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Surface dynamics of graphite probed by soft x-ray linear dichroism in Auger-emission yield
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Time-resolved near-edge x-ray absorption with Auger-electron detection is employed as a surface-sensitive
probe to study the dynamics of surface atomic motion in graphite upon laser excitation. To this end, ultrafast
changes in photoelectron spectra with a focus on carbon KVV-Auger intensities are used as probe in a pump-
probe scheme with pulsed femtosecond near-infrared laser excitation of a highly oriented pyrolytic graphite
(HOPG) sample. The dynamics of the HOPG surface excitation at the K edge appears as transient change in
Auger yield. Since the directional bond character of carbon is reflected in linear dichroism of x-ray absorption,
the transient angular variation of the 1s — 7 transitions can be used to uncover the laser-induced dynamics of
the atomic surface structure which shows a huge anisotropy upon usage of s- or p-polarized x-ray probe pulses,

respectively.
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I. INTRODUCTION

Graphitic materials as well as carbon atoms have been
subjects of intense physics research for many decades. The
connection between carbon and life sciences, its directional
bond character, pronounced layer structures, the semimetallic
band structure, and other properties of graphitic structures
have inspired many research projects. Here we concentrate
on time-resolved x-ray absorption spectroscopy of highly
oriented pyrolytic graphite (HOPG) by detection of Auger
electrons. This is one of the few methods that are element
specific and surface sensitive. In carbon, inner-shell Auger
electrons are induced by the decay of a K-shell vacancy due to
electron-electron interactions in the valence bands (KVV de-
cay). A detailed analysis of the electron-induced KVV-Auger
spectra of graphite was published by Houston et al. [1], who
took into account the band structure and effects of static and
dynamic initial-state screening.

Graphite has a layer structure with large interlayer sepa-
ration. Thus, it may be considered a quasi-2D solid. Several
groups have performed band-structure determinations for
graphite using different methods [2]; some of the models do
even provide partial electronic density-of-states (eDOS) infor-
mation [3,4]. The 2D character of graphite is related to o -type
electronic orbitals within the basal plane and m-type orbitals
in the perpendicular direction. By changing the target-tilt an-
gle and/or incident polarization direction of an x-ray beam,
linear dichroism (difference in absorption between p polar-
ization, parallel to the scattering plane, and s polarization,
perpendicular to this plane) comes into play. For HOPG this
results in strong angular dependencies for resonance intensi-
ties for K-shell excitation into unpopulated o or 7 orbitals.
Reason is the angular dependence of these resonances from 1s
into the po* or prr* orbitals as given by the specific angular-

*schiwietz@helmholtz-berlin.de

2469-9950/2023/107(5)/054306(12)

054306-1

momentum character of the corresponding transition-matrix
elements [5,6]. A target-tilt method based on this effect was
used for the peak identification in absorption spectra as well
as for the determination of interlayer states [7] and, finally, a
very sharp core-hole excitonic peak [8] was identified.

While the static angular-dependent near edge x-ray ab-
sorption (NEXAFS) in HOPG is a textbook example [5,6];
a short-time dynamics study of NEXAFS is the main subject
of this paper. The valence-electron dynamics of solid carbon
in the presence of a high degree of electronic excitation has
been investigated with fast- [9], as well as with slow [10],
highly charged ions. Many papers on laser-induced emission
of electrons, visible light, and THz radiation are related to
the hot-electron dynamics in graphite. For low photon ener-
gies, multiphoton photoemission (mPP) governs the electron
emission for any solid. Specifically in graphite, thermionic
photoemission due to intraband Auger thermalization (after
5 to 10 fs at moderate laser intensity [11,12]) of electrons
excited into the interlayer band of o symmetry [13] is the most
likely electron-ejection mechanism. While all these studies
are providing only electron-dynamics information, a direct
structural response cannot be clearly extracted. Therefore,
in this work we will use polarization-angle dependent time-
resolved (tr)-NEXAFS of the Auger yield near the carbon-K
edge in order to demonstrate and thereby indirectly investigate
the lattice dynamics at the surface upon strong near-infrared
femtosecond-laser excitation.

II. EXPERIMENTS AND BOUNDARY CONDITIONS
A. Setup and methods

Experimental tests have mainly been performed at the
UE112_PGM-1 [14] and the final pump-probe measurements
at the UE56/1 PGM x-ray beamline [15] of the BESSY II
storage ring of the Helmholtz-Zentrum Berlin using x-ray
energies between 280 and 450 eV. We have used our special
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FIG. 1. Sketch of the experimental pump-probe arrangement us-
ing a quasicollinear overlap (1.4 °) between the laser beam (orange)
and the X-ray beam (blue). Detection of electrons is performed
by a high-throughput retarding Bessel box (RBB) spectrometer de-
signed recently [16]. Corresponding electron optical simulation [16]
is shown as equipotential lines (black and blue lines) as well a bundle
of tracked electrons of equal kinetic energy (green).

electron-timing (ET) setup featuring residual-gas pressures
of about 1.4 x 107! mbar and an electrostatic retarding
Bessel-box (RBB) spectrometer [16] as depicted in Fig. 1
for sensitive Auger-electron measurements (related to a large
detection solid angle and an optimized energy resolution) in
the presence of huge mPP intensities as well as scattered
laser photons. Low-energy electrons are blocked completely,
because only electrons at energies above 90% of the nominal
detection energy may pass the retardation potentials inside the
RBB. Multiple mechanisms lead to an overall suppression of
scattered laser photons by many orders of magnitude. These
mechanisms operate electronically (via time-of-flight restric-
tions), geometrically (requiring a few large-angle scatterings
inside the RBB) and physically (via the vanishing channel-
plate detector efficiency below UV photon energies).

Details of such laser-pump x-ray-probe experiments with
electron detection have been presented in previous papers
[17]. Here, we present an ultrafast dynamic measurement of
this type for K-shell excitation of a graphite surface. Similar
as previous x-ray-diffraction measurements of coherent lattice
vibrations in bismuth [18], the combination of polarization
sensitivity and Auger-electron detection used in this work
sheds light on fast-correlated lattice dynamics at surfaces em-
ploying Auger emission as an alternative probe channel for
structural changes.

