10P Publishing

@ CrossMark

OPEN ACCESS

RECEIVED
16 December 2024

REVISED
2 April 2025

ACCEPTED FOR PUBLICATION
23 April 2025

PUBLISHED
12 May 2025

Original Content from
this work may be used
under the terms of the
Creative Commons

Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

New J. Phys. 27 (2025) 053004 https://doi.org/10.1088/1367-2630/adcfbc

H eutsche Physikalische Gesellscha Published in partnership
New journal Of PhYSlcs R ﬁq)DPG with: Deutsche Physikalische
IOP Institute of Physics | Gesellschaft and the Institute

The open access journal at the forefront of physics .
of Physics

PAPER

Polarization and driving force analysis of coherent optical shear
phonons in graphite

Christian Gerbig, Silvio Morgenstern, Ahmed S Hassanien ), Marlene Adrian, Arne Ungeheuer®,
Thomas Baumert and Arne Senftleben”

University of Kassel, Institute of Physics and CINSaT, Heinrich-Plett-Strale 40, D-34132 Kassel, Germany
* Author to whom any correspondence should be addressed.

E-mail: arne.senftleben@uni-kassel.de

Keywords: coherent phonons, ultrasfast electron diffraction, graphite, phonon polarization

Abstract

Coherent optical phonons in the degenerate inter-layer shear mode of graphite launched by
femtosecond laser pulses were investigated using ultrafast electron diffraction. The collective
atomic motion is shown to be polarized in a direction related to the linear polarization of the
incoming laser pulse. Using a fit with a generic driven-oscillator model, the lifetime of the
oscillator’s driving force is determined to (37 = 30) fs. This is much shorter than the lifetime of
excited carriers in graphite but similar to the time scale of the loss of the hot carrier’s k-space
anisotropy.

1. Introduction

When a short laser pulse interacts with a crystalline solid, coherent phonons can be launched. In these
phonon modes, the atoms across the crystal oscillate in phase [1]. This leads to time-dependent modulations
of material properties such as reflectivity or lattice constants, which are accessible in time-resolved
experiments [2-5].

2D-layered or van-der-Waals materials consist of covalently bound atoms arranged in layers. These are
attached via weak van-der-Waals forces, leading to strong anisotropy of material properties and a range of
different physical phenomena [6]. In van-der-Waals materials with hexagonal symmetry, doubly-degenerate
E phonon modes are present. The degeneracy allows the atoms to be displaced in any direction inside the
planes, where the displacement vector can be expanded in terms of two orthogonal basis vectors. In a
coherent phonon, the direction is the same for all atoms. This effectively creates a polarization of the
collective oscillations related to the polarization of the incident laser light via the respective Raman
tensor [7]. In addition, phonon polarization can be influenced by strain and external fields [8].

In graphite, there are two doubly degenerate, Raman-active optical phonons of Ej, symmetry: The
in-plane stretch mode with a period of 21 fs and the inter-layer shear mode around 770 fs [9—-11]. In this
work, we focus on the shear mode, which is known to exhibit coherent phonons upon excitation by short
infrared laser pulses [9, 12—14]. The phonon excitation mechanism has been described as primarily
impulsive, although absorption dominates the light-matter interaction over Raman-like virtual
transitions [14].

The formation of the coherent shear phonons in graphite is a consequence of a m — 7* transition into the
conduction band near the K point. The excited carrier lifetime is in the picosecond to nanosecond
timescale [15]. However, on the much shorter timescale of a few 10 fs, the initially anisotropic momentum
distribution of the excited carriers becomes isotropic [14, 16]. In addition, Kénig-Otto et al [17] have shown
that the anisotropy survives several picoseconds if the photon energy of the exciting field is below the energy
of optical phonons. It can, therefore, be inferred that the decay of the conduction band anisotropy is due to
carrier—phonon scattering [18, 19] and leads to the formation of the polarized E», coherent shear phonons.

