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The electron emission produced by the grazing incidence of ultrashort laser pulses on two faces of aluminum,
Al(100) and AI(111), is investigated using the band-structure-based-Volkov (BSB-V) approximation. The present
version of the BSB-V approach includes not only a realistic description of the surface interaction, accounting for
band-structure effects, but also effects due to the induced potential that originates from the collective response
of valence electrons to the external electromagnetic field. For both crystallographic orientations we found that
the induced potential contributes to the emergence of band-structure signatures in the near-threshold region
of photoelectron spectra. This result opens a window to scrutinize band-structure effects in metal surfaces via

ultrashort-laser interactions.
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I. INTRODUCTION

In the last decade, the photoelectron emission (PE) from
metal surfaces has received renewed attention as a result of
the technological achievement of lasers with pulse durations
of the order of attoseconds, which make it possible to study
the behavior of electrons in condensed matter at their natural
temporal orders [1-7]. Such remarkable experimental progress
needs to be accompanied by intensive theoretical research
since the underlying quantum processes involve complex
many-body mechanisms, whose complete understanding is
still far from being achieved [8—14].

When an ultrashort laser pulse interacts with a metal
surface, the external electromagnetic field induces not only
direct PE from the metal but also collective oscillations of
valence electrons, i.e., plasmon excitations. Such a collective
response of the metal surface gives rise to a time-dependent
induced surface (IS) potential, which affects electron emission
spectra [14-20]. This article focuses on the role played by the
IS potential to reveal signatures of the surface-band structure
in electron distributions from two different crystallographic
orientations of aluminum: Al(100) and Al(111).

One of the most remarkable effects of the crystal band
structure is the presence of partially occupied surface elec-
tronic states (SESs), which display a highly localized electron
density at the edge of the crystal surface. For the Be(0001)
surface, noticeable SES signatures were found in electron
distributions produced by ultrashort laser pulses with high
carrier frequencies [21], for which the contribution of the IS
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potential was assumed to be negligible. But for aluminum,
the typical metal surface, weak surface-band structure effects
were observed when the IS potential was not included in the
calculations [21]. Precisely, in this work we find that the
contribution of the IS potential is essential to make visible
band-structure marks in the low-energy region of PE spectra
from aluminum surfaces. This feature is observed even for
high-frequency laser pulses, for which valence electrons are
expected not to be able to follow the fast oscillations of the
external perturbation.

To describe the PE process we have made use of a time-
dependent distorted-wave method named the band-structure-
based-Volkov (BSB-V) approximation [21]. The BSB-V ap-
proach includes an accurate description of the electron-surface
interaction, given by the band-structure-based (BSB) model
[22], while the action of the laser field on the emitted electron
is represented by means of the Volkov phase [23]. The BSB
model is based on the one-dimensional pseudopotential by
Chulkov et al. [22,24], which takes into account the electronic
structure of the surface, replicating the width and position of
the projected bulk energy gap and the surface and first image
electronic states [25-29]. It has been successfully applied to
different PE processes [11,12,21]. In contrast to our previous
calculations [21], in this version of the BSB-V approach
we have incorporated the contribution of the IS interaction
through a perturbative potential and a Volkov-type phase. The
induced potential has been derived in a consistent way from the
unperturbed BSB electronic states by using a linear response
theory [30].
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The BSB-V approximation, including the dynamic IS
contribution, has been applied to evaluate double-differential
(energy- and angle-resolved) PE distributions for Al(100) and
Al(111). For these surfaces, the influence of partially occupied
SESs as well as the IS potential has been examined by varying
the carrier frequency of the laser pulse. This article is organized
as follows: In Sec. II we introduce the extended version of the
BSB-V approximation, which takes into account the effect of
the IS potential; in Sec. III results are shown and discussed,
while our conclusions are summarized in Sec. IV. Atomic units
are used unless otherwise stated.