In short, we have performed a polarization-dependent
NEXAFS measurement in the Auger channel employing the
linear dichroism contrast of the Is to 7* and o* reso-
nances of HOPG. Setting the NEXAFS photon energies to
the corresponding resonances, we pumped the sample by a
collinear near-infrared laser beam at a wavelength of 800 nm
and pulse lengths of 100 fs full width at half maximum
(FWHM) at a repetition rate of 6 kHz. These nonresonant

s-polarized [17] laser pulses involve a maximum pulse energy
of 0.32 mJ corresponding to a maximum incident fluence of
¢in = 150 mJ/cm? (with an absorbed fraction of only ¢, =
75mJ/cm? at 45° incidence [19]), well below the graphite
ablation threshold [20] of 185 m] /cm2 at normal incidence
(absorbed fluence [19] of ¢us = 123 mJ/cm?). The X-ray
spot projected onto the sample was about 200 x 150 um?
(horizontal x vertical) using a 1200-lines per millimeter grat-
ing for photon-energy selection [15]. The polarization was
selected by using the first harmonic from the Apple II undula-
tor of 30 periods in planar-horizontal or planar-vertical mode,
respectively [15]. The commercial HOPG target from Ad-
vanced Ceramics (serial No. 4357, 12mm x 12 mm x 2 mm
of 0.8° + 0.2° mosaic spread) was cleaved in air and evacu-
ated rapidly followed by annealing up to 850 K. Afterwards,
no surface contaminations could be observed using photo-
electron spectroscopy and Auger analysis. The detection of
a very narrow exciton peak is consistent with a high surface
quality of the HOPG sample, and with its small mosaic spread
mentioned above. The experimental data presented further
below have been mainly taken in a NEXAFS mode using
Auger emission as probe channel for a constant electron-
energy setting of the Bessel-box spectrometer [16] at the
KVV-Auger peak maximum at about 260 eV. Auger elec-
trons in graphite involve an inelastic mean-free-path of about
0.8 nm corresponding to dominant surface-layer sensitivity
[21]. Total-electron-yield (TEY) spectra have been obtained
during the Auger-electron measurements in a standard time-
integrated mode (not sensitive to the laser excitation that is
related to 0.001% of the photon pulses). TEY tests for two
additional target-tilt angles are in accord with previously de-
termined peak positions, intensities, and angular dependencies
for TEY of HOPG [5,7,8].

B. Laser-induced temperatures

This section deals with the determination of the electron
temperature 7, directly after the laser-excitation pulse and of
the subsequent maximum HOPG lattice temperature Tjyice-
Note that we apply two different irradiation geometries for
the tr-NEXAFS experiments, the main subject of this work.
Close to the excitation resonances, the integral Auger count
rates must be kept below 400 kHz to ensure a linear detector
response. For this case we use an incident angle ®,,, of 45°.
Far away from resonance conditions, we enhance the Auger
count rate (by a factor of about 3) by taking advantage of
the magnified excitation yield within the surface layers for
near-grazing incidence irradiation (at 70° as shown in Fig. 1)
further magnified by an enhanced Auger angular-emission
fraction close to the surface normal.

Regarding the temperature determination, two different
computations schemes are applied for characterizing the ef-
fect of individual laser shots on the target, considering the
tr-NEXAFS irradiation conditions. The first method yields
estimated maximum temperatures 7, and Tjyice by using the
absorbed electronic energy density and well-accepted theoret-
ical as well as experimental heat capacities for HOPG. The
second method is based on a conversion of the measured pure
laser-generated total electron-emission rates into maximum

054306-2



SURFACE DYNAMICS OF GRAPHITE PROBED BY SOFT ...

PHYSICAL REVIEW B 107, 054306 (2023)

side view of the
laser refraction
and absorption
profile

HOPG: nH=2.7tO.3

Snell's law of refraction:

n,/n, = sin(e )sin(®,)

w,=2r,_/cos(®,)

as' v

\

V,=05nlr w

H las 1

=0.5n1l,r, w,cos(®,)

=nl,r.  cos(®,)/cos(®,)

FIG. 2. Side view of the laser refraction and absorption profile.
The index V in the plot indicates the vacuum half space above the
surface and the index H indicates the bulk of the HOPG sample.
Considering the refractive index ny = 2.7 of HOPG [19], the absorp-
tion length /5 at A = 800 nm (also taken from Ref. [19]) and Snell’s
law of refraction, the absorption volume Vj is computed under the
assumption of sharp geometrical boundaries of the incident laser
beam (of radius ry,) for the incident tilt angle ®y and the refracted
beam at angle ®p. Numerical results are presented in Table 1.

electron temperatures 7, before the electronic and/or global
cooling phase.

Figure 2 displays the scheme for estimating the HOPG bulk
volume Vg of the absorbed laser pulses, by considering a fixed
absorption length and surface refraction along the formulas
given in the figure. The refraction effect is often neglected but

leads to a significant effect specifically at grazing-incidence
irradiation at wavelengths related to a refractive index clearly
above 1. Numerical results for the two irradiation geometries
at 45° and 70° are given in Table I and also include the angle-
dependent reflectivity of the s-polarized laser beam.

Figure 3 displays heat capacities C(7) in the upper plot
and related laser-induced volume-energy densities dE/dV(T)
in the lower plot as function of the temperature. These heat
capacities include computed electronic heat capacities [22]
[for the free-electron gas (FEG) and for graphitelike amor-
phous carbon (a-C)] scaled to the HOPG electron density as
well as measured total values for different carbon structures
taken from various literature sources [23-26]. The energy-
density curves in the lower plot are directly derived from the
corresponding heat capacities in the upper plot using the equa-
tion 4£(T) = f§ C(T') dT’ as function of T. Provided the
laser-induced absorbed energy density (the y axis) is known
and diffusion of hot electrons may be neglected, the related
lattice and electron temperatures are found on the x axis of
Fig. 3(b). Note that ballistic electron transport in graphite may
exceed a mean-free path of 1 um at room temperature [27]. For
the current conditions, we assume that fast electron diffusion
might reduce the maximum energy density at the surface by
a factor of 2 leading to temperature reductions of 25 to 30%
[see Fig. 3(b)]. For a more detailed estimate, thermal-spike
or two-temperature models could be invoked. Most of the
current models, however, do not consider the graphite layer
structure [22] or replace the electronic properties of graphite
by simplified free-electron estimates [28,29].

The blue curve in the lower plot is extracted from the
integral over the total heat capacity Cio, as function of the
maximum temperature 7;7%% . assuming no significant heat
conduction into the sample and no radiation or electron
cooling after a rapid equilibration of electron and lattice tem-

TABLE 1. Primary and calculated laser-beam parameters related to Fig. 2 and the resulting limits for the lattice and electron temperatures.
The pump laser delivers pulses at a wavelength A, with a time duration of about Ar = 100 fs at a repetition rate of f,., = 6.032 kHz. These
pulses at a pulse energy E,. are incident on the sample at a tilt angle ®y, = ©,,, with respect to the target-surface normal (see Figs. 1 and 2)
and they are always s-polarized. For crystalline graphite and Ao = 800 nm, the refractive index is ny = 2.7 &= 0.3 and the absorption length is
Iy = 1/a = (43 = 7) nm [19], equivalent to 64 graphite layers at normal incidence. The atomic volume density of HOPG and also the density
of occupied 2pr electrons (corresponding to 1 electron per atom close to the Fermi level) is dn/dV = 1.1335 x 10% atoms/mm?.

