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Optically induced avoided crossing in graphene
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Degenerate states in condensed matter are frequently the cause of unwanted fluctuations, which prevent
the formation of ordered phases and reduce their functionalities. Removing these degeneracies has been a
common theme in materials design, pursued, for example, by strain engineering at interfaces. Here we explore
a nonequilibrium approach to lift degeneracies in solids. We show that coherent driving of the crystal lattice
in bi- and multilayer graphene boosts the coupling between two doubly degenerate modes of Ej, and E,,
symmetry, which are virtually uncoupled at equilibrium. New vibronic states result from anharmonic driving
of the E;, mode to large amplitudes, boosting its coupling to the E,, mode. The vibrational structure of the
driven state is probed with time-resolved Raman scattering, which reveals laser-field-dependent mode splitting
and enhanced lifetimes. We expect this phenomenon to be generally observable in many materials systems,
affecting the nonequilibrium emergent phases in matter.
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I. INTRODUCTION

In condensed-matter systems and at interfaces, static sym-
metry breaking has been used to create new states of matter
and to introduce new functionalities in equilibrium [1-3].
However, using coherent and dynamic optical control offers
an innovative approach to expand this concept beyond the
limitations of static control [4,5] and on short or even ultra-
short timescales. There are many examples where coherent
dynamical control of matter by photons has triggered phase
transitions, tuned interactions, and generated new forms of
matter [6]. Even though some of these states exist only for
picoseconds, it is possible to investigate them using pulsed
lasers and pulsed currents in transport measurement [7,8]. The
structural degrees of freedom, represented by phonon modes,
are essential for the thermodynamic properties in crystals.
Thus materials with degenerate phonons can exhibit strong
anharmonic couplings leading to new vibronic states resulting
in new forms of matter.
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Graphene systems have been previously excited mostly by
high-photon-energy excitations, in resonance with electronic
transitions over a broader energy range of 1-2 eV [9,10].
Here, however, we drive structural degrees of freedom in
resonance with a low-energy degenerate IR phonon of bilayer
graphene. The E), IR phonon and E,, Raman-active phonon
are uncoupled in equilibrium. We resonantly drive the infrared
vibration at 196 meV (~48 THz) using a mid-IR pump. The
vibronic state of the driven system is then monitored via
the corresponding transient Raman response. We explore the
physics of lifting degeneracies by optical control in bi- and
multilayer graphene and demonstrate the emergence of an
optically induced avoided crossing that can be tuned by the
fluence of the pump laser.

Monolayer graphene exhibits the prominent G phonon
[11,12], which is only Raman active. On the other hand, from
two layers and up, the material exhibits fully degenerate IR-
and Raman-active phonons with orthogonal £}, and E,, sym-
metry [12—14]. These modes are ideal candidates for strong
anharmonic coupling due to their strongly related eigenvec-
tors and degenerate energies. Figure 1(a) shows the IR- and
Raman-active oscillators on each side. Without coupling in
equilibrium, the phonons are at the same eigenfrequency.
Figure 1(b), driving the IR mode, leads to a lifting of the
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FIG. 1. Optically induced avoided crossing shown with classical
springs and masses. (a) The IR oscillator Xz and the Raman-active
oscillator Xy are degenerate at w, but exhibit different symmetries,
i.e., odd and even. Therefore without any coupling, an oscillation of
either mode does not impact the other one. (b) When the IR mode is
strongly driven out of the harmonic approximation, the anharmonic
coupling o couples the oscillators and the vibronic systems form
the two novel vibrational states B~ and BT. The vibration B~ is
antisymmetric, i.e., the masses move in opposite directions, whereas
the vibration 8T is symmetric, i.e., the masses move in the same
direction. The introduced energy difference between the two states
A is given by the fluence of the pump laser. The Raman-active
superposition 87 — B~ can be experimentally measured and exhibits
a subharmonic frequency, tunable by the field-dependent splitting A.

