symmetry and leads to optical phonon
excitation at the X point with the strongest electron-phonon coupling.
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The coupling of electrons and holes to optical phonons
is a basic interaction in crystalline solids, which determines
electronic properties and induces nonequilibrium lattice dy-
namics. Ultrafast spectroscopy and structure research have
provided insight in the excitation mechanisms of optical
phonons, their role in carrier relaxation, and coherent lattice
motions, connected to a periodic displacement of atoms from
their equilibrium positions. In this context, the semimetal bis-
muth (Bi) is a prototypical system in which coherent optical
phonon wave packets have been studied extensively in fem-
tosecond all-optical and optical-pump/x-ray-diffraction-probe
experiments. The latter are mapping lattice dynamics in space
and time and thus give direct access to the time dependence of
atomic displacements [1–6].

Coherent phonon dynamics of crystalline Bi, which be-
longs to the space group R3̄m with a threefold rotoinversion
axis perpendicular to the (111) plane, has mostly been studied
after interband excitation by femtosecond pulses centered at
λex = 0.8 µm [1–11]. The pump pulse generates electron-hole
pairs via interband transitions at various points in k space.
Upon excitation, the minimum of the potential energy surface
of optical phonons is displaced along the phonon coordinate
and a nonstationary superposition of phonon quantum states,
i.e., a wave packet, is generated. In ultrafast x-ray diffraction
measurements, a fast decrease and a periodic modulation of
diffracted intensity on the (111) Bragg reflection have been
observed [1–4].

For moderate excitation fluences F � 1 mJ/cm2 at λex =
0.8 µm, one detects oscillations with frequencies around ν =
2.5 THz [Fig. 1(a)]. They are assigned to a wave-packet
motion along the longitudinal A1g phonon coordinate. With
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increasing pump fluence, the frequency of the oscillations de-
creases, reaching a value ν = 1.5 THz around F=2.7 mJ/cm2

[6]. This strong frequency reduction has been assigned to
a softening of the interatomic A1g phonon potential at high
carrier densities [2].

The symmetry of the excited Bi lattice determines which
phonons are excited displacively. In case the equilibrium R3̄m
symmetry is preserved and the pump-probe measurement
remains in the third-order (χ (3)) limit of light-matter inter-
action, only the A1g phonon is excited. This condition may
not be fulfilled in some of the experiments with excitation at
λex = 0.8 µm, in particular at high pump fluences. Femtosec-
ond excitation with linearly polarized pulses at λex = 0.8 µm
initially generates an anisotropic multicomponent carrier dis-
tribution with a symmetry clearly different from equilibrium.
As a result, also other optical phonons, e.g., of Eg symmetry,
can be excited displacively. The initial carrier distribution
transforms into a quasiequilibrium distribution of electrons
and holes on a timescale of some 600 fs [12]. The transient
crystal symmetry during carrier relaxation is not known and,
in particular, the impact of carrier relaxation on the rise time
of x-ray diffraction transients is not understood. As a result,
the quantum pathways behind displacive phonon excitation
are mainly unknown.

Excitation at wavelengths close to the direct energy gaps
of Bi at the T points (ET

G = 350 meV, λ = 3.5 µm) or the
L points (EL

G = 15 meV, λ = 83 µm) [13] avoids such com-
plexity and holds potential for much more specific insight in
the phonon driving mechanism. Moreover, the much larger
penetration depth of midinfrared light in a Bi film allows for
matching the excitation and the x-ray probing depth.

In this Letter, we present a femtosecond x-ray diffrac-
tion study of Bi with midinfrared excitation at λex = 5.0 and
2.5 µm. On the (111) Bragg reflection, we observe a fast
decrease and oscillatory intensity changes of large amplitude.
The signal rises within the 150-fs time resolution of the ex-
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FIG. 1. (a)–(c) Transient intensity changes of the (111) Bragg
reflection after excitation with femtosecond midinfrared pulses (red:
λex = 5 µm; blue: λex = 2.5 µm; black: λex = 0.8 µm). (b) Varia-
tion of the signal with azimuthal angle φ at a pump fluence of
2.6 mJ/cm2, maximal signal at 0◦, and minimal signal at 30◦.
(c) Transients for different pump fluences at φ = 15◦. (d)–(f) Fourier
transforms of one signal each from (a)–(c). (g) THz-pump–THz-
probe signal. The dots are the experimental results, and the solid line
is a single-exponential fit.

periment, while phonon softening with increasing fluence is
absent. We identify field-driven carrier tunneling at the L
points as a quantum pathway of electron-hole and coherent
phonon generation. This process reduces the crystal symmetry
and allows, in turn, for displacive phonon excitation at the
X point. This picture is supported by complementary THz
experiments and band structure calculations.