Incident angle ®y 45° 70°

Laser power P 0.94 W 1.96 W

Incident energy Epyise 0.156 mJ 0.325 mJ =P/frep

Projected cross section A;, (0.105 £ 0.015) mm? (0.216 £ 0.030) mm? = Ajas/cos(Oy)

Incident fluence per pulse ¢;, 149 mJ /em? 150 mJ /cm? = Epuise /Ain

s-polarization reflectivity R; 0.45 4+ 0.04 0.67 +0.03 from Ref. [19]

Absorbed pulse fluence @, (82 £ 11)mJ/cm? (50 &£ 7) mJ /cm? = (1 —Ry) ¢in

Refracted angle Oy 15.2° £ 1.4° 20.4° £1.9° see Fig. 2

Energy absorption volume Vy 4357 um? 8705 um? = IyA;, cos(®y); see Fig. 2

(19.7 £ 3.6)J/mm?
(1 085 & 200) meV
4572 K [No. 2]

18 713 K [No. 5]

< 5560K

Volume energy density dE/dV
Valence electronic energy E, ),
Max. lattice temperature®
Max. electron temperature®
Peak electron temperature®

(12.3 £2.5)J/mm? = (1 —Ry) Epuse/ Vi

(677 £ 140) meV =%/ 01" 0
3323 K [No. 1] from Fig. 3
15390 K [No. 4] from Fig. 3
< 5510K from Fig. 4

#Assumes prompt coupling to the lattice. No. 1 and No. 2 are related to the markers in Fig. 3.
®Assumes slow coupling to the lattice. No. 4 and No. 5 are related to the markers in Fig. 3.
“Derived from electron-emission yields for a hot-phase duration exceeding 50 fs.
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FIG. 3. Thermal properties of carbon as function of an equilib-
rium temperature 7. The two green curves in the upper plot represent
computed electronic heat capacities of the free-electron gas (FEG)
and of graphitelike amorphous carbon scaled to the HOPG density,
taken from a previous ultrashort-time investigation [22]. Other curves
in the upper plot show the total heat capacity Cy of liquid and
solid carbon types, by different research groups [23-26]. These
results coincide at lattice temperatures above 500 K. The gray and
yellow bars indicate temperature regions where soft carbon types
are converted into graphite and where melting starts, taken from
the three most recent experimental data [26]. The lower plot shows
corresponding curves of the energy density as function of 7 as well
as five markers that indicate thermal parameters that are important to
our experiments (see text and Table I).

peratures. The blue circles marked [No. 1] and [No. 2] (see
also Table I) stand for the maximum possible lattice tem-
peratures at ©,,. = 70° (used for s-polarized x rays) and for
45° (used for p-polarized x rays), respectively. The computed
temperature difference between the 45° measurement and the
70° data is mainly due to angle-dependent variations of the
surface reflectivity (see Table I) for the s-polarized laser beam.
The red circle marked [No. 3] displays the ablation threshold
[20], corresponding to a volume-energy density of 30J/mm?
at Tlaice = S510K.

The green (dashed and dashed-dotted) curves in Fig. 3(b)
display the relation between dE/dV and the maximum elec-
tron temperature 7,"** for a free-electron gas and for a
graphitelike electronic band structure assuming short times
after the laser pulse without significant coupling of electronic
energy to the lattice. The green markers [No. 4] and [No.
5] relate to the same experimental conditions as the markers
[No. 1] and [No. 2] but stand for the maximum possible
electron temperatures (7,™ = 15 390 and 18 713 K; see also
Table I), respectively.

Figure 4 display estimates for the relation between elec-
tron temperature at the surface and electron emission yield
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FIG. 4. Determination of the electron temperature from mea-
sured target-electron currents. Experimental electron-emission data
corresponding to the two investigated cases are N, = 1.89 x
100 e~ /pulse for the incident angle ®,,, of 70° (P = 1950 mW) and
1.06 x 10° e~ /pulse for ®,,, = 45° (P = 925 mW). Results of the
Richardson equation for thermionic emission are shown for these
two experimental conditions and for two extreme-cooling scenar-
ios. These scenarios are an ultrafast cooling with v =50 fs and
alternatively very long HOPG electron-phonon equilibration times
of T = 5 ps. Crossings of the horizontal solid lines representing the
above experimental data and the Richardson curves (dashed lines)
determine the effective electron temperature during time t (see text).

per laser pulse, based on the Richardson formula [30,31]
for thermionic emission. We describe the number of ejected
target electrons per pulse N, as a thermionic emission using a
slightly modified Richardson equation:
Ne= Ain - Criod - Te + T? -exp(—ﬂ).
¢ kg -T,

Here, A;, is the projected laser-beam cross section (see
Table 1), Cpoq = 3.74 x 10** e~ /s/m?/K? is an effective
Richardson constant considering a 50% space-charge suppres-
sion [17,30], ¢ sy is the work function of HOPG (4.55 eV)
increased by a band-structure offset (1.8 eV) adjusted to the
populated eDOS [22] of the semimetal, 7, is the time duration
at the elevated electron temperature T,. It is noted that the
Richardson equation is often used at constant target tempera-
ture for the determination of work functions. As can be seen
in Fig. 4, this formula yields an extremely steep increase of
the ejected electron rate as a function of electron temperature
(below 70 000 K, where the exponential function is far below
its limiting value of 1). The time duration in the formula
depends on the laser pulse length as well as on the efficiency
of electron-cooling processes. T, must be clearly above the
carbon KVV-Auger decay time of 11 fs, where no significant
coupling to the lattice has been observed [9,22]. Thus, the
shortest duration to be considered is t, = 50 fs, half the laser
pulse length and as an upper limit we have chosen a typical
slow electron-phonon relaxation time of a few picosecond.
One can see that the steepness of the curves compresses

054306-4



SURFACE DYNAMICS OF GRAPHITE PROBED BY SOFT ...

PHYSICAL REVIEW B 107, 054306 (2023)

this time variation of a factor of 100 down to an electron-
temperature variation of only 25%. The computed electron
yield is equal to the experimental one at the crossing of a
steep thermionic emission curve and the corresponding exper-
imental value (horizontal line). In this way, one may extract
electronic peak temperatures of 7" = 4240 K assuming
Te = 5000 fs and T** = 5540 K assuming 7. = 50 fs.
The last rows of Table I summarize the parameters and tem-
perature results from Figs. 2, 3, and 4 used to characterize the
pump-probe experiments described further below.

