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proportional to the projection of the eigenvector on g. In X-ray
scattering in the 0.1-nm wavelength region, this contribution
is fairly simple because it is directly obtained from the phonon
eigenvectors tightly related to the nuclear crystal symmetry. In
the case of the scattering at relatively low energy, and at an
energy close to an absorption edge, F; - g contains much more
information because the structure factor vector Fg; depends
on both the ground and excited electron states. That makes
the experiments more demanding but also provides a means
for the investigation of complex materials and better validation
of the theoretical estimates of the real and imaginary parts of
the scattering factors. In the present case one can assume that,
among the twelve modes of HOPG at each g, the only ones
contributing significantly are the longitudinal acoustic mode
(LA, @gi > c/(q)q) and the lowest energy longitudinal optic
mode (LO, @g; ~ const.) (36-38). The LA dispersion is known

to be strongly anisotropic as the sound velocity ¢; is c( ) -2, 38

meV nm = 3,620 m/s along the unique axis and c/( 2 =171
meV nm = 25,900 m/s on the hexagonal plane, with neghglble
direction dependence (39). Notice that the dependence of ¢;(7)
on ¢ is unknown when its direction is intermediate between
the hexagonal plane and the hexagonal axis. Also notice that in
714(t), we neglect the effect of the finite phonon lifetime (3> 1 ps
from the measured lineshape of the LA and LO phonon modes
(36, 38)) which is much longer than the incident pulse £(#)
duration (= 70 fs).

As a preliminary test of the model, in Fig. 1D, we show a
single exponential fitting to the Ry, data. The fit is adequate
in the whole 7y range explored (almost a factor of two) for both
wavelengths. Besides the expected exponential trend, the most
striking feature in Fig. 1D is the change of Ry, on varying 4g. A

scale factor of 10 is needed to make R, at /1(()2) of the same order

as that at ﬂ(()l). The energy dependence of R, is related to some
relevant physical parameters: namely, the carbon scattering factor
|/5(40)]?, the intensity reduction due to absorption, proportional
to 1/u(Ao), and the sampled region in the BZ Vi (4), so that
Riar O |fil* Viear / . In SI Appendli, Page S2, we discuss how the
possible assessments a priori of the energy dependence of Ry, are
characterized by a limited accuracy. We here demonstrate that the
present investigation can provide solid quantitative information
on the above-mentioned physical quantities, otherwise hardly
accessible experimentally.

For a quantitative analysis, a fitting function to the Ry, data
is elaborated. Since non-linear fitting procedures can produce
apparently good results when several correlated parameters are
present, we made proper approximations to reduce the number
of free parameters. We start from the calculation of Sy (q)
for the LA and LO phonon modes. We add to it the low-¢
prescription S,(g) o (%/2mw,)q*, m being the electron mass
and w, the plasma frequency (40), fixed by comparing to the free
atom contribution. Since, as discussed above, the intensities are
measured in arbitrary units, we rescale these contributions using
proper scale factors for y and for Z;,; /1y from the two phonon
modes; the electronic contribution is also rescaled accordingly.
Since Eq. 3 contains a time-dependent phonon occupation
number, we can use 724;(t) — np(hwg) = nt(r) — n(¢) to
describe its mild growth, because from Egs. 1 and 2, a closed
form can be derived,

. np(heog;) Fy (1)

7,i(t) = 4
q;(t) 1-— VloNq]' fioo f(T)Fg(T)dT [ ]
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dz], where we

with Fy(r) = exp[noNy,C( f f(7)
defined () = p(2)/[p(t) — ] The ﬁt was thus performed

using the following expression:

SCﬂf - Z A

- exp {BeloAj[;zq] +

2713 (hwg;) + 1] [5]

p(tr) ]]
p(y) +1
+ A2 4% e - €0l

where j = 1 and j = 2 refer to longitudinal acoustic and optical
modes, respectively, and A4, is a normalization constant used to
evaluate the (small and fixed) electron scattering contribution, as
described above. The two functions p(#) and 74(¢) are properly
adapted from Egs. 2 and 4 making the following substitution,
which allows for a numerical determination: 79Ny C(qj) =
Iy B.A;, and performing numerically the various time integrations

in Eq. 4 in the range [—t, +17]. For cach phonon mode,

4= Cla)Din(hoy) + 1)

where K and Kj are the two efficiency constants K = n(tf) [ Licar
and Ky = no/ly, while the common growing constant B, =
NyiKo is the same for all phonon modes. We adopted the
phonon dispersion measured in refs. 36 and 38 since a much
larger set of data would be needed to take the phonon energies
as frec parameters. An additional parameter was adopted to
describe the (unknown) ¢;(g) change with g direction in terms
of a smooth function, connecting the experimentally determined
¢; values along the high symmetry directions as asymptotic
values. This model well fitted each dataset, typically about 600
experimental points, at four Ay, €y configurations using only three
free parameters (A4, Az, B,), dependent on the wavelength and
polarization, plus just one fixed parameter to describe the ¢
anisotropy (see SI Appendix, Page S4, for further discussion).
The anisotropy parameter, useful to describe this large body of
data and depending on the sample characteristics only, strongly
supports the present superradiant model of the coherent radiation
scattering: indeed, a possible change in the sample state, produced
by the incoming radiation, could not be described using a
single parameter. No ¢ dependence was assumed for the phonon
structure factor, a choice suggested by the small g range, which is
confined well within about 1/3 of the BZ width. Further details
on the angular dependence of the scattering data are available in

SI Appendix, Page S5.