In the femtosecond optical-pump/x-ray-diffraction-probe
experiments, a single-crystal Bi film of 45 nm thickness is
studied. The sample consists of a (111)-oriented Bi layer
epitaxially grown on a (111)-oriented Si substrate [14]. The
sample is excited by p-polarized midinfrared pulses at central

wavelengths λex = 5 or 2.5 µm and a duration of 80 fs under
an incident angle of 68◦. The relative intensity change of the
(111) diffraction peak is monitored in reflection geometry
by a hard x-ray probe pulse. The diffracted x-ray intensity
is recorded with an area detector (EigerX-1M, Dectris) for
pump-probe delays up to 5 ps.

An optical parametric chirped-pulse amplifier (OPCPA)
with a 1 kHz repetition rate provides 80-fs pulses at a central
wavelength of 5 µm with a pulse energy of 3 mJ [15]. A 2%
fraction of the OPCPA output reflected from a beam splitter
serves as a pump pulse at λex = 5 µm or, after frequency
doubling in a nonlinear AgGaS2 crystal (thickness 1.5 mm), at
λex = 2.5 µm. The major part of the OPCPA output generates
femtosecond hard x-ray pulses in a table-top x-ray source
[16]. The 5-µm beam is tightly focused onto a 15-µm-thick
Cu tape and generates up to 2 × 109 Cu Kα photons (photon
energy 8 keV) per pulse in the full solid angle. Using a mul-
tilayer x-ray optics with a magnification of three (Incoatec),
the Cu Kα photons are focused onto the sample [spot size
135 µm full width at half maximum (FWHM)]. The x-ray flux
on the sample reaches up to ≈2 × 107 photons/s. The x-ray
pulse duration is 120 fs.

The optical pump beam is focused onto the sample with
a spot size of 420 µm (FWHM), and the angle between the
pump and the x-ray beam is around 10◦. The optical pene-
tration depths of the pump pulses are approximately 60 and
250 nm at λex = 2.5 and 5 µm, respectively, substantially
larger than the 45-nm sample thickness and the 17-nm pen-
etration depth at λex = 0.8 µm [17]. A mechanical chopper
in the pump beam (frequency 500 Hz) serves for subsequent
measurement of the x-ray response with and without excita-
tion at the same delay time.

Pump-probe traces for different excitation wavelengths,
pump fluences, and crystal orientations are summarized in
Figs. 1(a)–1(c). The change of diffracted intensity �I/I0 on
the (111) Bragg peak is plotted as a function of pump-probe
delay (�I = I − I0 with I, I0 the x-ray intensity detected with
and without excitation). Figure 1(a) compares transients for
excitation wavelengths of 0.8 and 2.5 µm, Fig. 1(b) shows
transients for λex = 5 µm for two different azimuthal orien-
tations φ of the Bi film around the (111) symmetry axis
[18], and Fig. 1(c) compares transients for different excitation
fluences. Apart from the magnitude of the signals, the shape
of the transients is very similar. All transients exhibit a fast
rise within the 150-fs time resolution of the experiment, an
exponential decay with a time constant of 5 ps, superimposed
by pronounced oscillations with frequencies around 2.6 THz
[see the Fourier spectra in Figs. 1(d)–1(f)], persisting for sev-
eral picoseconds.

Figure 2(a) summarizes the measured oscillation frequen-
cies (solid circles) and amplitudes |�I/I0| (open symbols)
of the different transients as a function of pump fluence at
λex = 5 µm (red symbols) and 2.5 µm (blue symbols). The
open diamonds represent the amplitude of the fast decrease
after subtraction of the oscillatory part, whereas the open
squares give the peak-to-peak amplitude of the oscillations.
For λex = 5 µm, below a fluence of 1.9 mJ/cm2 we do
not observe any phonon oscillations above the noise floor
of our experiment, in line with results reported by Mel-
nikov et al. [10,11]. The fluence dependence of the signal
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FIG. 2. (a) Left ordinate, solid symbols: Observed phonon fre-
quency as a function of the pump fluence for pump wavelengths
of λex = 2.5 µm (blue) and λex = 5 µm (red). Right ordinate, open
symbols: Signal amplitudes of the fast intensity decrease (diamonds)
and the phonon oscillations (squares). (b) Red circles: Fluence trans-
mitted through the sample as a function of the incident fluence at
λex = 5 µm. The black line shows the expected values for linear
transmission.

amplitude (red diamonds) shows a pronounced nonlinear in-
crease, whereas the oscillation frequency (green dashed line at
2.6 THz) is practically fluence independent. This observation
is in strong contrast to femtosecond diffraction experiments at
λex = 0.8 µm showing a linear behavior of �I/I0 of the (111)
Bragg reflection as a function of pump fluence and a decrease
of the frequency for increasing fluence [6].