Using consistency considerations, one may further improve
the accuracy of the temperature determination and derive an
estimate for the electron-phonon coupling time. The maxi-
mum electron temperature must exceed the maximum lattice
temperature, because the laser energy is initially transferred
to the electron system and only afterwards dissipated to
the lattice. The largest computed lattice temperature (from
Figs. 2 and 3 and Table I) is shown by the blue arrow in
Fig. 4. This consistency check would limit the acceptable
time and temperature ranges only if fast electronic diffu-
sion can be neglected. Otherwise, both arrows would shift
to lower temperatures. However, if the green markers [No.
4] and [No. 5] for the electron temperature without electron-
phonon coupling and without diffusion in Fig. 3 (>15 000 K)
are considered, it follows that the electron-phonon coupling
time should be close to the laser pulse length to restrict
the (indirectly measured) electron temperature to about 5500
K. Thus, we assume a high-temperature duration of 7, = 50
to 200 fs corresponding to electronic peak temperatures of
about T** = (5300 £ 250) K and similar electron-phonon
coupling times Te.ph. The expected range of Te.py is in reason-
able agreement with the literature values of 250 fs [32,33],
180 fs [34], and about 100 fs [35] (at A = 800 nm) for cooling
via strongly coupled optical phonons at moderate to high
laser-power density in HOPG. At very low pump power t,
may exceed 1 ps [36]. It seems that the current literature
data do not allow for a distinction between the importance
of electron-phonon scattering related to the kinetic electron
energy or cold melting [37] involving the potential energy
of electronic holes. The fact that electron cooling seems to
be faster at high laser-energy densities, however, points to an
influence of nonlinear effects in the initial cooling phase.

III. RESULTS AND DISCUSSION

A. Static electron spectra and pump-probe alignment

Figure 5 displays two HOPG reference electron spectra in
the electron-energy range of 0 to 470 eV for linearly polarized
x-ray light at 450 eV and two polarization directions. The
electron spectrometer was placed in the horizontal plane at
90 ° with respect to the incident x-ray beam. These experi-
ments have been performed at an incident angle of ®,,, = 45°
with respect to the target-surface normal for two linear polar-
ization directions. The spectra are dominated by structures due
to photoionization of the K shell (K-PI) and the valence band
(V-PI) as well as a broader structure due to KVV-Auger tran-
sitions at about 260 eV. At the low-energy side, each of these
three structures is accompanied by a smooth background due
to individual electron-energy losses and by a superimposed
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FIG. 5. Nonresonant wide-scan survey spectra of ejected elec-
trons due to linearly polarized x-ray light on HOPG at an incident
energy of 450 eV (electron-energy resolution AE/E = 3%, no laser
excitation). The two spectra have been taken for horizontal (in the
scattering plane or p) and vertical (out-of-scattering-plane or s) po-
larization directions. The missing linear dichroism of the Auger peak
proves that the cross sections for excitation into final high-energy
continuum states far above any resonance do not depend on the po-
larization direction. Inset: These data have been taken under similar
conditions as the blue curve in the main plot, but with laser pulses
on the target. The open blue diamond symbols show quasiunpumped
electron signals that are gated with synchronous laser pulses arriving
long after an x-ray pulse. The light-blue solid curve is derived from
an intensity scaling of the corresponding ungated reference spectrum
(as in the main plot) that has been measured simultaneously. Solid
black symbols represent the pumped situation where the laser pulse
hits the target slightly before an x-ray pulse. The scaled ungated
reference spectrum had to be shifted by 1.1 eV towards higher energy
(dashed gray curve) in order to fit the pump effect.

peak due to collective plasmon energy losses (w,; = 25¢eV).
Close to zero energy there is the sharp cascade peak incor-
porating the low-energy analog of individual electron-cascade
processes.

The Auger peak does not depend on the x-ray polarization
direction because the nonresonant K ionization at high photon
energies (450 eV) does not involve any preferential direction
in the ionized carbon atom and the decaying ls state leads
to a constant (nearly spherical) Auger-electron production.
This is different for photoionization. An electric-field vector
in the electron-detection direction leads to a strong inten-
sity enhancement in this case. This can directly be seen in
Fig. 5, where the effect of p polarization (towards the electron-
detection angle) is shown in the upper (blue) curve. For s
polarization (the lower pink curve), primary electron emission
occurs within the basal planes of HOPG, as follows for 1s
and two 2s electrons directly from the atomic dipole-selection
rules. Thus, subsequent scattering inside the bulk and surface
is necessary for ejecting a fraction of these electrons also
towards the spectrometer [38].
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The inset in Fig. 5 shows the KVV-Auger peak of the
same HOPG sample for p-polarized x-ray light at 450 eV
using a linear count-rate scale. This plot serves as a check
of the pump-probe alignment in time and space. It includes
three different datasets and one fit. The symbols show two
measurements (partly with statistical error bars) related to a
specific bunch within the gap of the synchrotron fill pattern
(the so-called camshaft bunch) accompanied by synchronized
shots of the excitation laser at a laser power of 946 mW, at two
different delays. Note that the production of the required pulse
energy (up to nearly 0.4 mJ for the dynamics experiments dis-
cussed later) is not available at the synchrotron repetition rate
of 1.25 MHz and the corresponding high average-absorbed
power would lead to unwanted heating of the HOPG sample
surface. Thus, we are using a constant laser-repetition fre-
quency of 6 kHz throughout this work. Each Auger-electron
signal was gated with the trigger of the actively synchro-
nized laser such that direct detection of scattered photons is
suppressed for a few nanoseconds and subsequent electron
counts are accepted for the next 20 to 100 ns (depen-
dent on the selected electron-energy range). Technically, this
was done with standard NIM electronics modules involving
mainly an amplifier, a constant fraction-signal discrimina-
tor, a digital delay generator, a time-to-amplitude converter
for deriving time spectra, and a single-channel analyzer for
selecting a specific timing condition. These gated pulses as
well as the ungated pulses from the discriminator are sent
to the data acquisition system together with other secondary
data.

The blue diamond symbols in the inset show quasiun-
pumped electron signals, where laser pulses arrive long after
an x-ray pulse (with a delay of 300 ps) and Auger electrons
are far away from the surface when the slow electrons are
generated by the femtosecond-laser pulse. The light-blue solid
curve is derived from an intensity scaling of the corresponding
ungated reference spectrum that has been measured simulta-
neously. This curve involves extremely low statistical errors,
since it stems from continuous electron counting (as the blue
curve in the main plot), with only one laser shot every 6 x 10*
x-ray pulses. To within the error margins, the intensity scal-
ing is consistent with the corresponding current ratio of all
bunches vs the gated ones.