In this paper, we analyze the excitation of coherent optical phonons of the E,; shear mode in few-layer
graphite by femtosecond laser pulses with a central photon energy of 1.56 eV. The phonons were measured
using ultrafast electron diffraction (UED), where the oscillating atoms in the crystal modulate the intensities
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Figure 1. Illustration of the UED set-up. Electron pulses (dark blue) are generated by UV laser pulses (light blue) at a gold-coated
photocathode (yellow). The emitted electrons are accelerated to 40 keV and pass the hole in the anode (black). Behind the sample
(brown) the diffracted electrons are focused onto a position-sensitive detector (gray) by a magnetic lens (green). Time-dependent
diffraction data are obtained by changing the delay between the pump (red) and probe pulses.

of the observed Bragg peaks. We will fit our results with a generic driven-oscillator model that directly
calculates the influence of the coherent phonons on the Bragg peaks. From this, we can deduce the lifetime of
the oscillator’s driving force. In addition, we link the polarization of the incident light with the polarization
of the phonons, which refers to the common displacement direction of the atoms.

2. Materials and methods

The compact UED set-up is shown schematically in figure 1. Laser pulses with 27 fs FWHM duration from a
titanium—sapphire amplifier with a central wavelength of 795 nm at a repetition rate of 1 kHz were divided
into two paths by a beam splitter. One beam path guided the pump pulses via an adjustable delay path into an
ultra-high vacuum chamber where they are reflected onto the graphite sample. On the second path probe
pulses are first converted to UV light at 267 nm wavelength by third harmonic generation. The UV pulses
were focused onto a gold photocathode where 1500 + 50 electrons are liberated into the vacuum chamber.
The resulting electron pulses were accelerated to 40 keV and hit the sample only 8.5 mm away from the
cathode. Behind the sample, the diffracted electrons were focused onto a position-sensitive detector by a
magnetic lens. Unscattered electrons were prevented from hitting the detector by a beam stop.
Time-dependent data was obtained by changing the delay between the pump and probe pulses. More details
on the set-up and characterization of the instrumental resolution have been reported by Gerbig et al [20].
The sample is placed such that the graphite planes with crystal axes a and b are in the (x, y) plane of our
laboratory frame while the electron pulses propagate in +z direction, i.e. parallel to the ¢ axis of the crystal.
The pump pulses propagate approximately in —z direction and are linearly polarized along the x axis.

During the present work, the mean fluence of the pump pulse in the area of the sample probed by the
electrons is (6.2 + 0.4) mJ cm 2. The RMS temporal resolution of the pump—probe experiment under the
current conditions is (101 = 14) fs while the transverse coherence length of the electron pulses on the sample
is (3.8 £ 0.6) nm. More than 100 Bragg diffraction peaks with reciprocal lattice vectors ranging up to
18.4 A~! were recorded. The time delay t was scanned in 50 fs steps from —1.7 ps (probe before pump) to
10 ps (probe after pump).

Our free-standing sample was exfoliated mechanically [21] from a macroscopic single crystal of natural
graphite and later placed on a Quantifoil 200 mesh TEM grid with a line spacing of 90 um. The sample flake
covered little more than one grid cell, closely matching the electron pulse diameter of ~ 100 um. The
thickness of the flake was determined by reflective contrast while resting on an oxide-coated silicon
wafer [22] to 9 layers with a confidence of at least 96%.

3. Results

Figure 2(a) displays the central part of the diffraction pattern of our nine-layer graphite sample. The
occurrence of clear Bragg peaks mirrors the monocrystallinity of the flake. This work focuses on the