II. THEORETICAL METHOD

Let us consider a finite laser pulse, characterized by a
time-dependent electric field Fy (), grazingly impinging on a
metal surface S. As a consequence of the interaction, a valence
electron, initially in the state ®;, is ejected above the vacuum
level, reaching a final state ® ;. Within the framework of the
time-dependent distorted wave formalism [31], the BSB-V
transition amplitude for the electronic transition ®; — &
reads [21]

+00
Aifz_i/ dt (x PV @0 Vn|ei ), (1)

where

V() =r-Fr(t) + Vis(r.1) 2)

is the perturbative potential at time ¢ and X;BSBV)(r,t) is the

final BSB-V distorted wave function, with r being the position
vector of the active electron. The first term of Eq. (2) represents
the interaction potential with the laser, expressed in the length
gauge, while the second term, Vig, denotes the IS potential that
is produced by electronic density fluctuations caused by the
external field. The frame of reference is placed at the position
of the crystal border, which is shifted outward with respect
to the position of the topmost atomic layer by half of the
interplanar distance, with the Z axis being oriented normal to
the surface, pointing towards the vacuum region.

Within the BSB-V approach, the unperturbed states ®;
and @ are solutions of the Schrodinger equation associated
with the one-dimensional electron-surface potential Vg(z)
given by Ref. [24], which depends on z, the component
of r perpendicular to the surface plane. Hence, the states
®; = Py, p,(r,1) and Oy = Py, (1,7) can be expressed as

1 .
Pun(r,) = 5 exp ik, r)Pa()e 3)

where k; (rs) is the component of the electron momentum
(position vector) parallel to the surface plane; ¢, (z) is the one-
dimensional eigenfunction, with eigenenergy ¢,, derived from
the potential Vs(z); and E = k> /2 + ¢, is the total electron
energy.

According to the grazing incidence condition and the
translational invariance of the problem in the plane parallel
to the surface, the laser field is linearly polarized perpendicular
to the surface, that is, F;(r) = F.(¢)Z. The temporal profile
of the pulse reads

Fi(t) = Fy sin(wt + ¢) sin’ (w 1/7) 4)
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for 0 <t < v and vanishes at all other times. In Eq. (4)
Fy represents the maximum field strength, w is the carrier
frequency, 7 is the pulse duration, and ¢ is the carrier envelope
phase, which is defined as ¢ = (7 — wt)/2 for symmetric
pulses. In this work we consider laser pulses with a fixed
number N of full cycles inside the envelope; then, the pulse
duration is defined as t = NT,with T = 27 /w being the laser
oscillation period.

The induced potential Vig is evaluated from a linear re-
sponse theory based on the BSB wave functions of Eq. (3) [32].
Making use of a slab geometry to derive the one-dimensional
wave functions ¢, (z), the induced field Fig = —V . Vis(r,?) can
be nearly expressed as

Fis(t) 2

Fis(z.t) = {0 for —d <z <0,

otherwise,

(&)

where d is the width of the slab, formed by a sufficiently large
number of atomic layers of the metallic crystal. The function

1 o ~ .
i) =~ / WF0) fisme ™ (©)

is the IS field inside the metal at time ¢, with F, (V) denoting
the Fourier transform of F(¢). In Eq. (6) the function fis(v)
is related to the dynamic response induced by a unitary and
monochromatic electric field of frequency v. By neglecting
the weak oscillatory dependence of the induced field inside
the metal on z, the function fis(v) can be derived from

0 14
vis(z, ) =47r/ dz// dz" pina(z",v) > z fis(v)  (7)
Z 20

for z < 0, where vs(z,v) is the potential induced in the crystal
by the external potential vex(r,v) = —(27/qs)exp(iqsry +
gsz)exp(ivt) for g; — 0, pina(z,v) is the corresponding dy-
namical induced charge density, and z( is a fixed reference
distance. In the linear-response theory pina(z,v) is expressed
as

Pind(z,V) = /dZ/X(Z,Z/J]s,V)Uext(Z/,qS,V), ®)

where x is the density-response function for interacting elec-
trons. It is a solution of the integral equation x = x° + xvx°,
where x° is the density-response function of noninteracting
electrons and v is, in the random-phase approximation, the
bare Coulomb potential. The noninteracting response function
is derived from the single-particle energies &, and wave
functions ¢, (z) according to

x°(z,2,q5,v) = % ; O (D (2P (2 NP (2)

% Z fkﬁ,n - fkﬁ+q3,n/ (9)
o Exon = Exrqun +V in’

where S is the normalization area, the sums over n and n’
involve both the occupied and unoccupied states, fx, , is
the Fermi occupation factor, and 5 is infinitesimal. Further
calculation details can be found in Ref. [32].

