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Radio-frequency compressed ultrafast electron diffraction has been used to probe the coherent and
incoherent coupling of impulsive electronic excitation at 1.55 eV (800 nm) to optical and acoustic phonon
modes directly from the perspective of the lattice degrees of freedom. A biexponential suppression of
diffracted intensity due to relaxation of the electronic system into incoherent phonons is observed, with the
250 fs fast contribution dominated by coupling to the E, 5, optical phonon mode at the I" point (I' — E,»)
and A/ optical phonon mode at the K point (K — A}). Both modes have Kohn anomalies at these points in
the Brillouin zone. The result is a unique nonequilibrium state with the electron subsystem in thermal
equilibrium with only a very small subset of the lattice degrees of freedom within 500 fs following
photoexcitation. This state relaxes through further electron-phonon and phonon-phonon pathways on the
6.5 ps time scale. In addition, electronic excitation leads to both in-plane and out-of-plane coherent lattice
responses in graphite whose character we are able to fully determine based on spot positions and intensity
modulations in the femtosecond electron diffraction data. The in-plane motion is specifically a I" point
shearing mode of the graphene planes and the out-of-plane motion an acoustic breathing mode response of

the film.
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The unique electronic properties of graphite, graphene,
and carbon nanotubes have inspired a great deal of attention
for both fundamental and practical reasons with the hope
that these materials will enable high performance carbon-
based electronic devices [1,2]. In graphite and graphene,
these properties emerge from the nature of the electron-
lattice interactions in the highly anisotropic crystal struc-
ture made up of strong, covalently bound hexagonal
sheets of carbon atoms (graphene) that are each weakly
bound together to form the layered structure of graphite
[Fig. 1(b,c)]. These interactions manifest most profoundly
in the electronic band structure, notably the linear
dispersion of the bands near the Fermi level and the
pointlike Fermi surface at K and K’ in the Brillouin zone.
This linear dispersion results in the unique massless carrier
transport properties and high electron mobilities for carriers
near the Fermi level where the electron-phonon coupling is
weak [3]. However, these interactions also manifest in other
very important ways, in particular, through the strongly
anisotropic (momentum-dependent) electron-phonon inter-
action that results from the ineffective screening of the
Coulomb interaction in these semimetals. The most con-
spicuous manifestation of this coupling is the strong
electronic renormalization in the optical phonon bands
(Kohn anomalies) at the K and I" points [4]. The strong
nonadiabatic coupling between electrons and phonons for
these optical K —A,” and T" — E»;» modes makes them
profoundly sensitive to carrier doping [5] and the micro- or
nanostructure (e.g., number of layers, level of disorder) in a
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way that can be exploited through Raman spectroscopy as a
materials characterization tool (through the so-called D
and G peaks that report on these modes) [6]. Interaction
with these specific strongly coupled optical modes (SCOP)
has been implicated as the limiting factor in the high-field
transport of carriers in graphene, graphite, and carbon
nanotubes [4,6-8].

The large body of work on this subject, both exper-
imental and theoretical, speaks to the importance of under-
standing the electron-phonon interactions in graphene and
graphite but also to its complexity. Our work is unusual in
that it focuses on the electron-phonon coupling from the
perspective of the lattice degrees of freedom, rather than the
electronic system or an electronic response function as has
been more commonly the case. Specifically, we probe the
lattice responses to impulsive (35 fs, 800 nm) photo-
excitation using radio-frequency (rf) compressed ultrafast
electron diffraction (UED) [9-11]. The 1.55 eV photons
excite vertical z —z* transitions from the valence to
conduction bands near the K points to optically prepare
a strongly nonequilibrium electron-hole plasma. Previous
experimental investigations of the photodoped, nonequili-
brium carrier dynamics using time-resolved THz spectros-
copy [12] and photoemission spectroscopy [13] have
demonstrated that the initial carrier relaxation is extremely
rapid, with approximately 90% of the deposited electronic
excitation energy leaving the electron subsystem within
500 fs. The strongly coupled K — A} and I' — E,, modes
were implicated as the reservoirs into which this energy
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FIG. 1 (color online). Ultrafast electron diffraction of single
crystal graphite. (a) The specimen normal can be rotated by an
angle ¢ relative to the transmitted electron beam direction.
Transient diffraction patterns are captured as a function of time
delay 7. (b) Unit cell and Brillouin zone of graphite in the x-y
plane. (c) Unit cell and Brillouin zone of graphite in the x-z plane.

