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Ultrafast carrier dynamics and symmetry reduction in bismuth by nonperturbative optical
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The nonlinear optical response of bismuth (Bi) in the nonperturbative regime is studied by phase-resolved two-
dimensional terahertz (THz) spectroscopy. A (111)-oriented rhombohedral Bi film of 45-nm thickness is excited
by a pair of THz pulses with center frequencies of 1.1 THz, electric field amplitudes of 300 and 600 kV/cm,
and pulse durations of 1 ps. The phase-resolved nonlinear signal field, emitted by the sample and recorded
in a transmission geometry, allows for a separation of different components of the total nonlinear response,
including higher harmonics of the THz pulses and pump-probe signals with few-picosecond decay times. The
pump-probe signals originate from irreversible electron-hole pair generation and display a sixfold amplitude
pattern in the azimuthal sample orientation. The linearly polarized pump pulses generate an unequal transient
carrier population in the six L valleys of the band structure, resulting in a reduction of symmetry of the excited
crystal and a backfolding of phonons from the X to the � point. Wave packets of back-folded acoustic phonons,
which are displacively excited by the THz pump pulse, give rise to coherent pump-probe signals oscillating with
a frequency of 0.8 THz.
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I. INTRODUCTION

The regime of nonperturbative light-matter interaction is
characterized by a coupling of electrons to light with elec-
tric fields comparable to or even exceeding the interaction
strength of charges and elementary excitations in condensed
matter. Phenomena such as high-field and ballistic transport
[1–3], interband tunneling [4,5], and high-harmonic genera-
tion [6–8] of an optical pulse have been induced by strong
light fields in a wide range of materials, including semicon-
ductors and semimetals. Of particular interest are processes in
which quantum coherence of the material excitation allows
for exploring new regimes of carrier dynamics and optical
frequency conversion. From the viewpoint of nonlinear optics,
nonperturbative light-matter interaction is characterized by a
simultaneous occurrence of processes of different nonlinear
order in the driving electric field. In most experiments, ul-
trashort optical pulses with a high peak field and frequencies
from the terahertz (THz) to ultraviolet range have been applied
for studying nonperturbative interactions.

Recently, quasi-two-dimensional quantum materials such
as graphene, hexagonal boron nitride, and dichalcogenides
have attracted much interest for their peculiar electronic and
optical properties [9–11]. The nonperturbative interaction of
graphene with optical or high-field THz pulses has been
exploited to generate coherent intra- and interband currents

*runge@mbi-berlin.de
†Present address: Department of Physics, TU Dortmund, 44221

Dortmund, Germany.

around the K and K ′ points with their conelike band structure
in k space [12–14]. The currents give rise to the emission of
higher harmonics of the driving THz field [13,15], while inter-
band carrier-wave Rabi flopping is facilitated by the extremely
large interband transition dipole [16].

The prototypical semimetal bismuth (Bi) exhibits a cone-
like band structure around the six L points of its three-
dimensional Brillouin zone with a band gap of only EL

g =
15 meV [ν = EL

g /h = 3.62 THz, Fig. 1(a)]. In analogy to
graphene, the interband transition dipoles diverge for ν → 0,
resulting in a high Rabi frequency for moderate THz electric
fields. While coherent optical phonon excitations [17–24] and,
to lesser extent, carrier dynamics [25] have been studied af-
ter excitation with femtosecond pulses at photon energies of
some 1.5 eV, the transient behavior of electrons close to the
L points, their coupling to phonons and, in particular, non-
perturbative light-matter interactions in the THz frequency
range are not understood. Phase-resolved nonlinear THz spec-
troscopy holds a particular potential for new insight in such
processes.

In this article, we study ultrafast carrier dynamics in
Bi, driven by THz pulses in the nonperturbative regime of
light-matter interaction. We employ two-dimensional THz
(2D-THz) spectroscopy for a spectral and temporal separa-
tion of different interaction pathways and nonlinear signal
contributions, such as pump-probe signals and high-harmonic
generation up to the fifth harmonic of the THz fundamen-
tal. Excitation with linearly polarized THz pulses induces a
transient reduction of the azimuthal angular symmetry of the
band structure, resulting in an unequal population of L valleys
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FIG. 1. (a) Electronic band structure of Bi calculated with the
density functional theory (DFT) code FLEUR with the local den-
sity approximation (LDA) for the exchange-correlation functional
[27,28]. A detailed discussion of the band structure around L is given
in Appendix A. (b) Rhombohedral crystal lattice of Bi defined by
the length of rhombohedral vectors a0, and the angle α. The dark
gray and the blue spheres indicate the two atoms per elementary cell.
(c) Schematic of the Brillouin zone. The L points are positioned
in the center of the hexagonal side facets. Red hexagons indicate
L points excited in W − L − W direction when applying a corre-
spondingly polarized electric field (green double arrow).

by electron-hole pairs. The symmetry breaking leads to a
backfolding of phonons from the X to the � point in k space.
This is evident from coherent phonon oscillations observed at
a frequency of 0.8 THz. The experimental findings are in line
with a theoretical analysis.