degeneracy via anharmonic coupling of the two phonon
modes [15], which is indicated in the figure symbolically as an
additional spring coupling the IR- and Raman-active phonons.
This optically induced anharmonic coupling out of equilib-
rium lifts the degeneracy, resulting in two new vibrational
states B and B, representing two coupled harmonic oscilla-
tors. The vibration 7 is antisymmetric, i.e., the masses move
in opposite directions, whereas the vibration 87 is symmetric,
i.e., the masses move in the same direction. From those, the
IR- and Raman-active modes can be obtained by 8™ + 8~
and Bt — B~, respectively. Hence the transient Raman signal
vanishes in the degenerate state, i.e., 87 = 87, and is, there-
fore, a precise tool to study the anharmonic coupling out of
equilibrium.

If one considers a relative shift of the respective eigenval-
ues in the limit of small Rabi frequencies, the energy-shifted
values B~ and B can be expressed by w1 ~ wo(1 £ A/Zw(z)),
with @y as the degenerate frequency of the phonons in
the equilibrium state and A the representing lifting of the
degeneracy due to the anharmonic coupling out of equi-
librium. Thus the orthogonal harmonic motions of the IR-
and Raman-active vibrations are ~e/®”’ sin (A -t/2wy) and
~e™! cos (A -t /2wy), respectively. Accordingly, the IR and
Raman coordinates vibrate with the original degenerate

eigenfrequency wg, modulated by a subharmonic frequency,
and are phase-shifted by /2. In static quantum systems,
the avoided crossing [16,17] phenomenon leads to lower
eigenvalues, which increases the stability of bonded states in
molecular systems. In optically driven nonequilibrium sys-
tems, the magnitude of degeneracy lifting A depends on
the strength of the electric field as it tunes the anharmonic
coupling. As a result, the populations of the lower and
higher energy states undergo time-dependent oscillations. The
transient spontaneous Raman scattering of a Raman-active
phonon, driven by an IR-active phonon, is the ideal method
to observe these states. However, this observation is only
possible in case of a symmetry breaking yielding a finite re-
sponse due to an optically driven avoided crossing, i.e., when

BT #B.

II. EXPERIMENT

The general outline of the experiment is shown in Fig. 2(a).
A tunable mid-IR pulse drives the E;, IR phonon mode in
resonance at 196 meV. At different time delays, transient
spontaneous Raman scattering probes the Raman-active Esg
mode. In bi- and multilayer systems, the presence of the polar
IR-active phonon results in a strong transient response in the
excited state, as seen in Fig. 2(b). The transients are obtained
by subtracting the unpumped signal from the pumped signal,
isolating the response of the IR-driven Raman mode. Note
that monolayer graphene lacks the polar vibrational mode
[11] and therefore does not exhibit a transient response (see
Supplemental Material Fig. S2 [18]). In multilayer graphene,
the spontaneous Raman signal in the pumped state is enhanced
on the Stokes and anti-Stokes side.

In the following we show the transient spontaneous Ra-
man data on the anti-Strokes side with the expected stronger
transient as the pump excites the coupled vibronic system
out of equilibrium. The transient anti-Stokes Raman response
as a function of the energy of the mid-IR pump is shown
in Fig. 2(c). The first apparent observation is the ultrasharp
resonance when tuning the mid-IR laser through the energy
of the polar phonon. We observe a peaking at 196 meV
with a width of about 6 meV. This observation, together
with the absence of a transient Raman response in monolayer
graphene (see Supplemental Material Fig. S2 [18]) and the
absence of any transients above and below the energy of the
polar IR phonon (see Supplemental Material Fig. S4(a) [18]
and Fig. 2(c)), highlights the direct coupling of the transient
Raman E,, phonon to the IR-active E;, phonon. Note that
we do not observe any electronic background, as might be
expected when pumping at optical energies (see Supplemental
Material Fig. S4(b) [18]). Additionally, we observe changes in
the shape of the transient anti-Stokes Raman response as the
energy of the mid-IR pump is changed and slightly detuned
from the energy of the Ej, phonon. Thus the data show a
purely phononic mechanism for driving graphene systems.