Gating the emitted Auger electrons with a laser pulse that is
followed by an x-ray pulse after about 60 ps leads to the results
displayed by the black square symbols denoted pumped in the
inset. The underlying dashed-gray curve is an intensity-scaled
curve, similar as the blue one. The gray curve, however, has
been shifted towards higher energy by about 1.1 eV to fit the
pumped data. This well-known space-charge shift is related
to the large number of low-energy laser-generated electrons
that accelerate the Auger electrons in the vicinity of the sur-
face towards even higher energy [17]. The space-charge shift
allows for an optimization of the spatial overlap of laser- and
x-ray beam and it indicates a reasonable setting of the laser
delay. The timescale calibration via this space-charge effect
clearly exceeds the precision of our initial calibrations by
detecting both beams with an avalanche photodiode. Before
turning to the HOPG solid-state dynamics using pump-probe
NEXAFS, static NEXAFS properties are presented in the next
section.
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FIG. 6. NEXAFS spectra obtained from the KVV-Auger elec-
tron count rate normalized to the energy-dependent incident photon
intensity (®,,, = 45°) and after subtraction of a small photoioniza-
tion background due to valence bands. Both spectra are taken from
the same HOPG crystal surface after cleaving and mild annealing.
Squares (blue) are related to p-polarization and diamond symbols
(red) stand for s-polarized x rays. The inset displays two HOPG
surface layers (atom symbols in dark gray), incident x rays at a
polar angle of 45° with two linear polarization directions (blue and
red wave symbols) and the Auger-electron detection direction at 45°
(green arrow). Furthermore, the spatial direction of the 7 * orbital is
depicted as small arrow, whereas the o * orbitals are confined within
the orthogonal (basal) plane [6].

B. Static NEXAFS spectra

Figure 6 displays static NEXAFS spectra from HOPG
for s- and p polarization at the carbon-K shell, taken at a
photon-energy resolution of 43 meV [14]. In order to be
most sensitive to structural details in the uppermost surface
layer, the valence-electron background of <3% due to pho-
toionization from deeper layers has been subtracted from the
raw data using the measured peak shape of the valence-band
photoionization. The NEXAFS spectra show several peak
structures, and the dominant ones are due to excitation of the
pr* resonance and superimposed eDOS maxima of different
symmetry near the po * threshold (o contribution ~30% [4]).
Slightly below this threshold, at the energy of about 291.6 eV,
the well-known peak due to core-hole excitons is visible as a
narrow line in both spectra. For the linewidth we determine
a FWHM of 0.47 eV, in accord with the literature value of
0.5eV FWHM [8].

The inset in the figure illustrates the effect of polarization
on the excitation probability of the p7™* and po* resonances.
As the pr* resonance in Fig. 6 is a separated peak without
any admixture of different partial waves, we will focus on
this specific peak at 285.3 eV. X rays with p polarization
correspond to blue wave symbol indicating electric-field os-
cillations inside the scattering plane (see inset). Dependent
on the polar angle ®,,, these incident x rays involve an
electric-field vector component along the spatial 7 * direc-
tion. The modulus square of the corresponding transition-
matrix element is proportional to I;«(®,,.) ~ sin?(®,,,) and
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FIG. 7. Near-resonant absorption spectra (similar to Fig. 6) de-
rived from the KVV-Auger electron count rate by normalization to
the incident photon intensity (at ®,,, = 45°) and after subtraction of
a small photoionization background due to valence bands. Closed
symbols stand for the crystalline HOPG surface (after cleaving)
and open symbols represent the effect of damaged surface layers
(amorphization due to low-energy Ar-ion irradiation). Squares (blue)
are related to p-polarization and diamond symbols (pink) stand for
s-polarized x rays.

describes the excitation yield [5,6]. Contrary, an s-polarized
x-ray beam involves no electric-field component in the prr* di-
rection, and absorption as well as the resulting Auger yield are
significantly suppressed. This theoretically expected strong
dichroism of the pm* resonance is in very good agreement
with our two spectra in Fig. 6, where we find a suppression by
up to a factor of 70 for s polarization (red diamond symbols)
compared to the p-polarization case (blue square symbols).

The spectra displayed in Fig. 6 have been obtained for
HOPG after cleaving and moderate annealing for two x-ray
polarization directions. These spectra correspond to atomi-
cally clean surfaces with a nearly flat crystalline structure.
Exactly the same spectra are displayed also in Fig. 7 with solid
symbols. For comparison to these crystalline HOPG results,
spectra for the amorphized surface (after in situ irradiation
of the HOPG sample with 3-keV Ar ions and subsequent
mild annealing for outgassing of implanted Ar atoms) have
also been taken. The amorphized surface (defect-rich on an
atomic scale) leads to a strong and asymmetric smearing out
of all peaks and also to some peak shifts. Under this condition,
the core-hole excitonic peak vanishes even completely. Most
striking, however, is the behavior of the pr* resonance yield.
The corresponding ratio for s- over p polarization of the x
rays (linear dichroism) is reduced from 70 to about 2.7 for
the damaged surface layer. This shows that atomic disorder
(related to the surface roughness) degrades the polarization
sensitivity of the Auger yield significantly.

C. Dynamics under laser excitation

At this point, we were wondering whether nonresonant
high-power laser irradiation is capable of influencing the pr*
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FIG. 8. Two-dimensional contour plot of the measured electron
yield at the Auger maximum vs x-ray probe delay and photon energy.
The plot includes 816 data points and has been taken during a contin-
uous data acquisition over 5.5 h. These raw data have been obtained
for a laser power of 1.9 W (¢, = 146 mJ/cm?) and for s-polarized
x-ray light at grazing incidence (®,, = 70°). Clear effects due to
the laser-induced excitation are visible at and beyond #4..y = 0 (see
text).

bond direction on short timescales, which we monitor via
the resonant dichroic signal with nearest-neighbor bond-angle
sensitivity. Before we present and discuss the corresponding
pump-probe measurements, however, we try to shed some
more light on the laser-induced excitation and equilibration
processes in HOPG at our experimental conditions. As dis-
cussed in the section on laser-induced temperatures, the target
was always kept clearly below its ablation threshold [20], and
no indication of a permanent target modification or macro-
scopic temperature effects was observed (no modification of
Auger or photoelectron spectra, no visible surface structur-
ing at the laser spot, no pressure rise, no time variations of
target current or electron signal). Regarding the electronic
motion, we extract a peak electron temperature of 7/ =
(5300 £250) K, for a time period of 7. =50 to 200 fs
consistent with literature values (see Sec. II B). This temper-
ature is very small compared to the (extremely large) Fermi
temperature of HOPG (=200 000 K) and correspondingly
the resulting populated band structure yields no significant
deviations from its density of states times the Fermi-Dirac dis-
tribution, even at local electron temperatures up to 60 000 K
[22]. The only known irregularity in graphite at slightly lower
electron temperatures is a sudden drop of the electron trans-
port cross section above 35 000 K [22]. A similar robustness
of the band structure has also been found for other metals such
as, e.g., Be, in strong contrast to the diatomic insulator BeO
[39]. Thus, for our semimetallic graphite crystal, we expect
no direct electronic effects inside the sample on timescales
beyond a few 100 fs, where electron and lattice temperatures
are in equilibrium.