II. CRYSTAL STRUCTURE AND BRILLOUIN
ZONE OF BISMUTH

Bi crystallizes in the A7 structure, which can be derived
from the simple cubic structure by the application of two
separate distortions, a rhombohedral shear and a relative dis-
placement along the [111] direction of the two fcc sublattices
towards each other. The resulting lattice has a trigonal symme-
try and contains two atoms per primitive unit cell [Fig. 1(b)].
It is defined by the vectors a0 = 4.7236 Å, the angle α =
57.35◦, and an internal displacement factor u = 0.234 [26].
The lattice distortions result in energy gaps opening at the L
and T points in the Brillouin zone [Fig. 1(a)] with respective
band gaps of ET

g = 350 meV and EL
g = 15 meV [27]. The

lowest conduction band at the L point overlaps in energy with
the highest valence band at the T point, making Bi semimetal-
lic, i.e., the conduction band in the vicinity of the L point is
populated with electrons up to the Fermi energy.

Figure 1(c) shows the first Brillouin zone of Bi, with the
T points on the hexagonal top and bottom facets, and the
L points on the six quasihexagonal side facets. The green

double arrow indicates an incident THz electric field in or-
thogonal direction to the (111) symmetry axis.

III. EXPERIMENT AND RESULTS

In the experiments we employ 2D-THz spectroscopy [29]
to study a (111)-oriented 45-nm-thick single-crystalline Bi
film, epitaxially grown on a (111)-oriented silicon substrate
of 525-µm thickness [30,31]. THz pulses centered at 1.1 THz
with durations of approximately 1 ps are generated by optical
rectification of 800-nm pulses in a 1.3 mol% MgO-doped
stoichiometric LiNbO3 crystal using tilted wave-front excita-
tion [32]. A gold-coated diamond beamsplitter [33] generates
pairs of THz pulses A and B with peak electric fields of
300 and 600 kV/cm, respectively [Fig. 2(a)]. A delay stage
allows for tuning the time delay τ of pulse A relative to pulse
B. The pulses are focused by an off-axis parabolic mirror
(effective focal length 25.4 mm) onto the sample. The trans-
mitted THz electric field is recorded as a function of real time
t by free-space electro-optic sampling [Fig. 2(a)]. Two optical
chopper wheels with respective frequencies of 250 and 500 Hz
allow for separately measuring the transmitted electric-field
transients EAB(t, τ ) of both pulses A and B, EA(t, τ ) of only
pulse A, and EB(t ) of only pulse B. The nonlinear THz electric
field emitted by nonlinear current densities in the Bi film
is given by ENL(t, τ ) = EAB(t, τ ) − EA(t, τ ) − EB(t ). More
experimental details of 2D-THz spectroscopy can be found
in Ref. [29]. Measurements were performed for different
azimuthal angles φ of the sample relative to the plane of
incidence of the THz pulses.

Figure 2 summarizes the results of the 2D-THz experi-
ments. In Fig. 2(b), EAB(t, τ ) is plotted as a function of real
time t and delay time τ . Figure 2(c) displays the nonlin-
early emitted electric field ENL(t, τ ). A 2D Fourier transform
of ENL(t, τ ) gives the nonlinear electric field ENL(νt , ντ ) in
frequency space as a function of detection frequency νt and
excitation frequency ντ , as shown in Fig. 2(d). ENL(νt , ντ )
comprises contributions from different types of third-order
and higher-order nonlinear responses, including a B-pump–
A-probe signal at (νt , ντ ) = (1.5,−1.5) THz (cf. Fig. 3),
signals from third- and fifth-harmonic generation at (νt , ντ ) =
(3.3, 0) THz, and (νt , ντ ) = (5.5, 0) THz [cf. Fig. 4], an
A-B-B four-wave-mixing signal at (νt , ντ ) = (1.5, 1.5) THz,
and an A-pump–B-probe signal at (νt , ντ ) = (1.5, 0) THz
[cf. Fig. 5]. The A-pump–B-probe signal interferes with an-
other signal at (νt , ντ ) = (1.2,−0.8) THz, which arises from
phonons back-folded from the X to the � point, as we will
discuss later. The four-wave-mixing signal is limited to the
temporal pulse overlap of pulses A and B, suggesting a de-
phasing time substantially smaller than the pulse duration.