The incident mid-IR pump photon drives the E;, phonon,
which alters the response of the Raman signal of the Ej,
phonon. The degeneracy of the two phonons leads to strong
anharmonic coupling [15,19]. Without the pump interaction,
the Raman response is given by the Raman susceptibility,
yielding a typical Lorentzian line shape. The anharmonic
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FIG. 2. Outline of the transient spontaneous anti-Stokes and
Stokes Raman scattering experiment. (a) A mid-IR pump pulse ex-
cites the IR vibration in the sample, which is probed by a Raman
pulse. The delay, pump energy, and fluence are controlled. The insets
show the movements of the carbon atoms during the vibrations.
(b) Resonant mid-IR pumping causes a strong enhancement of the
signal in bi- and multilayer graphene. (c) Selective driving of the E,
vibration by tuning the pump energy through the sharp resonance.
Note that small visible features (see asterisk) might be due to sum-
frequency scattering. Horizontal gray dashed lines indicate the zero
line for each spectrum and vertical ones the energy of the unpumped
IR phonon.

coupling o between a Raman and IR-active phonon requires
a quadratic coupling to the Raman-active phonon in the equa-
tion of motion as a consequence of a cubic contribution to
the potential, i.e., the anharmonic coupling. This leads to a
set of equations of motions describing the electric field-driven
IR-active phonon Xig (#) and Raman-active phonon Xg(?):

D(wo, Y0)Xir (1) = aXg (1)Xr (1) + FL(1), (la)
D(wo, 0)Xr (1) = aXZ(1). (1b)

Here 5(a)0, V) = 83 + Y00; + a)(z) is the operator describ-
ing a damped harmonic oscillator, and Fj (¢) represents the
Gaussian laser beam with frequency wy, and width o. Assum-
ing that IR- and Raman-active phonons are degenerate, the
above set of coupled nonlinear differential equations can be
solved analytically. For this procedure one adds and subtracts

both equations from each other and introduces common coor-
dinates, linking the coordinates of the IR- and Raman-active
phonons by " = Xjg + Xg and B~ = Xjg — Xg. The inverse
Fourier transformation of 8 then yields the expressions for
these effective phonon propagators after applying the convo-
lution theorem for the quadratic parts of the equation:

al(B~ * ) ()] + 2F.(v)
2(w? — 0? +iy_w)

—a[(BT * B7)(w)] + 2FL(w)
2(a)3_ — w? + iy )

B (w) = ; (2a)

B (w) =

) (2b)

with the shifted eigenfrequencies wi = w} £ A and modified
damping constants y+ = yy £ §/w. These changes scale with
the anharmonic coupling constant o and the square of the
electric field E3. The modifications A and § represent the
frequency-dependent contributions from the real and imag-
inary parts of the convolution integrals. The contribution
from the nonmixed convolution integrals (8" * B7)(w) and
(B~ * B7)(w) vanishes and they are omitted in Eqgs. (2a) and
(2b). The mixed terms (8~ * B )(w) have to be evaluated
self-consistently. In the following we assume A and § to
be frequency-independent parameters to model the Raman
response. However, both parameters depend on time and the
fluence of the pump Fy . The leading-order contribution results
in the modified propagators with the driving pump laser in
the numerators, shown in Eqs. (2a) and (2b). The Green’s
function of the Raman-active vibration can now be calculated
by Xr(w) = %(,BJr — B7) and the Raman scattering intensity
is given by —Im[Xgr (w)]:

(@) Aoy (w2 —o?)+y_ (o] —a?)]