From Egs. (2) and (5) it is possible to build x***"(r,)
by introducing the distortions of both the external and induced
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fields in the momentum distribution of the final state @y, ,,
by means of a Volkov-type phase [17,21,33]. It reads

XV @) = D, (0 — 2o (1))
x expliz Aw(z,t) —iBr()],  (10)
where the function
AL+ As(t) for —d <z <0,
Aw(z.1) = {AL(t) otherwise, an

represents the position-dependent total vector potential at time
t, with
1
Aut) = —/ dt' F,(t), wn=L.,IS, (12)
+00

being the vector potentials, with incoming asymptotic condi-
tions associated with the laser (u = L) and induced surface
(u = 1IS) fields. In turn, the functions

ar(r) = / dt" AL(t) 13)
+00

t—l [
'BL()_E/+OO

involved in Eq. (10), are respectively related to the quiver
amplitude and the ponderomotive energy of the laser.

Finally, by replacing Egs. (2), (3), and (10) in Eq. (1), the
BSB-V transition amplitude, including the induced contribu-
tion, reduces to A;y = 8(ky; — K;s) a;¢, where the Dirac delta
function imposes the momentum conservation in the plane
parallel to the surface and

and

dr' [AL()], (14)

+00 ‘

aip = —i / dt Rip(t) 145 HFL 0] (15)
0

represents the one-dimensional transition amplitude, with

Ae = ¢g,, — &, being the energy gained by the electron during

the process. The function R;; denotes the form factor given by

+o0
Ry = [ dzd Lz = a9, @) /) Ve

o0

x exp [—i z Awi(2,1)], (16)

where g(z) = /% accounts for the stopping of the
ionized electron inside the material [21], with ® being the
unitary Heaviside function and A y = A(E ) being the electron
mean free path as a function of the final electron energy
E;= k?s /2 + &n,-

Analogous to Ref. [21], the BSB-V differential probability
of PE from the surface-state band can be expressed in terms
of the one-dimensional transition amplitude of Eq. (15) as

d*P

dEd%, =2ky p(kfz)z lair 17O (kn, — kys),

n;

A7)

where Q¢ is the solid angle determined by the final electron
momentum k; = K¢, + kg2, with ks, = ,/2s, s The angle
Qy is defined as Q= (07,¢y), where 6y and ¢y are,
respectively, the polar and azimuthal angles, with 6y measured
with respect to the surface plane. In Eq. (17), the sum indicates
the addition over all the ¢,, states with energies ¢,, < —Ew
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(Ew 1is the function work), p(k¢.) is the density of final states
¢n, with perpendicular momentum k ¢, and the factor 2 takes

into account the spin states. The Heaviside function @(an. —
k rs) comes from the momentum conservation in the direction

parallel to the surface plane, with En, =/ —2(&y, + Ew).

III. RESULTS

We apply the BSB-V approximation to simulate PE dis-
tributions from the valence electron system of Al(100) and
Al(111). Since the ejection parallel to the polarization vector
of the laser field is expected to provide the major contribution to
the PE rate [21], in this article we study only electron emission
normal to the surface plane, i.e., 8y = 90°. The maximum
field strength was chosen to be Fy = 10~% a.u. (intensity
I; = 3.52 x 10'° W/cm?), which belongs to the perturbative
range, far from the damage threshold of the material [34]. In
relation to the pulse duration, laser pulses containing N = 6
cycles inside the envelope are considered along the work.
However, the main features of the low-energy spectra are
slightly dependent on 7, being similar for different few-cycle
pulses.

The BSB-V differential probability was evaluated from
Eq. (17) by varying the carrier frequency of the laser pulse.
In the calculation, the BSB wave functions ¢,(z) were
numerically derived by expanding them onto a basis of plane
waves, defined as

{exp[i27j(z +d/2)/D], j = —no, ...

where 2no + 1 is the number of basis functions and D is
the unit-cell width, which acts as a normalization length.
By using such an expansion in Eq. (16), the form factor
R;s(t) was reduced to a closed form in terms of the laser
and induced fields, while the numerical integration over time
involved in Eq. (15) was done with a relative error lower
than 1%. Moreover, taking into account that the functions
®n, do not allow us to distinguish ionized electrons moving
with negative normal velocities (i.e., towards the bulk) from
those moving towards the vacuum region, to evaluate the
emission probability we averaged the contributions from the
two different wave functions associated with the same positive
energy &,, by considering that ionized electrons emitted
towards the vacuum region represent approximately 50% of
the total ionized electrons from the valence electron system
[21,35].