2



New J. Phys. 27 (2025) 053004 C Gerbig et al

(a) (b) . . . . . . . : : . .
1.02 s ]
1.00 NSt 'q'*:v.._. . e 100 data ]
0.98 ¢ '“s‘v? '. ‘N ... A 4
3 @ 0.96 7 . “ q '.‘ -.'- b’ ""-'a Zrorpnsi™l gmi e
g * 010 0.94 4 H o - ® ]
o, 04 t t + + t t + + t t ;
> - 100 1.02 ! ]
203 ‘ 110 [=] 1.00 3 Nwilsfses + 010data
€ . 0.98 e . ]
E = : AU ¥ Pt spes,
3 02 i 170 0.96 ] 5 Rt L as S LB WA AT g
5 o fo _[e] — 0.947 ; C ]
@ 0.1 010 S t + + t t t t t t + +
3 g 1.02 : - ]
S 00 S 1,00 JAWah iy o T10data ]
£ _ 8 098] A ]
£ ° g 0. Rl s N .
(C“ 0.96 4 L Y ..“o... ..o:’ - e ’ < 4
S 0.04] ; oy WUWETEN KL a.,,'l". .fbl s .o~..' :‘.".'\
> . i . f ; d
2 . } t t t } — } .
§ 1.00 37 v.\'-\'.' "".'o o 700 data ]
S o .
= 0.98 ! LN ,e\-. . 3
g 0.96 : s'b o:;- o - v'\ l “‘ ““.u'l .’“9 “ .‘.“;4
(c) Frequency [cm"] T 0.94] : 4 1
15 25 35 45 55 65 £ } | t t . } t t } } t
h ) ) ! ! L S 1027 L _ ]
= 1.00 JamAZL W, e 070 data ]
3: 0 98 Yoo 4 .~* L3
o) .98 * L) oes 4
8 0.964 . AR e Ny NS B Sl
2 0949 : 1
|5 I Il I 1 1 I I } I } I
% 1.024 . T E .' T T T T T T T T — T ]
5 1.00 -"':. M.';;.:. oS . * 110data ]
H 0.98 1 . R ]
= 0.96 _ ) ‘:. 7 r’.o"' M
i 0.94 : g
0.4 08 12 16 2.0 - 0 1 2 3 4 5 6 7 8 9
Frequency [THz] Delay time [ps]
Figure 2. (a) Part of the diffraction pattern of graphite showing the {100} and the {110} Bragg peaks. (b) Time-dependent
integral intensity of the {100} reflexes for the first 10 ps after excitation, which happens at zero delay time. (c) Fourier
transformation spectra of the traces shown in (b). The dashed vertical line indicates the shear mode frequency measured for
9-layer graphite by Boschetto et al [13, 23].

evolution of the integral Bragg peak intensities during the first 10 ps after excitation. For each time delay ¢,
the intensities I(h kI, t) were extracted by fitting two-dimensional Gaussian distributions to the Bragg peaks.
At large negative time delays, the probe electrons pulse precedes the pump pulse and diffracts on the
undisturbed lattice, yielding the constant Bragg peak intensities I(h kI, —o0). To visualize the change in lattice
structure induced by the pump pulse we introduce the relative intensity Z(hkl,t) = I(hkl,t) /I(hkl,—o0)
where I(hkl, —o0) is determined by averaging the Bragg peak intensities for negative delay values. The
measured Z(hkl, t) for the first order reflexes are presented in figure 2(b).

After the excitation at zero time delay, the intensities show two developments: Firstly, the intensity of the
peaks drops. This decrease is observed in all recorded Bragg reflexes and has been attributed to the heated
lattice’s Debye—Waller effect [20]. Additionally, the traces for the 100, 110, 100 and 010 Bragg peaks show
pronounced oscillations with fading amplitudes which we attribute to coherent optical phonons of the E,
shear mode. One can see that Bragg peaks with opposite directions (compare figure 2(a)) show the same
temporal behavior per Friedel’s law. In the following, we will sum up the time-dependent signals for pairs of
opposite peaks and refer to these combined data as 100, 010 and 110, respectively.

A precise knowledge of time zero is crucial for quantitative analysis of the signals. We understand this
time as the centroid of the cross-correlation between the excitation laser and electron pulse at the sample.
Here, we determine it from the fast decrease of diffraction intensity for Bragg peaks that do not exhibit
oscillating temporal behavior. 65 traces were fitted with bi-exponential decays according to Schifer et al [24]
additionally convoluted with the electron pulse duration. From these, time zero was found with an rms
accuracy of 26 fs. All temporal traces shown in this work use the time zero determined by these
bi-exponential fits.

Fourier transformation (figure 2(c)) of the temporal traces exhibit a central oscillation period of (826 +
14) fs for all reflexes. This is considerably longer than the reported values of 790 fs for the inter-layer shear
phonon in 9-layer graphite by Raman scattering [11, 13]. One reason for this frequency redshift could be the
relatively high fluence of our pump pulse. However, for bulk graphite, significantly smaller frequency shifts
for the shear mode have been reported at smaller [14] and much larger fluences [25]. But we also measured
coherent shear phonons in a (42 + 3) nm thick graphite nanofilm at a fluence of 1.8 mJ cm™2. There, we
observed an oscillation period of (778 £ 5) fs, slightly longer than the 767 fs observed in Raman scattering.
These findings indicate that a fluence dependence could arise for very thin samples. Another option in our
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Figure 3. Procedure for isolation of coherent phonon signals: (a) Time-dependent relative intensity for the 010 Bragg peak
(green) as well as averaged over the {110} Bragg peaks unscaled (blue) and scaled to minimize the mean quadratic deviation from
the 010 trace (black). (b) Scaled black trace from (a) overlaid with time-dependent relative intensity of the 100 Bragg peak (red).