I(w) = 5
N FL(w)a[y%wz—(gi —w%(wi—wz)]’ G3)
D = [(0} — )@’ — o) — y_y30°F
+ 0’ [y (@ — )+ y_ (0] — )P, (3b)
Fi(w) = -2 Lﬂ (€20 @) 4 gmaot@ra)ty (3c)

As expected, the transient Raman response vanishes for
Wy =w_ =wy, i.e., A > 0and y; =y_ =y, 1e.,8§ = 0,
representing the case of two noninteracting oscillators at iden-
tical frequencies and o = 0. The response from the above
expression exhibits a classical antiresonance contribution in
the first term and a sharpened Lorentzian contribution from
the second term. It is, therefore, the unusual case of a Fano-
like response resulting from the interaction of two discrete
states, which is quite different from the typical case of a
Fano line shape where a discrete excitation interacts with a
continuum of states as in electron-phonon coupled systems
[20-23]. It is also remarkable that the strength of the change
in frequency and width, i.e., the changes in real and imaginary
parts of the phonon susceptibility, directly influences the line
shape and the strength of the response. Both are proportional
to the square of the electric field, which drives the IR phonon.
Stronger changes in the frequency lead to a more asymmetric
Fano-like line shape, and larger changes in the width lead to
a more symmetric Lorentzian response. We can now model

075419-3



SOREN BUCHENAU et al. PHYSICAL REVIEW B 108, 075419 (2023)
(a) Experiment (b) Theory
-, | 1
G 40 1 Pump in meV |
2 ‘ — 200.3 E ‘
E | . (E“ |
*g‘ 20+ : 196.0 4 >E<i :
B — 193.6 E
8 - ‘
— | . I\
Qs 1 ! 1 1 0 A
190 200 210 190 200 210
Excitation Energy (meV) Excitation Energy (meV)
© (9 @
= Experiment = 197+ | s 97 ol - - - -
"E - Theory 2 } > 30 l o2
2 ] > e ® £ R
< 8 196* —————— 1—.———:196 = 2.5+ ! 41.47
~ L | @ ol £ | .
3 : : v ?-.)- [ ] " § 2.0 .
o . | .| & 195¢ 1 1195 ' i ° 11.42
151 156 261 191 196 201 191 196 201
Pump Energy (meV) Pump Energy (meV) Pump Energy (meV)

FIG. 3. Experimental and calculated transients for mid-IR resonant driving. (a) Exemplary transient spectra around the resonance energy
of the £}, mode for multilayer graphene. All nontrivial transients are shown in Fig. 2(c). Note that small visible features (see asterisk) might
be due to sum-frequency scattering. (b) Simulation results obtained by Eq. (3a) for the values of A = 4meV? and § = 0.12 meV?. (c) Intensity
scaling of the transient as a function of pump energy. (d) Frequency tuning of the transient as a function of pump energy. (e) Change of the
width as a function of pump energy. In (c) to (e) black squares represent experimental results and blue circles the calculation. Horizontal gray
dashed lines indicate the frequency and width of the unpumped Raman phonon and vertical ones the energy of the IR phonon. Solid gray and

blue lines are guides to the eye for each parameter.

the observed resonance interaction between IR- and Raman-
active phonons, as shown in Fig. 3. The frequencies and
widths @y, Yo, wr, and o are known. The only two model
parameters are the modifications to the frequency A and the
width é as outlined above. The line shape obtained is only
dependent on the ratio of the parameters A and §, so these
values are subject to an unknown scaling parameter that is
given by the enhancement of the response. The simulation
results are shown in Figs. 3(a) and 3(b) for the experimen-
tal and calculated transients. The data are reproduced very
well, considering that the frequency-dependent quantities A
and § are modeled by constants. The signal enhancement,
the shifting of mode frequencies, and the sharpening of the
transient response are recovered by the simulation where the
ratio of A/8 was kept constant and set to A =4 meV> and
8 =0.12meV>. The two antiresonances in the transient in
Fig. 3(b) are not observed in the experiment. We attribute
these differences to higher-order coupling terms that we have
neglected in our calculation and to the fact that A and é should
exhibit a frequency dependence. The shape of the resonance
tuning of the intensity and the absolute frequency shifts are
well recovered, as can be seen in Figs. 3(c) and 3(d). Even the
effect of the sharpening as such is present in our calculation in
Fig. 3(e). However, the details of the broadening when tuning
out of the resonance are not captured. The FWHM of the
Raman mode measured in the probe spectra is 3 meV, the
width of the observed transient in resonance is 2 meV, and
the width of the calculated transient is 1.4 meV. The linewidth
variation with the pump energy is well reproduced but takes
place on a smaller scale than the experiment.