preferentially flows, consistent with time-resolved Raman
and vibrational spectroscopy studies of the I — E,, mode
[14,15]. Benefiting here from the dramatic enhancements in
both time-resolution and electron beam brightness that rf
electron pulse compression affords, UED provides a
complementary perspective on the electron-lattice cou-
pling. It enables us to directly probe both incoherent and
coherent aspects of the lattice response in graphite follow-
ing photoexcitation. We are able to directly confirm that
initial carrier relaxation is dominated by the interaction
with the SCOP modes. In addition, we observe coherent
lattice responses beyond the incoherent coupling associated
with the carrier relaxation or cooling, unifying a number of
previous observations.

The single crystal specimens used in this work were
obtained from Naturally Graphite© and were repeatably
exfoliated to thicknesses less than 50 nm using a technique

specimens were mounted on a rotation (¢) stage, allowing
the interrogation of lattice dynamics in both the basal plane
(graphene) and stacking direction [Fig. 1(a)]. When ¢p =0
the electron beam direction is parallel to the surface normal
and the c axis of the graphite lattice. Only Bragg reflections
sensitive to in-plane structural dynamics (2k0) are observed
in this orientation [Fig. 1(b)]. For suitably chosen ¢ # 0,
however, reflections with / # 0 are observed and dynamics
in both the stacking direction and graphene planes are
probed [Fig. 1(c)].

Experiments performed at normal incidence (¢ = 0)
reveal a biexponential behavior of the {110} peak intensity
dynamics. Figure 2 shows data collected after laser exci-
tation for a total absorbed fluence per layer of 59 uJ/cm?.
The normalized intensity suppression is determined to a
statistical precision better than 7 x 10~* (approximately the
size of the data markers) in 10 min of acquisition per time
delay with rf compressed UED operating at 250 Hz [10].
The temporal impulse response function of the instrument
has a width of ~200 fs rms and the number of electrons per
pulse is ~0.1 pC. The dashed line is the result of fitting the
function I = Iy + A;e""/b + Aye™"/" to the data. The
extracted time constants from the fitting procedure are
259 £ 60 fs and 6.5 + 0.6 ps for b, and b,, respectively,
and the extracted normalized amplitudes of the suppres-
sions are 0.013 £ 0.001 and 0.019 % 0.001 for A; and A,,
respectively. An increase in dynamic disorder resulting
from incoherent lattice excitation attenuates the zero Kelvin
intensity of a diffraction peak by the Debye-Waller factor

e M where
sin’6)
M = 8”2<M?>/1—27 (1)
and (u?) is the mean-square vibrational amplitude of atoms

along the direction of the reciprocal lattice vector g,
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FIG. 2 (color online).

Incoherent excitation of SCOP modes in graphite as determined through the Debye-Waller suppression of {110}

peak intensity. (a) Indexed ultrafast electron diffraction pattern of single crystal graphite taken along the [001] direction.
(b) Biexponential Debye-Waller suppression of {110} peak intensity. The laser deposited energy in the electronic system very
rapidly couples to SCOP modes. At longer times, the subpopulation of SCOPs thermalize with lower energy phonon modes as the lattice
comes into thermal equilibrium with the electrons. The overall laser-induced {110} suppression is linear in excitation fluence as shown

in the inset.
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populated modes, time averaging and two-dimensional
isotropic averaging leads to the measured vibrational
amplitude being related to the average vibrational ampli-
tude, ap, of any individual phonon by (a3) = 4(u?).
Classically, the vibrational energy per atom in a specific
mode can also be related to the mode amplitude according
to