The parameters associated with the different orientations
of aluminum are the following: The Al(100) surface presents
a work function Ey = 0.161 a.u. and an interplanar distance
of 3.80 a.u., while the corresponding BSB wave functions
¢n(z) were obtained by using a basis of plane waves with
ng = 220, a unit-cell width D = 342.04 a.u., and a slab
width d = 266.00 a.u. (i.e., 71 atomic layers). The Al(111)
surface is characterized by a work function Ey = 0.156 a.u.
and an interplanar distance of 4.39 a.u. The corresponding
¢,(z) wave functions were evaluated using a plane-wave basis
with ng = 170, D = 394.92 a.u., and d = 307.16 a.u. (i.e.,
71 atomic layers). Both faces of aluminum display the same
Fermi energy, Er = 0.41 a.u., and therefore the same surface
plasmon frequency w; = 0.40 a.u., which characterizes the
collective motion of valence electrons. The energy-dependent

o),
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(a) ®=0.057 (a.u.)

(b) ©=0.4(a.u.)
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(c) m=1.5(u.)
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FIG. 1. PE probabilities in the normal direction (i.e., 8y = 90°) as a function of the final electron energy E ;. Each panel corresponds to a
different carrier frequency of the laser pulse: w = 0.057, 0.4, and 1.5 a.u. from left to right, respectively. In all the panels, BSB-V results with
(without) the inclusion of the IS potential are displayed by thick solid (dashed) blue line for Al(100) and with the thin solid (dashed) red line

for Al(111).

electron mean free path A(Ey) was interpolated from data
corresponding to the aluminum bulk, extracted from Ref. [36].

First, in order to provide an overall picture of the influence
of the aluminum crystal face, in Fig. 1 we compare PE
distributions from AI(100) and AI(111) produced by laser
pulses with different carrier frequencies, w = 0.057, 0.4, and
1.5 au., which are displayed in different panels. BSB-V
results with and without the contribution of the IS potential
are shown in all the panels. These latter BSB-V values,
without the IS potential, were derived from Eq. (17) by fixing
Fis(t) = Ais(t) = 0.

In Fig. 1(a), for the carrier frequency w = 0.057 a.u., cor-
responding to the Ti:sapphire laser system, the PE distribution
from the Al(100) surface is about one order of magnitude
higher than the one corresponding to the Al(111) face. But
the intensity differences between PE probabilities from both
aluminum faces decrease significantly when the IS potential
is neglected. On the other hand, when w increases, becoming
equal to or larger than surface plasmon frequency, emission
probabilities from the two crystallographic orientations are
comparable in magnitude, departing appreciably from each
other only around the main maximum for high carrier fre-
quencies, as it happens for @ = 1.5 a.u. [Fig. 1(c)]. However,
acloser examination of the spectrain Figs. 1(b) and 1(c) reveals
the presence of additional low-energy structures, which depend
on the crystal face. While for w = 0.4 a.u. such structures
arise as superimposed bulges on the main maximum, for
w = 1.5 a.u. they correspond to a further peak placed in the
near-threshold region of the spectrum. Noteworthily, these
structures completely disappear when the IS contribution is
not taken into account. Therefore, the goal of the paper is
to scrutinize the origin of such crystallographic effects in
the low-energy region of PE spectra, i.e., at E; < 0.3 au,
focusing on the influence of the IS potential.

Before addressing the study of aluminum crystal-face
effects in detail, it is convenient to discuss the general features
of the PE distributions in Fig. 1. These electron spectra are
governed by the multiphoton mechanism associated with a
Keldysh parameter y = w+/Eyw /F, greater than the unity, in
which the carrier frequency of the laser pulse approximates to
the photon energy. Consequently, for the higher frequencies,
o = 0.4 and 1.5 a.u., the distributions in Fig. 1 display a broad