To analyze the nonlinear signal, the change of transmission
as a function of the delay time τ and the azimuthal angle φ is
obtained from ENL(t, τ, φ) [Fig. 2(c) for φ = 0] and the THz
probe pulse EPr(t, τ ) = EA(t, τ ) using

�T

T0
(τ, φ) ≈ 2

∫
ENL(t, τ, φ)E∗

Pr(t, τ )dt∫
EPr(t, τ )E∗

Pr(t, τ )dt
, (1)

which is valid in the limit of small transmission changes
[34]. In Fig. 3(a), �T/T0(τ, φ = 0) is plotted as a func-
tion of τ . It contains a positive peak, i.e., a transmission
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FIG. 2. 2D-THz spectroscopy on Bi. (a) Schematic of the exper-
imental configuration with the incident and transmitted THz pulses
A and B detected by electro-optic sampling (EOS). (b) Contour plot
of THz electric fields EAB(t, τ ) of both pulses A and B transmitted
through the Bi film as a function of delay time τ and real time t
(amplitude scale ±250 kV/cm, azimuthal angle φ = 0). (c) Total
nonlinear electric field ENL(t, τ ) emitted from the sample (ampli-
tude scale ±20 kV/cm). (d) 2D-Fourier transform |ENL(νt , ντ )| of
ENL(t, τ ) plotted on a logarithmic scale as a function of detection
and excitation frequency νt and ντ , showing different contributions
indicated by circles and ovals, respectively.

increase around τ = 0, in line with the limited phase shift
between ENL(t, τ, φ) and EPr(t, τ ) = EA(t, τ ) when plotted
as a function of t [Fig. 3(c)]. The positive peak has a width of
115 fs. The Fourier transform (inset) of a fit with a Gaussian
function (red dashed line) reveals frequency components of
up to 6 THz, well above the frequencies contained in the
incident THz pulses. This indicates the induced transparency
to originate from multiphoton mixing processes. At delay
times τ > 0.3 ps, �T/T0(τ, φ = 0) has a negative sign and
eventually decays on a few-picosecond timescale. The signal
is assigned to induced absorption originating from irreversible
carrier generation. Correspondingly, at τ = 2 ps, the elec-
tric fields ENL(t, τ = 2, φ) and EPr(t, τ ) = EA(t, τ ) display

FIG. 3. Pump-induced transmission changes depending on de-
lay time τ and azimuthal angle φ. (a) Change of transmission
�T/T0(τ, φ = 0). The green dash-dotted line indicates a fit with
a single exponential decay for τ > 0.3 ps. The red dashed line
represents a fit with a Gaussian function of the coherence peak at
τ = 0 and its Fourier transform (inset). (b) Difference spectrum of
the amplitude spectra |E pumped

A (νt , τ )| = |EAB(νt , τ ) − EB(νt )| and
|EA(νt , τ )|. (c, d) Cuts of ENL(t, τ ) (black line) and EA(t, τ ) (red
line) at τ = 0 and τ = 2 ps. (e, f) Angular dependence of the change
of transmission �T/T0(τ, φ) for delay times τ = 0 and 2 ps.

opposite phases [Fig. 3(d)]. In the range of sequential interac-
tion with the pump and the probe pulse (τ > 1 ps), the signal
follows a single exponential decay (green dash-dotted line)
with a population decay time T1 = 4.8 ps.

In Fig. 3(b), the differential spectrum |Epumped
A (νt , τ )| −

|EA(νt , τ )|, with |Epumped
A (νt , τ )| = |EAB(νt , τ ) − EB(νt )|, de-

rived by Fourier transforming EAB(t, τ ), EA(t, τ ) and EB(t )
along real time t , shows the spectrally resolved transmission
changes. Similarly to �T/T0(τ, φ = 0), it contains a region
of enhanced transparency around zero delay and induced ab-
sorption for delay times τ > 0.3 ps. Both effects prevail over
the whole (detected) spectral range up to νt = 3 THz.

Figures 3(e) and 3(f) show the change of transmission
�T/T0(τ, φ) for varying azimuthal angles φ of the electric
field at fixed time delays τ = 0 and 2 ps. For both delay times,
a pronounced angular dependence with sixfold symmetry is
observed. At τ = 0 the positive pump-probe signal is modu-
lated by up to 11%. The negative signal at τ = 2 ps displays a
weaker modulation by about 6%.

Figure 4 shows the nonlinear signals arising from third-
and fifth-harmonic generation. The higher harmonic signals
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FIG. 4. High-harmonic generation in Bi. (a, b) Fourier back-
transforms of third- and fifth-harmonic signals as indicated by green
circles in Fig. 2(c) (amplitude scales ±1 kV/cm and ±0.35 kV/cm).
(c, d) Cuts of electric fields in panels (a, b) at τ = 0 compared to the
transmitted THz electric field EB(t ). (e) Spectra of the transmitted
(solid black line) and the incident THz electric field (dashed black
line), and the third- and fifth-harmonic signals in panels (c) and
(d) (red and blue lines).

in the time domain plotted in Figs. 4(a) and 4(b) are derived
by Fourier back transforms of the regions indicated by the
green circles in Fig. 2(d). We would like to remark that the
fifth-harmonic signal is very weak and close to the noise limit
of our measurement. Both signals occur in a narrow temporal
region around τ = 0. In Figs. 4(c) and 4(d), cuts at τ = 0
along real time t are plotted together with EB(t ). In Fig. 4(e)
the spectra of the incident and transmitted THz pulses, and
the third- and fifth-harmonic signal are shown. The third-
and fifth-harmonic signals occur at three and five times the
1.1-THz frequency of the incident THz pulse. The third-
harmonic signal spectrally integrated along νt and ντ is a
factor of 7 higher than the spectrally integrated noise of the ex-
periment, while the integrated fifth-harmonic signal exceeds
the noise by a factor of 4.