In a complementary experiment, the nonlinear transmis-
sion of the 5-µm pump pulses through the Bi sample was
measured in a geometry identical to the pump-probe studies.
The results shown in Fig. 2(b) (red symbols) display enhanced
absorption at fluences F > 1.5 mJ/cm2. The enhanced ab-
sorption sets in at a fluence similar to the value at which
phonon oscillations are observed in the data shown in Fig. 2(a)
[27].

THz-pump–THz-probe experiments were performed with
single-cycle THz pulses at a center frequency of 1.3 THz
and a pump electric-field amplitude of 700 kV/cm [18,28].
The THz pump-probe trace in Fig. 1(g) displays a transmis-
sion decrease, which rises within the time resolution of some
0.5 ps and decays with a time constant of ≈5 ps (solid line:
numerical fit), similar to the decay of the x-ray transients. The
maximum signal amplitudes show a sixfold symmetry as a
function of the azimuthal sample orientation φ [Fig. 3(d)]. The
amplitude of the anisotropic contribution is ten times smaller
than the isotropic contribution.

The x-ray data for excitation at λex = 2.5 µm [Fig. 1(a)]
display surprisingly strong changes of diffracted intensity for
a very low pump fluence of F = 0.28 mJ/cm2, which is in the
perturbative limit of light-matter interaction. Here, electron-
hole pairs are generated by quasiresonant excitation via the
direct energy gap at the T point in k space. Calculations of

FIG. 3. (a) Calculated electronic band structure of Bi using the
density functional theory (DFT) code FLEUR [13,29] around an L
point in the Brillouin zone [red hexagon in (c)]. Blue surface: up-
permost valence band; red surface: lowermost conduction band. k⊥
is along the connecting line W-L-W and k‖ along U -L-U . (b) Black
solid lines: Calculated phonon band structure (Fig. 3 of Ref. [30]).
In the corresponding monoclinic space group C2/m with four Bi
atoms in the unit cell, phonons at X in the rhombohedral space
group R3̄m are backfolded to � in C2/m (red dotted lines). (c) For
a polarization (magenta arrow) parallel to the W -L-W line of an L
hexagon the electron-hole-pair generation rate is maximal for this
particular L valley, thereby breaking the threefold symmetry of Bi.
(d) Azimuthal dependence of the THz-pump–THz-probe signal am-
plitude. The radial scale for |�T/T0| is from 0.091 to 0.098. (e)–(g)
Schematic electron distributions around the L points for different
phases of the vector potential A: (e) at A = 0, (f) at A = EF /(e vF ),
and (g) for A > EF /(e vF ), which corresponds to (coherently re-
versible) electron-hole pair generation.

the band structure show that this energy gap depends most
sensibly on elongations of Bi atoms along the coordinate of
the A1g phonon [18]. In other words, there is a very strong
deformation potential coupling of the interband excitation
to the A1g phonon, thus enabling a strong coherent phonon
excitation even for a very low pump fluence.

At λex = 5 µm, the pump electric field has a peak value on
the order of 2 MV/cm resulting in a nonperturbative light-
matter interaction. In this limit higher-order carrier generation
mechanisms occur in addition to one-photon absorption and
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the different orders cannot be disentangled. The electronic
band structure around an L point is shown in Fig. 3(a) [13,29],
where the carrier energies in the highest valence band and
in the lowest conduction band are plotted as functions of k⊥
(along the W -L-W direction) and k‖ (along the U -L-U direc-
tion). The Brillouin zone and the direction of the (transverse)
pump electric field are illustrated in Fig. 3(c). The conelike
structure of the highest valence and the lowest conduction
band around the L point strongly resembles the band structure
of graphene around its K or K ′ points [31].