Figure 8 is a color-coded two-dimensional time-resolved
NEXAFS plot of the electron yield at the kinetic electron
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energy of about 260 eV as function of photon energy E,
vs pump-probe delay. It shows three different spectral fea-
tures: resonant core-hole excitonic Auger emission, resonant
pr™ Auger emission, and valence-band photoionization. More
detailed, these features are (i) ls-absorption structures in the
Auger yield above E,; =290 eV due to final 7* states, o*
states, and specifically core-hole excitons; (i) KVV-Auger-
electron emission for excitation of the pm* resonance at an
excitation energy of 285.3 eV; and (iii) photoionization of
valence-band electrons for a fixed final-state energy (with
the fully populated 250 band [22] distributed around E,;, =
279 eV). Measurements have been performed at grazing in-
cidence (®,,, = 70°) with s-polarized X-ray light and laser
pulses of an energy of 0.31 mJ focused into a spot of about
0.8 x 0.27 mm? (horizontal x vertical) on the surface (inci-
dent fluence of ¢;, = 146 mJ/cm?, absorbed fraction [19] of
Guaps = 42mJ/cm?). It turned out that this relatively high-
energy density, a factor of 3 below the ablation threshold [20],
was necessary for achieving significant pump-probe effects
and we did not observe any indications for modification of
the surface quality even after long-lasting exposure.

It can be seen that photoionization features a 20% inten-
sity drop at around 7 = 0, when the femtosecond laser is
interacting with the target. Within a time duration of about
100 ps such an effect is expected, since space-charge ac-
celeration [17] by slow laser-generated electrons shifts the
valence-band photoelectrons (peak V-PI in Fig. 5) further
beyond the selected kinetic electron-energy of 260 eV. Such a
prompt suppression is not directly visible for the two Auger-
decay structures in Fig. 8 since a kinetic-energy shift of
about 2 eV leads only to intensity changes of a few per-
cent for the chosen Auger-detection energy at the flat top
of the peak (cf. inset Fig. 5). Contrary to such a short-time
suppression, the Auger intensities of the core-hole exciton
peak and of the pm*-resonance excitation are rising signif-
icantly for t+ > 0. The pm* resonance involves an intensity
enhancement by about 25%, pointing to a modified pm*
bond direction, and there is an additional strong asymmetric
broadening of the corresponding resonance spectrum. De-
spite additional features, we will focus in the following on
the strength of this transition from the 1s state into the
prr* resonance.

Figure 9 displays the delay-time dependence of the pr*
resonance absorption for the two different directions (s and
p) of linear x-ray polarization. The solid curves show least-
square time-distribution fits including a convolution with a
Gaussian resolution function represented by a root-mean-
square width of ogass = (26 £2) ps that agrees perfectly
with the measured bunch length of the BESSY II electron-
storage ring of (25.7 £ 1.5) ps (determined with a streak
camera for the used hybrid bunch during our main experi-
mental campaign). The fits are based on an exponential decay
function with positive amplitude for s-polarized x rays and
negative amplitude for p-polarization, respectively. This decay
function is superimposed on a biased residual resonance yield
and modified by a slightly asymmetric cusp-shaped func-
tion representing an intensity reduction due to space-charge
shifts. The corresponding energy detuning is shown in Fig. 5
(inset) and leads to slightly reduced measured Auger-peak
intensities and to the significant reduction of the photoion-
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FIG. 9. Transient KVV-Auger intensity (Ey, = 260eV) vs x-
ray time delay with respect to the laser pulse, taken at the pm*
resonance energy for fixed incident laser flux ¢,,. Upper sym-
bols (blue squares): measurements for a laser power of 0.94 W
(¢in = 149 mJ/cm?) using p-polarized x rays at 45°. Lower symbols
(pink diamonds): near-grazing incidence measurements for a laser
power of 1.96 W (¢, = 150mJ/cm?), but with s-polarized x rays.
Pure data-acquisition time for both sum spectra was 3.5 h without
the time for additional alignment checks and for the measurement of
auxiliary data (e.g., target currents and detector noise) in between.
Solid curves are fits to the data and are described in the text and the
dashed curves indicate the (convoluted) contribution of space-charge
acceleration.

ization yield in Fig. 8. The shape of this function has been
extracted from previous space-charge investigations on Cu
Auger and photoelectron lines [17] and is rescaled to the
C-KVV Auger-electron speed (dashed curves in Fig. 9). Time
zero is defined by the negative space-charge peak maximum
without the bunch-length convolution [17]. Furthermore, a
small time shift of the onset of the exponential decay function
was allowed for in the fit.

The lower experimental dataset for s-polarized x rays is
similar to a cut through the 2D distribution in Fig. 8 for the
fixed excitation energy of 285.2 eV. In Fig. 9, however, a
slightly larger power of the femtosecond pump laser has been
used and 30 individual time spectra have been summed up
(instead of only 3). It is clearly visible that the relative count
rate is increasing by (18.7 &£ 1)% after the laser excitation at
time #9. Beyond about fg.1.y = 200 ps it is relaxing slowly
[a least-square fit results in an exponential decay time of
Aty = (4700 £ 800) ps] towards the constant baseline at the
yield of 0.040. Note that we found a similar steplike increase
by (16 = 5)% as well as decay time for a few test spectra
obtained at lower laser power (940 mW, ¢;, = 150mJ/cm?)
for the target-tilt angle of ®,,, = 45°. Thus, the pump effect
seems to scale with ¢;,, the laser energy density on the sur-
face. The space-charge effect is consistent with a maximum
Auger-energy shift of AEgc = (4 = 1) eV for the lower curve
in Fig. 9.

The upper experimental dataset has been obtained with
p-polarized x-ray light for the same geometry as in Figs. 6

054306-8



SURFACE DYNAMICS OF GRAPHITE PROBED BY SOFT ...

PHYSICAL REVIEW B 107, 054306 (2023)

and 7 (O, =45°). Note that 25 individual spectra have
been summed up and the incident x-ray flux was significantly
reduced for this case in order to avoid count-rate saturation
effects. The time-dependent count rate is decreasing by about
(7.5 & 0.7)% after 1y and relaxes with a decay time of Az, =
(315 £ 30) ps back to its undisturbed value. A space-charge
shift AEsc of the carbon KVV-Auger structure has directly
been measured under similar conditions, using the method
described previously [17] (see Fig. 5 inset). The correspond-
ing intensity reduction of Al/I = (—1.3 £ 0.6)% is shown as
(blue) dashed curve.