In Fig. 5 we analyze the signal arising from co-
herent phonon oscillations in the sample. In frequency
space this phonon signal at a spectral position of
(νt , ντ ) = (1.2,−0.8) THz [blue oval in Fig. 2(d)] spec-
trally overlaps with the B-pump–A-probe signal. Separating
these nonlinear signal contributions from each other by

FIG. 5. Coherent phonon oscillations upon THz excitation in
Bi. (a) ENL(t, τ ) for delay times τ < −0.3 ps (amplitude scale
±5 kV/cm). (b) Amplitude of the 2D Fourier transform of the
electric field in panel (a) as a function of detection and excitation
frequencies νt and ντ . (c, d) Fourier back transforms of the regions
indicated by the black and blue ovals, respectively (amplitude scales
±2 kV/cm and ±1 kV/cm). (e) Sum of filtered signals in panels
(c) and (d) (amplitude scale ±2.5 kV/cm). (f) Projection of the 2D
amplitude spectrum in panel (b) on ντ . (g) Oscillatory signal derived
by cutting at t = 0 along τ through the signal in panel (d) and the
corresponding Fourier transform (inset).

Fourier filtering (as done for the higher harmonics sig-
nals) is difficult. Instead, we separate the nonlinear sig-
nal at negative delay times by setting any contributions
τ > −0.3 ps to zero [Fig. 5(a)]. The 2D Fourier transform
of this temporally filtered signal [Fig. 5(b)] reveals a strong
A-pump–B-probe signal (black oval) and a second signal at
(νt , ντ ) = (1.2,−0.8) THz (blue oval), well separated from
each other in frequency space. A Fourier back transform of the
pump-probe signal [Fig. 5(c)] does not contain any oscillatory
amplitude variations along τ . However, the back transform of
the signal indicated by the blue oval [Fig. 5(d)] shows strong
oscillations along τ , reaching 50% of the pump-probe signal
strength. In Fig. 5(e), the sum of these two filtered signals is
plotted. The positions of amplitude maxima and minima along
the delay time τ depend on the particular value of real time
t . Such behavior points to dispersive rather than absorptive
modification of the A-pump–B-probe signal.

In Fig. 5(f) the signal in frequency space [indicated by the
ovals in Fig. 5(b)] is integrated over the detection frequency
νt and plotted as a function of ντ . It shows distinct peaks
at ντ = 0 and ντ = −0.8 THz. A purely absorptive effect
would manifest in spectral sidebands at ±0.8 THz, i.e., a
symmetric spectrum around ντ = 0 as indicated schemati-
cally by the dashed black line. The observed asymmetry of
the spectrum again points to dispersive modifications of the
A-pump–B-probe signal, suggesting modifications to both
real and imaginary part of the dielectric function of Bi. In
Fig. 5(g) a cut along τ at t = 0 of the pure oscillatory signal
in Fig. 5(d) shows coherent oscillations which arise from
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coherent phonon oscillations, as will be discussed below. A
Fourier transform (inset) gives an oscillation frequency of 0.8
THz with a spectral width of 0.3 THz (FWHM).

IV. DISCUSSION

In this section we discuss (i) the distinction between the
perturbative and nonperturbative regime of light-matter in-
teraction, (ii) mechanisms of irreversible electron-hole pair
generation, as well as intra- and interband dynamics, and
(iii) the excitation-induced symmetry reduction and con-
sequences for the phonon dispersion in the excited Bi
crystal.

A. Perturbative vs nonperturbative regime

For nonlinear light-matter interaction dominated by a third-
order optical susceptibility χ (3), the occurring processes can
be described correctly by means of the perturbative expansion
in the electric field. As soon as higher-order susceptibilities,
e.g., χ (5) and beyond, become relevant simultaneously, the
perturbative expansion fails. In this regime of nonperturbative
light-matter interaction, it is not possible to assign specific
nonlinear signals, e.g., certain spots in Fig. 2(d), to particular
orders in a perturbative expansion. For example, a third-
harmonic signal [cf. Figs. 4(a) and 4(c)] can be realized by
an arbitrary odd number of photons with frequency ν0, whose
frequency vectors [35] sum up to (νt , ντ ) = (3ν0, 0). In the
perturbative regime, however, third-harmonic generation is
restricted to the interaction of exactly three photons.