The interaction of the pump electric field with carriers
around the L point is similar to nonperturbative electron-hole
generation in graphene [31–33]. The oscillating pump field
drives electrons and/or holes periodically in the field direc-
tion in k space. The oscillation amplitude of the carriers is
determined by the vector potential, the time integral of the
electric field [18]. Carriers far away from the L point per-
form mainly intraband motions, while carriers close to the L
points undergo both intra- and interband motions, illustrated
by the yellow double arrows in Fig. S1(b) of the Supplemental
Material [18].

In Figs. 3(e)–3(g) we sketch electron distributions around
an L point for different phases of the driving vector potential.
In equilibrium (A = 0 [Fig. 3(e)]) the valence band around
the L point is fully occupied, the conduction band up to the
Fermi energy EF . For A = EF /(e vF ) one has the situation
in Fig. 3(f) and for the even higher A in our experiments
[Fig. 3(g)] one generates additional electron-hole pairs (vF =
7.6 × 105 m/s, with the Fermi velocity determined by the
slope of the cone at L). This picture is fully supported by
the THz results, which are very close to the nonlinear THz
response of graphene [33] and, in particular, show a sixfold
azimuthal amplitude dependence for nonperturbative carrier
generation at the L points [Fig. 3(d)].

Without scattering processes, i.e., for fully coherent carrier
dynamics, the oscillating vector potential A would induce a
periodic occurrence and disappearance of electron-hole pairs.
In the presence of scattering, however, holes will scatter to
the T points where the valence band maxima are located.
This process results in decoherence and thus in the irreversible
generation of holes at T and electrons at L points.

In our experimental geometry, the driving pump field lies
predominantly in the basal plane perpendicular to the [111]
direction in real space. As illustrated in Fig. 3(c), for a given
direction of the electric field in the sample, the six differ-
ent interfacial hexagons around the six L points of Bi are
not equivalent. Their respective connecting lines, the W -L-W
[k⊥-L directions in Fig. 3(a)] form a hexagonal star in the
basal plane of the Bi crystal [34]. Thus, for any electric-field
direction in the basal plane, carrier generation leads to un-
equally populated L valleys. For the geometry in Fig. 3(c),
there is a predominant population of the red hexagons, while

for the other L valleys (black hexagons) the Fermi velocity
vF (k) in the k direction parallel to the driving electric field is
much smaller, resulting in an essentially vanishing carrier gen-
eration. This also explains the different signal amplitudes for
different azimuthal directions φ of the electric field [Fig. 1(b)],
again in line with the THz results [Fig. 3(d)]. Furthermore, it
also shows that the excitation conditions are above the χ (3)

limit, since χ (3) predicts results independent of φ [35].
The asymmetry in L-valley populations reduces the space

group of the excited Bi lattice from the original R3̄m to the
monoclinic C2/m subgroup (point group 2/m) with four Bi
atoms in its primitive unit cell. In k space, one of the origi-
nal X points is backfolded to the � point of the monoclinic
subgroup [18]. As an important consequence, phonon states
located at this X point [Fig. 3(b)] in the original space group
[30] are now at the � point, making them fully accessible for
displacive excitation.

Our experimental findings for excitation at λex = 5 µm
support this physical picture directly: We observe (i) an
increase in carrier generation [Fig. 2(a)], in line with the con-
dition A > EF /(e vF ). This leads (ii) to nonlinear absorption
[Fig. 2(b)], as also found in the THz range, and the nonlinear
fluence dependence of the x-ray intensity changes �I/I0. (iii)
The frequency of the observed phonons is lower than that of
the A1g phonon at the � point of Bi in R3̄m symmetry and in-
dependent from the excitation fluence up to F = 3 mJ/cm2. In
contrast, 800 nm excitation yields a linear fluence dependence
of �I/I0 and a decrease of the frequency for higher fluences
[6]. The photoinduced asymmetry of electron populations in
differently oriented L valleys allows now for displacive excita-
tion of coherent zone-boundary phonons (formerly at X in the
rhombohedral space group), which are at the � point in the ex-
cited Bi lattice of C2/m symmetry [18]. Excitation with 5-µm
pulses generates predominantly phonons backfolded from X ,
whereas 800-nm and 2.5-µm pulses generate predominantly
A1g phonons at �.

In conclusion, different quantum pathways of coherent
optical phonon excitation in Bi have been observed after
midinfrared optical excitation. Field-driven carrier generation
at λex = 5 µm results in a reduction of the symmetry of the
unexcited crystal lattice and a backfolding of optical phonon
states to the � point, making them accessible to displacive
excitation. The latter mechanism results in coherent lattice
dynamics along different phonon coordinates and not just
along the A1g phonon.
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