Probably the most striking observation from Fig. 9 is
the laser-induced increase of the pm* resonance yield for
s-polarized x rays, in contrast to the yield reduction for p
polarization. Thus, the x-ray linear dichroism is significantly
reduced after the laser pulse. Such a transient behavior points
to laser-induced dynamics of surface atoms, which is probably
dominated by atomic displacements of surface atoms along
the ¢ direction [37]. The relative effect is by far not as strong as
the influence of static surface amorphization (see Fig. 7), but
it shows the same trends. The asymmetric energy broadening
of the pm* resonance (an extension towards higher photon
energies) observed for the laser-induced profile of the line in
Fig. 8 is also found for the defect-rich surface (even at both
polarization directions in Fig. 7). Since electronic effects can
be ruled out (see the discussion at the beginning of this section
as well as Sec. II B), the subsequent interpretation of the pr*
resonance excitation and decay will focus solely on lattice
dynamics effects.

The thermal conductivity is extremely anisotropic with
about «p, = (1900 £ 100) W/(K m) inside the HOPG basal
plane in comparison to k. = (8§ = 1) W/(K m) along the
principal axis ¢ at room temperature and both values are
nearly a factor of 2 lower at the estimated high lattice tem-
peratures [40,22]. A survey of the lattice-heat relaxation
channels indicates that the low thermal conductivity in the
¢ direction determines the initial cooling time of about 7 ns
from the surface to the cold bulk region beyond the depth
of about 40 nm increased by an electron-diffusion distance
of the same value. This estimated time agrees reasonably
well with the experimental relaxation time of about 5 ns
for the lower curve of Fig. 9. It does, however, significantly
overestimate the relaxation time of the upper dataset for
p-polarized x rays, which will be discussed at the end of
this section.

Not only the thermal conductivity in graphite is
anisotropic, but also the thermal expansion. At our maximum
lattice temperatures, one expects an increase of the lattice ¢
spacing by about 12% [41,42], whereas the variation in the
basal plane is far below 1% (with a temperature-dependent
sign) [41]. According to theory, the HOPG layer structure
should lead to strong atomic out-of-plane oscillations at el-
evated temperatures [37] and such oscillations have also been
found in recent experiments [33]. These oscillations break the
crystal symmetry at the surface and explain the significant
influence of the laser pulse on the resonant KVV-Auger yield,
as seen in Figs. 8 and 9.

The speed of sound along the ¢ axis in HOPG is 4140
m/s at room temperature [42] and 2300 m/s near the melting
point [26]. This corresponds to a transport of a laser-generated

sound wave to the absorption edge ins space (corrected for fast
electron diffusion) and back to the surface within about 60
ps. This is also consistent with results of a 1D simulation de-
scribing a compressive strain wave leaving the HOPG surface
in the bulk direction with additional signatures of multiple
dynamic reflections inside the bulk (at delay periods of 40 to
60 ps) [42]. Such strain waves from deeper below the surface
might trigger a correlated surface motion and amplify out-of-
plane oscillations. This could be the reason why our fit for the
s-polarized case in Fig. 9 yields a clear time difference Aty
of (50 £ 10) ps between the prompt space-charge suppression
[17] and the onset of the Auger-intensity increase. For the
upper curve (s-polarization) in Fig. 9, an accurate time shift
cannot be extracted in a reliable way. A separate fit indicates
a slightly smaller shift for this curve, but because of too-large
statistical uncertainties we kept the delay of 50 ps also for
this fit function. With this evidence for a time shift, one may
check the 2D plot in Fig. 8 once again. In that plot, time zero is
clearly marked by the intensity minimum of the valence-band
photo ionization. An analysis shows that the center of the
rising slope of the pm* resonance Auger yield is delayed
by (55 £25) ps also in this dataset. These agreements be-
tween measured delays and computed reflection time suggests
that delayed strain waves might trigger the resonant dichroic
signal. It is, however, also conceivable that an accumulation
of specific surface-vibration modes or of nucleation sites at
the surface (similar to superheating) is responsible for the
observed delay.

Finally, in connection to Fig. 9 we analyze intensity
difference and relaxation-time variations for p-polarized vs
s-polarized x rays. Strain waves and/or thermal motion are
shaking the HOPG surface atoms in two independent direc-
tions [33,37,42]. This leads to transient local surface slopes
parallel to the beam projection at angles ¢,,(¢) and also perpen-
dicular to the scattering plane at angles ¢,(¢) with respect to
the basal plane. Such laser-induced slopes influence the reso-
nant prr* excitation yield dependent on the linear polarization
direction

(1) For an s-polarized x-ray beam, the electrical-field vec-
tor lies inside the basal plane, perpendicular to the projected
light direction. Thus, there is no overlap with the pmr* orbital
direction and for a perfectly aligned and flat surface (no sur-
face defects, no zero-point or thermal atomic displacements)
the corresponding Auger yield is zero, as follows from dipole-
matrix elements. A slope parallel to the beam projection does
not influence the Auger yield (it stays zero), but any perpen-
dicular slope at an angle ¢, leads to the well-known excitation

yield [5,6] given by I;;Tpfl(%) ~ sin’g;.

(2) For a p-polarized x-ray beam one expects
an excitation yield of the pm* resonance given by
I,’;@"I(Gm, + @p, 5) ~ cos’a, with the squared angular
mismatch o = (O + ¢, —90°)? + ¢2. At  extreme

grazing angles ®,, this expression simplifies strongly.
Our setup, however, did not allow for choosing values of ®,,,
significantly beyond 70°.

Note that the above equations neglect electron-transport
effects [43,44], but the corresponding influence on the results
will be overshadowed by the dominant first-layer contribution
of carbon KVV-Auger emission and sharp angular structures
will be smeared out by the large detection solid angle of our
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RBB spectrometer [16]. A simulation based on independent
harmonic variations of local slopes in the s- and p directions
using the above formulas with equal amplitudes ¢™* = ¢}
yields the following results:

(1) A slope amplitude for the transvers direction is ob-
tained from fitting the simulated normalized excitation growth
ALY ! /Iﬁ;’igl to the experimental value for s-polarized x rays
at 70° incidence. A mean value of ¢ = 6.6° is obtained
for the normalized experimental intensity rise of +0.75% in
Fig. 9 (corresponding to Tiyice &~ 3300 K; see Table I).

(2) Using the above equation for I Zﬂ”l, the experimental
intensity drop of —7.5% yields amplitudes ¢ = @} ~
20° for p-polarized x rays at 45° incidence. These large slopes
might be reasonable in the light of the estimated maximum
bulk lattice temperature (Tjyyice =~ 4600 K; see Table I) that is
only slightly below the melting point of HOPG (see Fig. 3).
They are roughly consistent with the Lindemann criterion [45]
that yields a maximum atomic displacement of about 28%
of the interatomic distance as a condition for melting. The
corresponding maximum local angular-slope amplitude is 22 °
between neighboring atoms with uncorrelated displacements.
This might be an indication for a possible phase transition at
the surface.