Additionally, assuming a time-dependent dephasing be-
tween the IR- and Raman-active modes, the ratio between
A and § in Eq. (3a) will increase with time. The calcula-
tion recovers this delay dependence between pump and probe
pulses, as shown in the Supplemental Material Fig. S3 [18],
demonstrating a transient state with a lifetime of several pi-
coseconds. This lifetime is remarkable since in the static limit
the widths of the phonons correspond to a lifetime of about
200 fs. The observation of the transient Raman response on
the timescale of several picoseconds implies an increased ro-
bustness of the nonequilibrium coupled driven state compared
to the equilibrium. This is further supported by the fact that
the transient Raman response is substantially sharper than its
static spontaneous Raman response.

Increasing the fluence at constant mid-IR pump frequency
and delay leads to a linearly increasing transient signal, as
shown in Fig. 4(a), which is well recovered by the simulation
in Fig. 4(b). The symmetry breaking of the degenerate energy
levels is directly proportional to the fluence of the mid-IR
pulse, and so is the transient Raman signal. Figure 4(c) shows
a DFT calculation of the magnitude of the energy splitting
of the common coordinates B+ and B~ as a function of the
field strength of the driving mid-IR field. The DFT calcu-
lation now allows us to determine real values of A and §,
and to calculate the effective vibrational patterns as shown in
Fig. 4(d), clearly resembling a novel nonequilibrium system
of two coupled quantum states. Figure 4(e) shows the total
energy of the 0.24 mJ cm~2 and 0.60 mJ cm ™~ fluence data. It
shows the period of the subharmonic Rabi oscillation tgpp,
which depends on the fluence. Accordingly, it is inversely
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FIG. 4. Fluence dependence of the lifting of the degeneracy. (a) Fluence-dependent transient signals. (b) Calculated transient signals
obtained by Eq. (3a). (c) DFT calculation of the splitting of the frequencies as a function of the fluence of the driving IR field. (d) Amplitude
of the B+ and B~ oscillations at 0.60 mJ cm~2. The data are derived from the simulation and by comparison to the DFT calculated fluence-
dependent splitting of the frequencies. () Total energy from the mixed vibrational state for 0.24 and 0.60 mJ cm™2. The magnitude ty;, scales
with the lifting of the degeneracy A. (f) Schematic of the field-dependent splitting of the oscillations.

proportional to the fluence-dependent splitting of the avoided
crossing A, as shown in Fig. 4(f). The splitting separates the
antisymmetric and symmetric vibrations 8+ and 87, as shown
in Fig. 1(b).

In summary, we have shown that degenerate phonons in
bi- and multilayer graphene can be used to generate novel
vibronic states due to an induced anharmonic coupling, tuned
by driving a polar phonon mode. Coherent control over the
vibronic states can be obtained by tuning the electric field of
the IR laser driving the phonon. The lower- and higher-energy
states correspond to novel symmetric and antisymmetric vi-
bronic states, resembling the physics of the avoided crossing.
These states exchange population density at a subharmonic

Rabi frequency, defined by the applied electric field, effec-
tively leading to a breaking of continuous time-translation
symmetry. The theoretical as well as experimental framework
can be extended towards other two-dimensional materials with
degenerate or nearly degenerate phonon modes evolving the
field of nonlinear phononics.
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