maximum resulting from the absorption of one photon of en-
ergy w, which corresponds to the first of the above-threshold-
ionization (ATI) peaks. The first ATT maximum is roughly
placed at Ey ~ (E;) — U, + w, where (E;) is the initial
energy averaged over all initial states, with (E;) >~ —0.44 and
—0.43 a.u. for AI(100) and Al(111), respectively, and U, =
F?/(4w?) is the ponderomotive energy, which is negligible in
the present cases. Due to the uncertainty principle, the width
of the ATT peaks depends on the pulse duration, decreasing
as T increases [17], like observed in atomic photoionization
[37]. However, in contrast to the atomic case, the electron
emission from metal surfaces presents a lower limit of the
width of the ATI peaks, which is produced by the energy spread
of the metal valence electrons, characterized by the Fermi
energy. This fact causes the absence of ATI structures in the
multiphotonic spectra for @ = 0.057 a.u. [Fig. 1(a)] because
the energy difference between consecutive ATI peaks is much
lower than the width of each peak. Hence, PE distributions for
low carrier frequencies present a smoothly decreasing intensity
as the velocity of ejected electrons increases, with this behavior
being practically independent of the pulse duration.

In view of the fact that the crystal-face effects observed in
the low-energy region of the PE distributions of Fig. 1 can be
traced from SES and IS contributions, both will be separately
analyzed in the following sections.

A. Partial contribution from SESs

As a consequence of the high electron density of the SESs
near the surface border, which favors the release of electrons
from the material, SESs are expected to provide an important
contribution to PE yields. In the case of aluminum, the
(100) and (111) faces present similar work functions but very
different corrugations of the potential Vg(z). In Fig. 2 we plot
the surface potential Vg(z) for Al(100) and Al(111), together
with the square modulus of the corresponding SESs | @)%,
with eigenenergies ¢, = —0.263 a.u. and ¢, = —0.32 a.u.,
respectively. From Fig. 2 it is clear that the average depth
of the potential well, defined as V5o = Er + Ew, is almost
the same for both orientations. However, the corrugation of
Vs(z) for the (100) face is about a factor of 6 larger than
the one corresponding to the (111) orientation. Precisely, this
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FIG. 2. Potential Vi(z) (lower graph), together with the square
modulus of the corresponding SESs |¢.(2)|* (upper graph), with
thick blue lines for AI(100) and thin red lines for Al(111).

stronger corrugation of the A1(100) potential affects the surface
electronic density. Therefore, although both surfaces present
partially occupied SESs with energies in the vicinity of the
Fermi level, the localization of the electron density near the
crystal border is more than 2 times higher for Al(100) than for
Al(111), affecting the corresponding PE distributions.

For the lowest frequency, w = 0.057 a.u., in Figs. 3(a)
and 3(b) we compare differential emission probabilities for
AI(100) and Al(111), respectively, with partial values due
to emission from SESs as well as from states at the top
of the occupied states (TOSs). While TOS probabilities are
similar for the two orientations, partial contributions coming
from SESs are about two orders of magnitude higher for the
(100) face than for the (111) one. For this latter orientation,
SES emission is lower than that corresponding to TOSs,
becoming concealed by emissions from other initial states,
but for the (100) face the SES contribution largely dominates
the near-threshold region of the electron distribution. Then, for
low carrier frequencies we found that the marked difference
between the SES densities of both aluminum faces at the

10"

(b) AI(111);

dP’/dEAQ, (au.)

\

N
0 0.05 0.1 0.15

0 o
Ef (a.u.)

FIG. 3. PE distribution in the normal direction as a function of
the final electron energy for (a) AI(100) and (b) Al(111). The carrier
frequency of the laser pulse is @ = 0.057 a.u. In both panels, BSB-V
results, including the IS potential, are displayed with thick solid lines;
partial contributions from partially occupied SESs and TOSs are
plotted with thin solid and dot-dashed black lines, respectively.
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o =04 a.u.

[(2) Al(100) (b) AI(111),

dP’/dE,dQ, (a.u.)

E, (a.u.)

FIG. 4. The same as Fig. 3 for v = 0.4 a.u.

surface border is reflected by the intensity difference of the
PE probabilities at low energies.