A(Eyp) = 2m*ma* Alap), (2)

where m is the mass of a carbon atom and w is the mode
linear frequency. Since the K and I' modes are excited
incoherently, increased population will result in an
observed Debye-Waller-like suppression of the peak inten-
sities rather than a coherent modulation of diffracted
intensity like that shown subsequently. If we assume that
these two SCOP modes are the sole reservoirs into which
electronic excitation energy flows on the < 1 ps time scale,
the extracted biexponential fit parameters (Fig. 2) given
above, together with Eqgs. (1) and (2) indicate that 89% of
the laser deposited energy is stored in the SCOP modes
(where @ = 42.7 THz is the average SCOP frequency [18])
by 7 = 500 fs. This result is in quantitative agreement with
the rate of electronic energy relaxation reported earlier in
photoemission [13] and THz studies [12]. If lower-
frequency modes played an appreciable role in the fast
relaxation, the amplitude of the diffraction intensity
suppression observed here could not be reconciled with
the electronic energy relaxation observed previously. For
example, if the average frequency of the reservoir modes
was 31 THz (approximately the average in graphite at
equilibrium [19]) the observed suppression would only
account for 46% of electronic excitation energy by 500 fs.
The biexponential behavior of the UED data results from
the closing of the SCOP relaxation channel once these
specific modes reach thermal equilibrium with the elec-
tronic system [20], a process that also manifests in
biexponential electronic energy relaxation [13] and related
I' — E,,, phonon frequency shifts [14,15]. The longer time
scale dynamics result in part from further carrier cooling
via electron-phonon interactions with more weakly coupled
mid-to-low energy phonon modes, but primarily the pho-
non-phonon scattering involved in lattice thermalization
(i.e., cooling of the hot SCOP modes in which ~89% of the
excitation energy is stored after 500 fs).

When phonons are excited coherently, the lattice dis-
tortions that arise modulate the electron structure factor
(and by extension the diffracted intensity) and/or the
Bragg-spot positions. Coherent coupling of the photo-
excitation to in-plane and out-of-plane lattice motions were
observed in addition to incoherent coupling to SCOP
modes in these studies. Figure 3 shows the peak intensity
dynamics measured in the {100} family for the same data
set shown in Fig. 2 [the blue and red data in Fig. 3 were
extracted from the corresponding peaks shown in Fig. 2(a)].
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FIG. 3 (color online). Coherent excitation of the transverse
optical shearing mode in graphite. The {100} family of peaks
exhibit oscillatory dynamics, with the (1 —1 0) peak oscillation
out of phase by z with respect to the other peaks. The frequency
and phase of these dynamics are precisely those expected of the
I'point transverse optical shearing mode through its influence on
the electron structure factors [Eq. (3)].

Superimposed on the intensity suppression is a modulation
of intensity measured only in the {100} families. Notice
that the (1 —1 0) peak is out of phase with the remaining
{100} peaks by precisely z. The extracted modulation
frequency—for both the red and blue data—is 1.3 THz (see
inset of Fig. 3). This is in agreement with the measured
frequency of the transverse optical shearing-mode phonon
at the I point [19]. This phonon affects peaks as a function
of the indices & and k because the polarization vector of this
mode points in the transverse direction. Thus, experiments
at ¢ = 0 measures this mode. The anisotropy in the {100}
peak dynamics was investigated by modeling the time-
resolved structure factor of the I'-point phonon:

S('L’) =1+ e—i2n(2h+k/3)
+ e—iZn(h—k/S)Af sinwr[l + e—i2n(h+2k/3)]’ (3)

where Ay is the shear amplitude and w is the shear
frequency. The results of Eq. (3) for selected reflections
are shown in Fig. 3 as solid lines. Equation (3) produces the
correct out of phase relationship between the aforemen-
tioned peaks, while simultaneously predicting the lack of
modulation of the {110} family (consistent with the data
shown in Fig. 2). For completeness, the A-point shear
phonon was also modelled using an eight atom basis (rather
than the four atom basis needed for the I'-point mode). The
A-point mode does not explain the out of phase nature of
the peak dynamics and suggests a much weaker modulation
of peak intensities. All measurements therefore suggest that
a['-point shear mode along the [1 —1 0] real space direction
was coherently excited. The extracted shear amplitude from