Scattering Amplitudes, Phonon Dispersion, and Coherent
Phonon Population. The experimental R as a function of # and
1y is shown in Fig. 2, where the good agreement with the model
is evident. Several quantitative information can be extracted by
data ficting and will be described in the following, along with
considerations, based on available data on HOPG, that strongly
support our analysis and interpretation.

The first very important result is the ratio of the growth
coefﬁcients B x N 0( 1/p at 4.74 nm to that at 4.08 nm,

b, = B( )/B( ) It is found b, = 13.64 £ 0.60 and
bes = 15. 17 + 0. 76 with vertical and horizontal incoming
polarization, respectively. These experimental resules are close
to the available estimate of the ratio of the linear absorption
coefficients equal to 16.7 from the free atom theory (41) and
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Fig. 2. (A) Rscqr Vs. Ig at different ¢ (thus, q) for /181) = 4.08nm, ¢g = s.
Blue dots: experimental data; surface: data fitting. (B) Plots of data and fitting
function shown in panel (A) for the specific, sampled scattering angles. Similar
results are obtained for all the other (4, ¢y) datasets.

8.1 from the experimental trends extrapolated from ref. 34; for
further details, see SI Appendix, Fig. S1 and related comments.
That result corroborates the model and introduces an approach
for a quantitative determination of y in bulk materials in this
EUV or soft X-ray range.

The second quantitative result is the ratio of the amplitude
coefficients A at the two wavelengths, which contains C(gj)
and thus information on the phonon structure factor (42), for
the acoustic and optical modes. The ratios, calculated for both
phonons at s and p polarization, give us values close to each
other and of the order of 10 (Table 1), providing quantitative
indication of the strong wavelength dependence of the scattering
factor and polarization factor. On the other side, we find that
the ratios of the A coefficients at s and p polarization, calculated

(1)

for both phonons at Ag " and /182), are significantly closer to
unit (Table 2), indicating a rather small polarization effect on the
amplitudes of the two modes. We recall that at photon energy
close to the absorption edge also the polarization dependence
of the scattering factors shows an energy dependence (43).
It is relevant to notice that the present study can open the
door to the determination of both real and imaginary parts
of £(4o) in complex materials like graphite. Considering the
difficulty of the absolute determination of the linear absorption
coefficient by transmission experiments, and of the scattering
factors by both experiments and theory, the observed effect
opens ways to the study of not only coherent radiation processes

Table 1. Ratios of the amplitude coefficients A at ,181)

and A((Jz) calculated for optic and acoustic phonons (1,2)
at s and p polarization

Arp(2) 1A1p(A5) 1110+ 0.26
Agp (4 )/Az,pu?;)) 11.82 4 0.27
Ars(A5) A5 (45 11.77£0.29
Ags(A5D) /A2 G 8.60 + 0.24
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Table 2. Ratios of the amplitude coefficients A at
the two polarization s and p calculated for optic and

acoustic phonons (1,2) at /1((,1) and /1((,2)

Arp(A5D) /A58 0.7917 + 0.0076
A p (A8 1Ags (A5 0.7606 + 0.0090
Arp(A8) A5G 0.840 + 0.027
Agp(A8) A2 (3 0.553 +0.019

but also fundamental, and hardly accessible, material properties.
Notably, when coherence effects are observed, the information
on f; is contained within both the multiplying coefficient and
the exponent of the trend in Eq. 3, thus providing a more solid
experimental estimate of the scattering factor, also considering
that the growth coefficient B, is common to all the phonon
modes involved.

It is remarkable that, while the scattered intensity is much
lower below the absorption edge, the exponential growth as
a function of the incoming intensity, and hence the effect of
the coherence, remain similar. Indeed, the exponent factors,
proportional to the product of A and B,, are negligibly reduced

(< 20%) at /1(()2) in all the conditions explored. That is in
agreement with the description of Eq. 3 and with what is readily
observed from the trends in Fig. 1D.

From the extrapolation of Ry, at [y — 0, we infer that
the amplitude of Sy (g) has a small angular dependence. That
occurs because the strong anisotropy of ¢;(g) (see the LA phonon
dispersion in Fig. 3, discussed below) produces a decrease of the
scattering contribution from the LA mode (= 1/12) at growing
6, which is compensated by the ¢* increase of the LO part (~
% 5), an effect independent of polarization and wavelength. Some
tests to check for the presence of a structure factor variation
suggest that this contribution is smaller than the sensitivity of the
experiment, &~ 10%.