The situation is different for the resonant case in which
the carrier frequency of the laser pulse coincides with the
surface plasmon frequency. In Fig. 4, forw >~ w, = 0.4 a.u. we
compare differential PE probabilities corresponding to the two
aluminum faces with partial SES and TOS contributions. For
the (100) orientation the first ATI peak displays a double-bump
structure, with two bulges peaking at E; ~ 0.14 a.u. and
E; ~ 0.24 a.u., whereas for (111) only one maximum at £y ~
0.24 a.u. exists. The maximum at Ey ~ 0.24 a.u., present
for the two faces, corresponds to one-photon absorption from
partially occupied TOSs, being situated at Ef >~ —Ewy + w.
Instead, the peak at E y ~ 0.14 a.u., visible only in the Al(100)
spectrum, is produced by the absorption of one photon from
partially occupied SESs, being placed at £y >~ &, + w. From
the comparison of Figs. 4(a) and 4(b) we conclude that the
presence or absence of SES signatures in the PE distribution,
depending on the crystal face, is once again associated with the
major or minor localization of the electronic density of SESs
at the crystal border. For the (100) face the high localization
makes SES emission clearly discernible in the PE spectrum,
while for the (111) face the SES contribution is comparable to
emission from other initially occupied states, which partially
conceals the footprints of SESs in the electron distribution.
Therefore, PE spectra under resonant conditions might offer an
attractive window to obtain information about the surface band
structure. In addition, in the resonant case the contribution
of the plasmon decay mechanism should also be included,
producing an additional structure just at the electronic energy
Ef >~ wy, out of the energy range studied in the present
work.

Band-structure effects disappear as the carrier frequency
departs from wy, but remarkably, they become visible again
for high carrier frequencies, as shown in Fig. 5. In this
case, SES and TOS contributions emerge as superimposed
structures in the near-threshold region, being different for the
two crystallographic orientations. Again, the low-energy hump
due to ejection of slow electrons from TOSs is visible for
both faces, while the one associated with emission from SESs
is clearly perceptible only for the (100) face. As discussed
above, this is a consequence of the different corrugations
of the two crystallographic orientations. Furthermore, even
though for high frequencies these low-energy structures are
less noticeable than in the resonant case, they might still
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(a) AI(100) (b) Al(111).

dP’/E dQ, (a.u.)

FIG. 5. The same as Fig. 3 for w = 1.5 a.u.

provide information about the relative importance of SES and
TOS contributions.

B. Influence of the IS potential

The band-structure effects discussed in Sec. III A strongly
depend on the presence of the IS potential. In turn, since
the collective reaction of valence electrons to the external
field varies markedly with the carrier frequency, this wide
variation of the induced response is directly reflected in the IS
contribution to the electron emission yield.

For near-infrared carrier frequencies, like w = 0.057 a.u.,
the slow oscillations of the laser pulse allow valence electrons
to react promptly to the external perturbation. Then, at each
time the induced response screens the laser field in the
aluminum almost completely, tending to the static limit in
which the total electric field inside the metal is null (see
inset of Fig. 6). Hence, the inclusion of the induced potential
causes a marked reduction of the PE yield, as illustrated for
Al(111) in Fig. 6. In Fig. 6, in order to assess the importance
of band-structure effects for the (111) orientation, we also

'
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FIG. 6. PE distribution from Al(111) as a function of the final
electron energy for a laser pulse with a carrier frequency w =
0.057 a.u. The solid (dashed) red line shows BSB-V results with
(without) the inclusion of the IS potential; the dotted red line shows
SJV results from Ref. [17]. Inset: Corresponding laser and IS fields
as a function of the time ¢ are plotted with solid black and dashed
violet lines, respectively.
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FIG. 7. The same as Fig. 6 for Al(100) and a carrier frequency
o = 0.4 a.u. BSB-V results neglecting the postcollision interaction,
as explained in the text, are displayed with dot-dashed green line.

show the PE distribution derived within the surface jellium-
Volkov (SJV) approach [17], where the surface interaction
is represented by a simple step potential (jellium model).
Even though the SJV approximation includes the contribution
of the IS field in a consistent way, SJV results largely
overestimate BSB-V probabilities, evidencing the relevance
of band-structure contributions in the near-threshold region of
PE spectra. Concerning the influence of the IS potential on
the crystal-orientation effects observed in Fig. 3, note that the
strong screening of the external field inside the metal, as a con-
sequence of the presence of Fig(¢), mainly affects excitations
from initial states whose electron densities are localized in the
bulk. This fact enhances the relative contribution of partially
occupied SESs, which present a nonnegligible electron density
in the selvedge region, just in the region where the IS field
vanishes.