235502-3



PRL 113, 235502 (2014)

PHYSICAL REVIEW LETTERS

week ending
5 DECEMBER 2014

6.841
6.82f

o o p‘y%i

e 6 % |

S

6.78F 0 o7 0z 03 04 ! o
requency (THz) ',

6.761 ,, Zos
3

FFT amplitude
o = N W~ O]

6.8}

< !
<674} [
(]

o 0.05]

6.72f :
80 100 120

@
40 60
6.71 ‘..“..\‘ Absorbed Fluence (w/cm?/layer) |

6.68| ® K ]
60000Q0 o 9q ok oS We e osiere
ng}g PR o S0 ]

6.661 Residual
6.64

-10 -5 0 5 10 15 20 25 30
T (ps)

FIG. 4 (color online). Coherent excitation of the thin film
breathing mode in graphite. The c-axis lattice constant exhibits
oscillatory dynamics in addition to simple expansion following
photoexcitation. The oscillatory behavior is best explained
through excitation of the lowest order longitudinal acoustic
phonon quantized by the sample thickness. The measured
frequency of 0.2 THz corresponds to a sample thickness of
10 nm. The overall c-axis expansion is linear in excitation fluence
as shown in the inset.

this analysis is 61 £ 19 fm. Transient reflectivity measure-
ments by Mishina, Nitta, and Masumoto suggest that the
coherent excitation of the interlayer shearing mode is
generated by the z — z* optical transition, and that the
shear direction depends on the laser polarization [21]. This
directionality is directly observed here as an anisotropy in
the diffraction peak intensity modulation.

Experiments performed at a larger angle (/8 > ¢ >
r/4) revealed statistically significant lattice expansion
and coherent phonon signatures. Coherent vibrations and
lattice expansion dynamics have previously been observed
in ultrafast electron and x-ray diffraction experiments [22—
25]. Figure 4 shows the dynamics of the extracted c-lattice
constant following excitation. From experiments on differ-
ent specimen thicknesses it was apparent that the frequency
of the c-axis modulation depended strongly on the gray
scale intensity (thickness) of the specimen when viewed
through an optical microscope. The correlation between
thickness and gray scale intensity was confirmed by AFM
measurements. The measured frequency is thus the lowest
order longitudinal acoustic phonon mode quantized by the
specimen thickness L. Strong excitation of this mode is a
feature of the dynamics in graphite specimens thinner than
the optical absorption length (~140 nm). Since the graphite
is freestanding, open boundary conditions were assumed
and the specimen thickness is extracted using L = v/2f,
where v is the speed of sound and f is the extracted linear
frequency. The vibration shown in Fig. 4 is 0.2 THz and

using the speed of sound of graphite in the stacking
direction [26], the specimen thickness is on the order of
10 nm. The specimen used to collect the data shown in
Figs. 2 and 3 had a frequency suggesting a thickness
of 30 nm.

In conclusion, we have directly determined the incoher-
ent and coherent electron-lattice couplings in graphite
following femtosecond laser excitation using UED.
Within 500 fs, most of the initial electronic excitation
energy has flowed out of the electron system into two
specific SCOP modes, i.e., ' — Ezgz and K — A’l. The result
is a unique nonequilibrium state with the electron sub-
system in thermal equilibrium with only a very small subset
of the lattice degrees of freedom. The coherent shear
excitation also observed here demonstrates the sensitivity
of UED when capturing subtle lattice distortions. Not only
can we extract vibrational periods, but we can localize the
driven oscillation in k space (to a specific wave number and
direction) while simultaneously extracting vibrational
amplitudes approximately 70 times the radius of a proton.
More generally, these results highlight the ability of UED to
directly probe the fastest and most fundamental structural
changes in material systems.
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