The respective interaction regime is determined by the
strength of light-matter coupling, which in the dipole ap-
proximation is proportional to the product of the external
(THz) electric field with the dipole moments dVB↔CB(k) of
electronic interband transitions at certain points in the band
structure. The interband transition dipole close to the L point
can be estimated from the interband transition frequency νg(k)
and the Fermi velocity vF, given by the gradient of the conduc-
tion band, as

dVB↔CB(k) = e pVB↔CB(k)

m 2πνg(k)
≈ e vF

2πνg(k)
, (2)

where e is the elementary charge, m the electronic mass, and
pVB↔CB(k) the momentum [36]. In the vicinity of regions in k
space with narrow gaps, where νg(k) is very small and vF very
large, dVB↔CB(k) diverges. At the L points in Bi with νg =
3.62 THz and vF ≈ 7.6 × 105 m/s, transition dipole moments
reach large values of the order of e × 35 nm. Details of the
band structure directly at L are given in Appendix A.

The frequency of the incident light field determines po-
sitions in k space at which interband transitions may occur.
Our THz driving pulses with center frequencies of 1.1 THz
are in resonance with three-photon absorption at the L point.
The excursion of conduction-band electrons in k space is
determined by the vector potential A(t ) = ∫ t

−∞ E (t ′)dt ′, given
by the time integral of the external THz electric field E (t ).
The perturbative expansion is a good approximation if γ =
eA(t )vF(k)/[h̄2πνg(k)] 	 1, i.e., if the ponderomotive en-
ergy is much smaller than the energy gap, and electrons
undergo only small excursions in k space. For THz excitation

at the L point, this condition is only fulfilled for field strengths
<1 kV/cm. Light-matter interaction needs to be described in
the nonperturbative regime if

γ = eA(t )vF

h̄ 2πνg(k)
= dVB↔CB(k)A(t )

h̄
� 1, (3)

i.e., if the ponderomotive energy exceeds the energy gap, and
light-matter interaction dominates the motion of conduction-
band electrons. For the THz electric field strengths of some
150 kV/cm applied in our experiments leading to a value
of γ ≈ 70, light-matter interaction is in the nonperturbative
regime.

B. Irreversible electron-hole pair generation

The excursion of conduction-band electrons in k space is
given by �k(t ) = A(t )e/h̄, where A(t ) is the vector potential
of a linearly polarized electric field. For our experimental THz
field with amplitudes of about 150 kV/cm and frequencies of
1.1 THz, the excursion in k space has an amplitude of �k =
2 nm−1. Each carrier undergoes such intraband motions, while
additional interband transitions occur in the vicinity of the L
points of the band structure, e.g., by field-induced tunneling
ionization [37] and interband Rabi flopping [16].

Figures 6(a)–6(c) show schematic electron distributions
around an L point for different strengths of the vector potential
A(t ). In equilibrium, with the vector potential A(t ) = 0, the
valence band around the L point is fully occupied and the
conduction band is populated up to the Fermi energy EF

[Fig. 6(a)]. As the vector potential increases up to A(t ) =
EF/(evF), intraband transitions of conduction-band electrons
occur [Fig. 6(b)]. For larger values of A(t ), electrons driven to
the L points experience diverging interband transition dipole
moments [cf. Eq. (2)] and undergo interband transitions, as
illustrated in Fig. 6(c). All electrons within a range defined
by the amplitude of the excursion �k are moved through
the L point, where the dipole moment diverges and electrons
are efficiently excited into the conduction band. As shown
by Ishikawa [12], the simultaneous variation of the inter-
band frequency νg[k(t )] and the transition dipole moment
dVB↔CB[k(t )] leads predominantly to interband transitions of
electrons within this range. Electrons outside of this range, not
passing along L, however, predominantly undergo intraband
motions. In absence of scattering events, electron-hole pairs
recombine coherently, corresponding to a fully reversible
excitation. In the presence of electron-electron and electron-
phonon scattering, the quantum phase of the excitations is
destroyed on a femtosecond timescale, resulting in the gen-
eration of an electron-hole plasma.

Figure 6(d) shows the (calculated) electronic conduction-
band structure around an L point as a function of kLW (W −
L − W direction) and kLU (L − U − L direction) [27]. The
k range of electrons being excited into the conduction band is
indicated by a magenta rectangle. In the direct vicinity of the L
point, the band structure shows a circular symmetry. Moving
further away from L, the band structure reflects the hexagonal
crystal structure of Bi. The deviations get most obvious when
comparing cuts along the orthogonal k directions kLU , kLW ,
and kL� (� − L − � direction) of the valence and conduction
bands [Fig. 6(e)]. In the direct vicinity of L, the bands coin-
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FIG. 6. Band structure, and intra- and interband dynamics in the
vicinity of the L point in Bi. (a)–(c) Schematic of electron (red
circles) and hole distributions in the conelike band structure around
the L point for different vector potentials. (a) A = 0: conduction
band is filled up to the Fermi energy EF. (b) A = EF/(evF): the
vector potential accounts for intraband motions of conduction-band
electrons in a specific k direction. (c) A > EF/(evF): both intra-
band and interband transitions take place, accounting for (coherently
reversible) electron-hole pair generation. (d) 2D conduction-band
structure around an L point in the kLU (U − L − U ) direction and in
the kLW (W − L − W ) direction on one of the hexagonal side facets
[cf. Fig. 1(c)], calculated with DFT code FLEUR [27,28]. Electrons
in the region indicated by the magenta rectangle undergo interband
transitions for an electric field in W − L − W direction as indicated
by the green double arrow. The length of this rectangle along kLW is
determined by the amplitude of the electron excursion in k space for
an applied electric field of 150 kV/cm. (e) Cuts through the valence
and conduction-band structures (VB and CB: solid and dashed lines,
respectively) along the orthogonal k directions kLU (blue lines), kLW