9-layer sample could be the population of lower-frequency branches of the shear mode as observed in
various 2D-layered materials [26-28]. However, this seems unlikely because then one would expect an
asymmetric frequency spectrum, which we do not observe.

The relative time-dependent Bragg peak intensities Z(h kI, t) as displayed in figure 2(b) are products of
the Debye—Waller contribution Zpw (h kI, t) and the intensity modulation due to the coherent phonons
Zcp(hkl, t). To isolate the latter, we divide the traces in figure 2(b) by their respective Debye—Waller
contributions Zpw (hkl, t). Therefore, we make use of the signal from the {110} Bragg peaks which do not
exhibit any coherent-phonon-related oscillations therefore purely represents Zpw ({110},¢). As presented in
figure 3(a), the Debye—Waller contribution to the first order Bragg peaks, Zpw ({100}, t) is approximated by
scaling Zpw ({110}, ¢) to minimize the mean square deviation from Z(010,t). Figure 3(b) demonstrates that
the scaled {110} signal matches the baseline of the shear mode oscillations. Subsequently, the 100,010 and
110 time-dependent intensities are divided by Zpw ({100}, ). Consequently, the isolated traces (see figure 5)
contain only the oscillatory relative intensities Zcp(h k1, t) due to the coherent shear phonons.

The first maximum or minimum of the oscillations is almost one-quarter of the period away from time
zero. This is a signature of impulsive phonon excitation [29-31]. In the following section, we will develop a
model to fit the experimental results directly. The fit allows the determination of the lifetime 7 of the
conduction band anisotropy, while the initial phase of the oscillation is no explicit parameter.

4. Discussion

In order to understand the excitation mechanism of the observed shear mode and the angular anisotropy, we
are going to fit the measured Bragg peak intensity modulations Zcp({100}, ) with a model comprising a
generic driven oscillator for the atomic displacements as well as the calculation of the time-dependent Bragg
peak intensities from these displacements. Note that this model does not make any assumptions on the
material except for the equilibrium positions of the atoms and that we, therefore, do not use material-specific
parameters.

First, we will deduce how the coherent optical phonons influence the Bragg peak intensities. Therefore,
we use the four-atom unit cell for graphite illustrated in figure 4. As the crystal planes follow a AB stacking
order, two planes must be included, each contributing two atoms to the unit cell. We define the covalently
bound planes of graphite to be in the (g, b) plane of the crystal-centered coordinate system, where the a axis
is parallel to the a; unit vector (compare figure 4(a)).

The shear phonon is a transverse optical phonon with its wave vector along the c-axis that only slightly
disperses between I' and the A point [10, 32]. Being of E;, symmetry, it has two degenerate displacement
directions in the (g, b) plane. In other words, the coherent phonon oscillations can be polarized along any
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(b) Shear in a-direction

(@)

Figure 4. (a) Basis vectors used to describe the unit cell of graphite. a;, a, and as are lattice vectors, while by, b,, b3 and by give the
location of the atoms in the unit cell. (b), (c) Basis vectors for the shear displacement P,, P, along the crystal’s a and b directions,

respectively.

direction inside the basal plane, and the relative atomic displacement can always be decomposed in the two
basis components P(a) and P(b) along the a and b axes, respectively (compare figures 4(b) and (c)).