(3) From our experimental ratio of p- to s-polarization
R,;s = 2.7 and both above formulas, we derive amplitudes
@y = @ ~ 33° for the slopes of the surface due to amor-
phization by Ar ion irradiation at normal incidence (see
Fig. 7). We assume that the assumption of harmonic slopes
leads to enhanced uncertainties for this case. The very large
slopes, however, confirm that the amorphized graphite surface
is extremely rough, involving atomic surface steps.

The large, fitted slopes for the 45° incidence led us to a
deeper investigation of the behavior of 157;’101 at different polar
angles ©,,,. During this analysis, we were caught by surprise
that our reference configuration with ®,,. = 45° is a very
special case regarding the slope sensitivity for p polarization.
Under these conditions, the positive- and negative half waves
of ¢, cancel each other completely and the drop of the prm*
resonance intensity is given mainly by ¢"** (plus a small cross
term). It is important to realize that each of the half waves of
¢, alone leads to an intensity drop or intensity rise exceeding
the effect of ¢"** by about one order of magnitude (and even
more for smaller angular amplitudes). Hence, if one of these
half waves is changed by only a few percent, the intensity drop
might change completely. We are confident that a small per-
turbation such as an inharmonic potential contribution along
@, or strain fields at the surface with directional components
in the basal plane can significantly change the dichroic x-ray
response. Specifically at an incident angle of 45°, this can
influence the magnitude of the intensity drop and maybe also
the decay time of the pm™ resonance signal measured with
p-polarized x rays.

IV. CONCUSIONS AND OUTLOOK

In summary, we have investigated the short-time re-
action of highly oriented pyrolytic graphite induced by
femtosecond-laser pulses in a series of laser-pump-x-ray-
probe experiments. For this sake, time-resolved near-edge

x-ray absorption is employed as a surface-sensitive probe to
study the dynamics of surface distortion by atomic motion
in HOPG upon laser excitation. Auger-electron detection is
used to probe an ultrafast surface distortion, by monitoring the
KVV-Auger electron signal of the pz™ resonance absorption
with nearest-neighbor bond-angle sensitivity relative to the
linear x-ray polarization vector. This is a short-time dynamics
study of the polarization dependence of near-edge K-shell
resonances of HOPG.

Technically innovative are the large detection solid angle
and an energy window optimized for Auger measurements of
the RBB electron spectrometer as well as its effective sup-
pression of scattered laser light and laser-induced secondary
electrons. Preparative HOPG electron spectroscopy data for
nonresonant as well as resonant carbon K-shell excitation
without laser pump pulses as function of the angle of in-
cidence and of the linear polarization direction are in very
good agreement with previous data. The same holds true for
angular-dependent TEYs and NEXAFS spectra. The mea-
sured narrow core-hole exciton line indicates a good quality
of the sample and of the experimental setup. Measured abso-
lute total electron yields and manyfold of consistent literature
values on the properties of HOPG enable a determination of
characteristic electron temperatures and lattice temperatures
due to the laser irradiation. Thus, the basic experimental
boundary conditions for a target at room temperature as well
as for the laser interaction with HOPG are well under control.

The auxiliary experiments mentioned above have paved
the way for meaningful investigations of resonant carbon K
excitations into unpopulated states using nonresonant high-
power laser pulses as a 100-fs pump signal acting significantly
on the surface atomic structure. We also can conclude that
electron-dynamics effects will have no significant influence
on the interpretation of the resonance data on a picosecond
timescale. Beyond the expected space-charge acceleration of
Auger electrons and of photoelectrons from the 2so band,
we find clear laser-induced transient modifications of width
and intensity of different spectral features (Auger decay of
the core-hole exciton, of the p* resonance state, and of the
mixed peak above the po* resonance threshold) that relate to
modifications of the atomic lattice structure. Specifically for
the pmr* resonance absorption by K-shell electrons involving
a simple polarization dependence [5,6], the laser pulse intro-
duces a clear dichroic signal, namely an enhanced intensity
for s-polarized x rays and a reduction for p-polarized x rays.
These reactions are delayed by about 50 ps with respect to the
laser pulse and an asymmetric resonance line broadening is
observed as well. In comparison to results for an amorphized
carbon surface (produced in situ from HOPG), the findings
for crystalline HOPG point to a high sensitivity regarding
laser-induced deviations from the planar-surface geometry.

The combination of polarization sensitivity and Auger-
electron detection used in this work sheds light on correlated
short-time vibrations of surface atoms employing the Auger
emission as an alternative probe channel for structural
changes, as it is element- and bond selective restricted to the
uppermost surface layers by the small electron-escape depth.
Quantitative information on the amplitude of local surface
slopes is extracted from Auger-yield simulations for the influ-
ence of 2D tilt angles on the excitation by linearly polarized
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x-ray beams. These simulations yield mean perpendicular
angular slopes that agree with the tendency of the estimated
laser-induced lattice temperatures. For the experiment with s-
polarized x rays at the grazing-incidence angle of 70°, also the
relaxation time of 4.7 ns of the transient resonance excitation
is well described by diffusive heat transport into the bulk of
the sample.

However, a significantly shorter relaxation within 315 ps
is found for p-polarized x rays at an incident angle of 45°.
The corresponding Auger-yield simulations have revealed that
this combination of incident angle and polarization direction
involves an unexpected high sensitivity to small nonlineari-
ties, which might have a strong influence on the relaxation
time. This interpretation could be checked by a similar mea-
surement with p-polarized x rays at 70°, but with a strong
additional reduction of the x-ray flux for avoiding count-rate
saturation effects. In future investigations, the specific sensi-
tivity at 45° might be used in combination with more advanced
theoretical methods [46] to get access to details of correlated
atomic motions and to strain fields at the surface. It should be
mentioned, however, that the angular slopes for the 45° case
in this work are so close to the Lindemann melting criterion
[45] that we cannot completely exclude a transient and local
melting at the surface which would influence the relaxation.
From the theoretical point of view, the validity and precision
of the Lindemann criterion is even nowadays, more than 100
years after its publication, still a matter of controversy [47,48].

Experimentally, such local surface-melting effects should van-
ish completely if the laser power would be reduced by 20 to
30%.

For a deeper understanding of the delayed initial reaction
of the x-ray signal, one might investigate whether it relates
to strain waves and possibly strain-wave reflections inside
the laser-heated volume or whether it is a collective effect
like superheating at temperatures close to a phase transition.
The first effect could be verified by changing the effective
excitation depth via variation of the laser wavelength or by
using a structured target with a thin graphitic top layer. The
second effect could be checked by a variation of the transient
lattice temperature via the laser power. The temperature-
dependent number of nucleation sites should have a significant
effect on superheating delay. The determination of the spatial
range of the surface slopes (Brownian motion of individual
atoms vs specific phonons at long wavelength vs strain fields)
might call for supporting measurements at grazing-incidence
angles (x-ray diffraction [18], electron diffraction or proton
scattering).
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