(red lines), and kL� (� − L − �, green lines). (f) Electron velocity
in orthogonal k directions in the three-dimensional conduction-band
structure.

cide, whereas for increasing distance from L, deviations from
a perfect cone occur. At distances above �k = 1.5 nm−1, such
deviations become most pronounced. Here, the band structure
in orthogonal k directions has strongly different gradients, and
thus the electron velocities, as derived by v = h̄−1∇�kE (�k) and
plotted in Fig. 6(f), are highly k direction dependent.

FIG. 7. (a, b) Azimuthal dependence of the energy E (k) elec-
trons obtain in the vicinity of a single L point when experiencing
excursions in k space of �k = 0.5 and 2 nm−1, respectively. Such
excursions are due to an external electric field in a plane perpen-
dicular to the (111) crystal axis. The angle φ is the azimuthal angle
around the (�, T ) axis of the Brillouin zone. The radial scales are
from 0 to 0.35 eV in (a), and from 0 to 0.9 eV in (b). (c, d) Band
energy E (k) summed over all six L facets for k space excursions of
0.5 and 2 nm−1. The respective radial scales are from 0.56 to 0.63 eV
in (c) and from 1.3 to 1.7 eV in (d).

We now address the anisotropy of an optical excitation in-
duced by a linearly polarized THz electric field [Figs. 3(e) and
3(f)]. Any linearly polarized field has a different orientation
regarding the different L points [38], as illustrated in Fig. 1(b).
If electrons at two oppositely positioned L points are excited
in the W − L − W direction, lying in the plane perpendicular
to the [111] direction in real space, electrons at the other four
L points are driven into different directions concerning the
respective L point. These different directions can be expressed
as a superposition of orthogonal directions kLW , kLU , and kL� .
In particular, the projection of the electric field ETHz on the k
direction can be expressed as

ETHz = ELW + ELU + EL�

= ETHz[k̂LW sin(φ) + k̂LU cos(φ) sin(β ) (4)

+ k̂L� cos(φ) cos(β )],

with the azimuthal angle φ around the (�, T ) axis of the
Brillouin zone [cf. Fig. 1(c)], the tilting angle β = 18.2◦ be-
tween the L − U and T − � direction, and the unit vectors k̂i.

A calculation of the energy E (k) of electrons at fixed
electron excursions �k = 0.5 nm−1 and 2 nm−1 in two of the
conduction band L valleys gives the azimuthal dependencies
shown in Figs. 7(a) and 7(b). The dumbbell shape reflects
deviations of the band structure along different k directions
and allows for distinguishing a preferred direction. For small
electron excursions [Fig. 6(f)], the preferred direction is paral-
lel to kLW , having the largest Fermi velocity [cf. Fig. 7(a)]. For
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electron excursions exceeding 1.5 nm−1, the band structure
in kLW direction flattens and vF decreases by about 90%. In
consequence, the contribution of the band structure in kL�

and kLU direction to the maximum energy conduction-band
electrons carry increases. As a result, the dumbbell shape in
Fig. 7(b) is somewhat compressed compared with the case
of small electron excursions in Fig. 7(a). The superposition
of such dependencies for all six L valleys are presented in
Figs. 7(c) and 7(d). Here, one observes an essentially round,
i.e., isotropic distribution, superimposed by a sixfold angular
modulation, i.e., anisotropy, of limited amplitude on top. The
observed sixfold symmetry only occurs in the nonperturbative
regime, i.e., is absent in the linear regime. It can also be
understood from a simple picture of a tight-binding model as
discussed in Appendix B.

The anisotropy of the band structure with respect to a
linearly polarized THz field leads to an anisotropic optical
excitation of the material, both in the perturbative and nonper-
turbative regime of light-matter interaction. This anisotropy in
carrier generation is counteracted by inter-L-valley scattering
of electrons on a typically sub-100-fs timescale, a process
which tends to generate equal electron populations in the six L
valleys. For holes, the scattering scenario is more complex and
includes a predominant scattering to the two T valleys, with
their maxima at a lower hole energy. Eventually, electron-hole
recombination with a time constant on the order of 5 ps
(cf. Fig. 3(a), [25]) reestablishes the equilibrium carrier
distribution.