The observed variation of ¢;(g) is not in agreement with the
trend derived from the graphite elastic constants; therefore, the
system is not equivalent to an elastic solid, even if the crystal
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Fig. 3. Phonon dispersion curves (orange dashed lines) calculated by DFT
in the transferred g region of interest. The vertical lines mark the g range

explored in the experiment with /1(()1) (blue) and ,1(()2) (cyan) excitation. The
phonon dispersion is calculated performing an average over the possible
crystal orientation in HOPG (obtained by rotations about the c-axis). The solid
lines show the dispersion curves extracted by the fitting of experimental data
for the low-energy acoustic (purple) and optical (blue) phonon modes.
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Fig. 4. Phonon temperature versus /y and ¢ calculated from the scattering-
modified phonon occupation number for the LO (blue-to-yellow curve,
increasing at growing ) and LA (purple-to-yellow curve) phonon modes.

fg;(tf) is estimated by Rscqr data fitting for /1(()1) =4.08 nm, ¢y =s.

symmetry is taken into account (39). To have an additional evalu-
ation of the strong anisotropy of ¢;(g) a density functional theory
(DFT) calculation was performed using the exchange-correlation
potential for the gradient approximation of ref. 44 and the all-
electron LAPW (linearized augmented plane wave) DFT code Elk
(45). The calculation has been carried out by performing an av-
erage of the dispersion relations obtained by rotation around the
c-axis. That is necessary because of the random orientations of the
small crystallites on the hexagonal plane of HOPG. In principle,
only the longitudinal component of the phonon modes can con-
tribute to the scattering in the first BZ. Considering the structure
of graphite and the fact that, when the transferred momentum is
not along a high symmetry direction, the phonon polarization is
neither purely longitudinal nor purely transverse, all the modes
tend to contribute here. In Fig. 3, the complex calculated
dispersion curves are shown. A qualitative agreement is observed
with the model of the fit which uses two major modes only. That
result further corroborates both the presented description of the
scattering data and its potential applicability in performing new
kinds of investigations using more extended sets of experimental
configurations. The results show that the experiment can detect
the anisotropic bonding of graphene layers in HOPG, while a
more extended sampling of the scattering volume is needed to
thoroughly assess the aforementioned smaller contributions.
The last remark is on the final phonon state, having the
characteristic of a coherent state with a specific change in the
average occupation number. According to the model, quantita-
tive information on the increase of 74;(#) by scattering can be
extracted from fitting as a by-product. In Fig. 4, we show the
increase of the equivalent phonon temperature 7, as estimated
from 724;(#r). An increase of T; of the order of some hundreds
K is estimated for both modes involved. The 7; trends result
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almost independent of Ag , €. It is important to observe
that the equivalent temperature is just a way to quantify the
growth of the phonon occupation number as it is not the
thermodynamic temperature. Of course, at later times, once the
anharmonic phonon—phonon interaction kicks in, the energy
selectively deposited in such low-g4 hot phonon populations is
redistributed among all the vibrational (as well as electronic)
degrees of freedom of the system, resulting in a much lower final
equilibrium temperature. The different temperatures estimated
for the LA and LO phonon populations reflect the selection rules
for the modes at varying scattering geometry.

Conclusions

In conclusion, we carried out a Thomson scattering experiment
on HOPG exploiting the coherent, ultrashort EUV pulses of
FERMI FEL. Here, we find out the evident, crucial role of
quantum coherence, as the exponential growth of the scattered
intensity upon increasing incident intensity is due to the non-
zero commutator of the annihilation and creation operators
of the radiation final coherent state. The nonlinearity here
paralleling Dicke’s theory of superradiance (24, 25) represents
a direct laboratory observation of coherence of the scattered
EUV radiation, also promoting low-energy coherent phonons
in the marterial, as seen in the exponential trend of do/dQ|,).
The QM description of the process provides a precise picture
of the data, indicating the way to obtain useful information on
the specimen using a wide sampling of the available BZ volume.
The present data already provide quantitative results regarding
the determination of the absorption in bulk materials and the
combined analysis of absorption and scattering factors in the
energy region across the absorption edge, other than the study of
the anisotropy of sound propagation in graphite.

Our results show that the described framework sets the basis
for conceiving EUV Thomson scattering experiments, opening
promising routes for material investigations. These experiments
could provide information on the properties of condensed matter
systems: first, they can give access to basic data, like absorption
coefficient in the EUV, scattering factors in crossing the low
energy absorption edges, and low-¢ phonon dispersion curves in
thin films. Second, they allow exploring exotic effects, like those
produced by superradiant processes triggered by the bright and
coherent EUV FEL pulses, combined with the reduced scattering
volume in reciprocal space.
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