When the frequency increases to the resonant value @ >~
ws = 0.4 a.u., the maximum strength of Fis(¢#) becomes 4
times larger than Fy (see inset of Fig. 7). Therefore, the
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FIG. 8. The same as Fig. 6 for Al(100) and a carrier frequency
w=15au.
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FIG. 9. Analysis of the frequency domain distribution of partial contributions to PE spectra from the valence electrons of Al(100). The
carrier frequency of the laser pulse is @ = 1.5 a.u. (a) Frequency profiles of the laser and induced fields as a function of the frequency. The solid
black (dashed violet) line shows the Fourier transform of the laser field F; (IS field Fis). The vertical arrow indicates the frequency v = w.
(b) PE distribution as a function of the electron energy. The thick solid blue line shows BSB-V results for valence electron emission; the thin
solid (dot-dashed) black line shows the SES (TOS) contribution. Fourier transform contributions | Fio(E r+ eSES)|2 and | Fio(E r+ 8T05)|2 (in

arbitrary units) are plotted with dashed violet lines.

total field inside the metal becomes dominated by the induced
response of the aluminum, giving rise to a large increase in the
emission probability, greater than two orders of magnitude, as
observed in Fig. 7 for Al(100). For this resonant frequency,
the induced field not only is higher than the external field but
also persists two times longer than the original pulse duration,
contributing to increasing the emission probability after the
laser field turns off. Indeed, this postcollision IS interaction
after time t produces the enhancement of the band-structure
effects. When this postcollision contribution is not taken into
account, that is, replacing the upper limit of the integral in
Eq. (15) by 7, the bumps corresponding to the SES and TOS
partial emissions disappear completely from the PE spectrum
of Al(100), as displayed in Fig. 7 . This effect is related to the
fact that under the action of the IS field alone, slow electrons
placed close to the interface have a better chance to be released
without suffering collisions inside the material.

Finally, the case of w = 1.5 a.u., shown in Fig. 8, deserves
further discussion. For such a high frequency, electrons are not
able to follow the quick variation of the external perturbation,
and consequently, the maximum strength of Fig(¢) is more
than one order of magnitude lower than that of the laser field
(see inset of Fig. 8). Therefore, this small induced response
does not affect appreciably the main electron emission, which
occurs around the first ATI peak. However, we remarkably
found that the IS potential introduces a pronounced growth
of the probability at low electron energies just in the region
where the double-hump low-energy structure appears in the PE
spectrum of Al(100). To investigate thoroughly this unforeseen
low-energy contribution for w = 1.5 a.u., in Fig. 9(a) we plot
the decomposition in frequencies of both the laser [FL(v)]
and IS [Fis(v)] fields for this case. The utility of analyzing
the frequency domain of the fields lies in the fact that the
PE spectrum can be roughly estimated as being proportional
to the square modulus of the Fourier transform of the total
electric field, that is, |F(v)|?, evaluated at v = E; + E;,
with Fo(v) = F;(v) + Fis(v) and E; covering the energy
range of all initially occupied states. From Fig. 9(a), although
the Fourier transform of the laser field is several orders of

magnitude higher than that of the induced field around the
carrier frequency, Fig(v) retains a peak associated with the
resonance at v = wy, which largely exceeds the value of
Fy (wy). This resonant peak is found to be the origin of the
low-energy SES and TOS bulges of the spectrum, as shown
in Fig. 9(b), where we observe that the curves corresponding
t0 | Fiot(E f + £45)I? and |Fiot(E  + €405 (multiplied by an
arbitrary factor) almost coincide with the SES and TOS
contributions, respectively.

IV. CONCLUSIONS

We have studied PE spectra produced by the interaction
of ultrashort laser pulses with the valence electrons of two
different faces of aluminum, Al(100) and Al(111), using the
BSB-V approximation. In the present version of the BSB-V
approach we have incorporated the contribution of the induced
field, that is originated the collective response of surface
electrons to the external perturbation. We have found that the
induced response of the metal surface strongly affects electron
emission distributions, bringing crystal-orientation effects to
light. For the (100) face the IS contribution makes visible
near-threshold signatures coming from partially occupied
SESs and TOSs. On the other hand, for the (111) orientation the
SES structures are almost completely washed out by emission
from other initially occupied states, and only the TOS emission
can be distinguished in the low-energy region of the PE spectra.
These findings open the way to investigate band-structure
effects by focusing on the near-threshold region of the electron
distributions.
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