Under the influence of the coherent shear phonons, we assume that the A plane with the atoms located at
b, and b, stays at rest while the B plane with atoms at b; and by is shifted in the a and b directions by the
relative displacements P,(t) and Py (t), respectively. This results in the modified atomic basis vectors b;(¢):

by (1) = (0,0,0); b, = (0,5‘%,0)

E3 (t) = (07076;[> +d, (Pa,Pb,O) (1)

~ d, d, d.
b4(t) - (27 2\/57) +da (Pa,Pb,O)

where d, = 2.461 A and d. = 6.709 A are the lattice constants of graphite [33]. The time-dependent relative
Bragg peak intensity Z(hkl,t) is given as

~ 2
4 —iGp1-bu(t)
1(hkL,7) ‘ =1 €
T(hkl) = —V550 7 (hkL ) 2)
I(h kl, _OO) Zi:l e_ith"b" :

where Gy is the corresponding reciprocal lattice vector. The fractional expression at the end of equation (2)
equals the coherent phonon induced Bragg peak intensity modulations Zcp(h k1, t), which for displacements
much smaller than a calculates for the three relevant peaks to

Zcp (100,1) &~ 1+ 27 (V3Pa (1) + Py (1))
Icp (010,1’) ~1—4nPy (t) (3)
Zcp (110,8) & 14271 (—V/3Pa (1) + Py (1)) -

We should add that in the same approximation, the shear mode induced relative intensities for the {110}
Bragg peaks vanish, which is in agreement with our observations and justifies the use of those peaks to isolate
the Debye—Waller and coherent-phonon contributions in the 100 Bragg peaks.
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Now we assign the relative lattice displacements P, ,(t) to coherent phonons induced by the
photo-excitation of graphite. In the most general form, the displacements must fulfill the differential
equations of a damped harmonic oscillator driven by the force F(#)

= F(t) Hmb (0) (4)

p dZPa,b(t) Edpa,b(t) + <2W>27)a,b(t)

de g dt T,

with the reduced lattice mass i, the damping time 3 and the natural (undamped) period of oscillation TY.
I1,,,(0) are the components of a unit in the (a, b) plane and depends on the angle § between the crystal’s
a axis and the laboratory-frame x axis along which the laser is polarized:

II, =ER, (0)E =sin(—26), II, = ER;, (6) E = cos (20) (5)

where R, ;(6) are Raman tensors for E, phonons [34] that have been rotated to encompass the orientation
of the crystal and observation direction of the detector. From equation (5), it follows that the angle between
the polarization of the coherent phonon and the crystal’s a-axis amounts to 90° 4 26.

In an opaque material such as graphite, light absorption leads to the promotion of charge carriers to an
excited band. This changes the lattice potential. Consequently, the lattice is driven by a force proportional to
the density of excited carriers [35, 36]. However, due to the anisotropic nature of E,, phonons, we need to
consider excited carriers that display a k-space anisotropy [37] which is the case for the 7—7* excitation in
graphite or graphene [14, 38]. Including an exponential lifetime 7 of the excited carrier anisotropy, the
time-dependent force becomes

t
F(1) :Ce*’/f/ [E()|" e/ dt’ (6)

with a constant C and the intensity profile |E(#)|* of the exciting laser pulse, which is approximated by a
Gaussian profile with a full width at half maximum of 27 fs. Note that equation (6) neglects transitions to
virtual states as would be appropriate for situations where both resonant excitation and Raman transitions
are possible [37]. However, in graphite at our incident wavelength, this simplification is justified, as the
derivative of the real part of the dielectric function is much smaller than the imaginary part of the dielectric
function [39, 40]. Additionally, Mishina et al [14] identified real excitation as the main source to induced
shear phonons in graphite while at the same time observing a Raman-like anisotropy.

With the information of equations (6) and (5), numerical solutions to equation (4) were calculated. The
resulting lattice displacements P, ;(f) were convoluted with the temporal intensity profile of the electron
pulses and inserted into equation (3) to obtain the coherent-phonon-induced relative Bragg peak intensities
Zcp(hkl, t). These were fitted to the experimental traces simultaneously as displayed in figure 5 by iterating
the numerical solutions to equation (4) varying the following parameters: crystal orientation 6, excitation
lifetime 7, period of oscillation T, damping time 3, and the intensity constant C. As seen in figure 5, the
model fits the measured data nicely.