The angle-resolved pump-probe signals in Figs. 3(e) and
3(f) display a sixfold symmetry, which agrees qualitatively
with the calculations shown in Fig. 7. While the pump-probe
signal at delay τ = 0 [Fig. 3(e)] is due to a superposition
of different nonlinear interaction pathways and, thus, is dif-
ficult to interpret, the signal at τ = 2 ps [Fig. 3(f)] is in the
regime of a sequential interaction with the pump and the
probe pulse. Although typical intervalley scattering times of
electrons are very short compared to the picosecond THz
pulse duration, one observes a residual anisotropy of the
pump-probe signal. This persistence of symmetry breaking
is assigned to the significant anisotropic carrier generation
rate in the tail of the pump pulse, which allows for keeping
up a residual symmetry breaking. In summary, the transient
carrier distribution existing during and immediately after the
THz pump pulse consists of holes, predominantly in the T
valleys, and electrons in unequally populated L valleys. It
should be noted that this mechanism of symmetry breaking is
absent in quasi-two-dimensional graphene, a major difference
between the isotropic two-dimensional and the anisotropic
three-dimensional conelike band structures of graphene and
Bi. The breaking of the Bi equilibrium symmetry opens up
new pathways of optical phonon excitation, as will be dis-
cussed next.

C. Symmetry breaking and displacive excitation
of back-folded phonons

The transient charge distribution described in the previous
section extends over two neighboring elementary cells, with a
periodicity in kX direction. The k vector at a certain X point is
identical to the difference of the k vectors at the T point and a

FIG. 8. (a) Brillouin zone of Bi in the rhombohedral space group
R3m, rotated in a way so that the (lower) symmetry of the X points
with its twofold rotational axis (dashed orange line) and a single
mirror plane (dashed magenta line) becomes apparent. (b) Calculated
phonon dispersion in the Brillouin zone (BZ) of the rhombohedral
space group R3m (Fig. 3 in [39]). In the monoclinic space group
C2/m, phonons at X are back-folded to �. (c) Fourier transform
of phonon oscillations observed in the A-pump–B-probe signal [cf.
inset in Fig. 5(g)].

certain L point kT and kL, i.e., kX = kT − kL. This symmetry
is identical to the symmetry properties of the X points in the
unexcited Bi sample with a twofold rotational axis and a single
mirror plane [cf. Fig. 8(a)]. More precisely, nonperturbative
excitation of Bi reduces the total crystal symmetry from the
rhombohedral space group R3m with two atoms per elemen-
tary cell to the monoclinic space group C2/m (of the X points)
with four atoms per elementary cell.

In Fig. 8(b), the calculated phonon dispersion in k space
spanning from � to X is shown for the rhombohedral space
group R3m (black solid lines) with two atoms per elementary
cell [39]. The symmetry reduction upon nonequilibrium car-
rier generation results in a backfolding of acoustic and optical
phonon branches from the X to the � point [dotted lines in
Fig. 8(b)]. In particular, backfolding of the acoustic branches
leads to three additional optical phonons at � with frequencies
of 0.66, 0.76, and 0.98 THz.

All phonons at the � point are accessible via displacive
excitation, i.e., carrier generation induces a shift of the
vibrational potential minimum along the phonon coordi-
nate and thus a displacement or elongation of the phonon.
A coherent superposition of several phonon states results
in coherent phonon wave-packet motions, which, through
electron-phonon coupling, manifest in a periodic change of
the THz dielectric function. The oscillatory component of the
A-pump–B-probe signal in Fig. 5 is due to phonon wave-
packet motions with a frequency of 0.8 THz. In Fig. 8(c) the
Fourier transform of this signal [cf. inset in Fig. 5(g)] is put in
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relation to the back-folded phonon dispersion in Fig. 8(b). The
spectrum can clearly be assigned to back-folded phonons at
� in the monoclinic space group. The linewidth of the spec-
trum does not allow for distinguishing which phonon is
observed and may arise from a superposition of all three
phonons. It should be noted that back-folded optical phonons
in Bi have been observed in very recent femtosecond x-ray
diffraction experiments with excitation pulses around 60 THz
[40].

Displacively excited phonons back-folded from X to �

possess the (reduced) symmetry of the monoclinic space
group C2/m. Thus the reduced crystal symmetry is preserved
for the phonon lifetime, even though the anisotropic carrier
distribution becomes isotropic on the much faster timescale
of inter-L-valley scattering.

V. CONCLUSIONS

In conclusion, 2D-THz spectroscopy in the nonperturba-
tive regime of light-matter interaction reveals nonequilibrium
carrier generation via quantum pathways around the L points
of the band structure of bismuth. Efficient interband excita-
tion is facilitated by the very large THz interband transition
dipole at the L points. Pump pulses around 1.1 THz, which
are linearly polarized in a plane perpendicular to the [111]
direction in real space, induce a transient reduction of crystal
symmetry by the preferential population of two out of six
L valleys and a subsequent scattering of photoexcited holes
to the T points. This behavior manifests in a dependence of
THz pump-probe signals on the azimuthal crystal orienta-
tion. The transient symmetry reduction leads to a backfolding
of phonon branches from the X to the � points, which al-
lows for displacive excitation of back-folded phonons. The
experiments demonstrate coherent wave-packet motions of
back-folded phonons at frequencies around 0.8 THz. On top
of such findings, the nonperturbative character of light-matter
interaction gives rise to high-harmonic generation, in partic-
ular, the third and fifth harmonic of the THz fundamental
frequency.