In order to account for the uncertainty of time zero (see above), we perform the model fits for time axes
shifted by £26 fs, which is illustrated in figure 6. Panel (a) compares the timescales of the coherent phonons
with the extent of the pump pulse, the temporal resolution of the UED set-up and the driving force F(t)

obtained at the optimal time zero. Panel (b) shows a close-up with the F(t) and |P(£)] = y/Pa(£)” + Py (1)

additionally obtained for time zero shifted by its uncertainty in positive (dashed lines) and negative (dotted
lines) directions. From these three cases, we obtain the final value for the driving force’s time constant

7 = (37 £30) fs. This time corresponds to the decay of k-space anisotropy of carrier excitation in

graphite [14, 41], which is caused by carrier—phonon scattering [18]. Our time scale corresponds well with

theoretical predictions and optical measurements of this loss in excited-carrier anisotropy [16, 18].

The oscillation period Ty = (827 £ 1) fs agrees with the value obtained from Fourier transformation and
is much larger than the lifetime 7, which leads to the observed impulsive nature of coherent phonon
excitation although absorption is dominant. To quantify the impulsive behavior, we fit a damped cosine
function to the solution of the lattice displacement |P(¢)|. From this, we estimate the initial phase of the
coherent phonon oscillation to ¢ ~ 74°. The same value is obtained when calculating the phase following a
simple model that only considers the excitation of the crystal to another band [36] with vanishing damping.
The agreement of this calculated phase with the fitted one confirms that the contribution of virtual
transitions is negligible and that it is not necessary to use a more elaborate model [37] to calculate the
experimental phase correctly. Our system does not reach the ideal impulsive limit of ¢ = 90° because the
lifetime of the anisotropy in the conduction band is finite.
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Figure 5. Time-dependent relative shear mode (SM) diffraction intensities for the (a) 100, (b) 010, and (c) 110 reflections
together with fits from the model discussed in the text.

It should be noted that we do not observe any delay in the rise of coherent phonon population, as was
detected with time-resolved Raman spectroscopy [42] for the higher energy G-mode phonon, which is
another E,, mode at the I" point that corresponds to in-plane vibrations. They reported a delay of 65 fs,
which has been attributed to a sequential coupling process, where the hot carriers first excite an A{ in-plane
mode at the K point, which then couples to the in-plane E,; mode. We derive a direct coupling of the k-space
carrier anisotropy to the Ey, shear mode.

Furthermore, from our fit, we can calculate the maximum shear mode displacements to (609 & 128) fm,
which is more than a factor of 400 smaller than the in-plane lattice constant a. Consequently, the assumption
of small displacements in the derivation of equation (3) is justified.

The crystal orientation angle 6 between the polarization of the laser and the a axis of the crystal was fitted

0 (—42.0£0.7)°. From this value and the cos(26) dependence of P}, (equation (5)) as well as the calculated
value of Z¢p (010, ¢) (equation (3)) follows the near-extinction of oscillations in the 010 trace. On the other
hand, the opposite phase of the oscillations between the 100 trace and the 110 trace stems from the opposite
signs to P, in equation (3). The fitted angle can be compared to the observed diffraction pattern
(figure 2(a)): From 6 = (—42.0 +-0.7)° we derive an angle of —17.0° between the laser polarization and the
direction of the 100 Bragg peak. Considering the magnetic lens’s rotation of the diffraction pattern, this is in
good agreement.

5. Conclusion

We have investigated the formation of coherent inter-layer shear phonons in graphite after optical excitation
with a femtosecond laser pulse. Using UED as a probe, we could image the polarization of the collective
atomic motion inside the graphite basal planes. Employing a fit with a generic driven-oscillator model, we
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Figure 6. Shear lattice displacement |P(£)| = 1/ Pa(£)* + Py (£)* (black lines) as fitted to the experimental data with the model

described in the text. From the same fit results, the driving force F() (red lines). For comparison, the estimated temporal
duration of the pump and probe pulses are shown as orange and blue shades, respectively. Panel (b) displays a smaller range of the
delay axis and, in addition, contains error margins of the fits as dashed and dotted lines. Note that the phonon displacement has
been mirrored in panel (b).

could determine the lifetime of the oscillations’ effective driving force to (37 % 30) fs, which agrees with the
time scale on which the k-space anisotropy of optically excited carriers disappears. Including Raman tensors
in our model, we can link the phonon polarization to the alignment of the crystal relative to the polarization
of the pump light. This knowledge is an essential prerequisite to arbitrarily designing the phonon
polarization with shaped laser pulses.
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