In general, our results are applicable to other narrow-gap
materials, allowing to directly modify symmetry properties
and coherently excite phonons that cannot be accessed via
displacive excitation in equilibrium symmetry.
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APPENDIX A: BAND STRUCTURE AT L POINT

Density functional theory (DFT) calculations considering
the local density approximation (LDA) of the exchange-
correlation functional typically give accurate results for the
valence-band dispersion of band structures. However, the en-
ergy gaps and the exact band alignment is not reproduced

FIG. 9. Band structure in the vicinity of the L point along orthog-
onal direction in k space, calculated by a hyperbolic approximation
following Eq. (A1). Solid lines correspond to the valence and dashed
lines to the conduction bands.

accurately. In the case of germanium, for instance, LDA de-
livers an energy gap below zero instead of 0.744 eV [41].
Specifically at the L point of Bi with its narrow 15-meV
energy gap and accordingly large dipole moments on the
order of e × 35 nm [cf. (2)], accurate information about the
band structure is necessary. It has been shown for Bi that
calculations within a quasiparticle self-consistent GW method
(QSGW) cure inadequacies present within LDA and are in
excellent agreement with experimental results (cf. Fig. 2(b)
and Table I of Ref. [27]). Further, we would like to re-
mark that the three-dimensional band structure in the vicinity
of the L point can be estimated using a simple hyperbolic
approximation, i.e.,

ECB/VB(k) = −EF − EL
g /2 ± [(

EL
g /2

)2 + (
h̄vLW

F kLW
)2

+ (
h̄vLU

F kLU
)2 + (

h̄vL�
F kL�

)2]1/2
, (A1)

where vLW
F = 0.89 × 106 m/s, vLU

F = 0.67 × 106 m/s, and
vL�

F = 0.24 × 106 m/s are constant Fermi velocities in or-
thogonal band directions, and EL

g = 15 meV is the energy gap
and EF = 21 meV the Fermi energy at L. The result of such
calculations is presented in Fig. 9.

APPENDIX B: SYMMETRY ASPECTS IN THE
PERTURBATIVE REGIME OF LIGHT-MATTER

INTERACTION

In the perturbative expansion, different nonlinear orders are
expressed in terms of susceptibility tensors, i.e., χ

(1)
i j for the

linear response, χ
(3)
i jkl for the third-order response, χ

(5)
i jklmn for

the fifth-order response, etc. The dependency of such nonlin-
earities on the crystal orientation is dictated by the selection
rules according to the crystal symmetry of Bi. Linearly polar-
ized incident electric fields lying in the basal (xy) plane of Bi
account together with parallel nonlinear currents for circular
symmetry in the case of the first- and third-order response,
i.e., χ (1)

xx = χ (1)
yy and χ (3)

xxxx = χ (3)
yyyy. However, for the fifth-order

nonlinearity, the symmetry becomes hexagonal, i.e., χ (5)
xxxxxx �=

χ (5)
yyyyyy [42,43].
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FIG. 10. Symmetry aspects within the perturbative expansion.
(a) Top view of the crystal structure of Bi. The black circles indicate
atomic positions. In the tight-binding model all electronic charge is
located at the atoms. The black and red lines indicate interatomic
bonds with dipole moments di j . (b) Azimuthal dependence of χ (3)

(red line) and χ (5) (green line), calculated in a simple picture assum-
ing the tight-binding model.

This can be illustrated in a simple picture of a tight-binding
model in which all charges are located at the Bi atoms in a
plane with hexagonal crystal structure, and transition dipole
moments only exist along the bonds between these atoms,

i.e., the angle between transition dipole moments is π/3, as
illustrated in Fig. 10(a). In the perturbative expansion, the
strength of the nth perturbative order χ (n) is proportional to
the (n + 1)-th power of the transition dipole moment. Sum-
ming over all six transition dipole moments for a given field
direction determined by the azimuthal angle φ gives the an-
gular dependence in the respective order of the perturbative
expansion n:

χ (n) ∝
5∑

k=0

cos(φ + k · π

3
)n+1

→ χ (1) ∝ 3

→ χ (3) ∝ 9

4

→ χ (5) ∝ 3

16
cos(6φ) + 15

8

→ χ (7) ∝ 135

256
cos(6φ) + 105

64
. (B1)

The cos(6φ) dependence in the fifth and seventh order of
the perturbative expansion directly corresponds to the sixfold
azimuthal angular dependence [green curve in Fig. 10(b)],
which vanishes for lower-order nonlinearities.
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