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Recent attosecond-streaking spectroscopy experiments [A.L. Cavalieri et al., Nature (London) 449,
1029 (2007)] using copropagating extreme ultraviolet (XUV) and infrared (IR) pulses of variable relative
delay have measured a delay of approximately 100 attoseconds between photoelectrons emitted by a
single XUV photon from localized core states and delocalized conduction-band states of a tungsten
surface. We analyze the underlying XUV-photoemission—IR-streaking mechanism by combining a pertur-
bative description of the XUV-photoemission process and the subsequent nonperturbative IR streaking of
the photoelectrons. Our calculated time-resolved photoelectron spectra agree with the experiments of
Cavalieri et al. and demonstrate that the observed temporal shift is caused by the interference of core-level
photoelectrons that originate in different layers of the solid.
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During the past few years, advances in ultrafast laser
technology [1-7] have enabled the resolution at a time
scale of the order of 100 attoseconds (1 as = 1078 s) of
the laser-induced electronic dynamics in atoms [8—11] and
molecules [12—-14]. The recent successful extension of
laser-assisted attosecond photoelectron (PE) spectroscopy
to solid surfaces [15] promises the time-resolved observa-
tion of electronic processes in condensed matter systems
that may involve a single active electron [15,16], the
correlated dynamics of two electrons [8,17], or collective
electronic excitations (plasmons) [18-20]. Thus, as-
streaking spectroscopy now provides an ingenious tool
for the time-resolved investigation of photoemission from
solids that, in addition to such studies on isolated atoms in
the gas phase, promises to yield information on (i) the
structure and dynamics of delocalized valence and
conduction-band states, (ii) electron transport properties
in solids, and (iii) the decay of collective excitations near
solid surfaces of novel plasmonic devices [19,21].

The basic setup of an attosecond time-resolved photo-
electron streaking experiment on a metal surface is illus-
trated in Fig. 1. An attosecond extreme XUV light pulse is
used to release electrons from either bound core levels or
delocalized conduction-band (CB) states. The released PEs
get exposed to (“streaked by’’) the same IR probe pulse
that was also used to generate the XUV pulse via harmonic
generation [22]. The two laser pulses are thus synchronized
with a precisely adjustable time delay 7, and the measured
asymptotic PE kinetic energy E depends on 7. By varying
7, a tomographic image of the time-resolved PE kinetic
energy distribution P(E, 7) can be recorded. This method
was first successfully applied to isolated atoms in the gas
phase [1,9] and, very recently, to tungsten [15] and plati-
num [17] surfaces. By using attosecond-streaking spectros-
copy, Cavalieri et al. [15] measured a relative delay of
110 = 70 as between the detection of PEs that are emitted
by absorption of a single XUV photon from 4 f-core and
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CB levels. Because of their different initial energies, PEs
from core and CB levels can be easily separated in the
energy-differential spectra. While Cavalieri et al. ex-
plained their result in terms of a heuristic model that is
based on different release depths and escape paths for core
and CB electrons, the question remains to what extent a
more rigorous quantum-mechanical model can explain
the mechanism behind the observed relative delay in the
PE spectra.

In this Letter, we apply a quantum-mechanical model in
which the XUV-photoemission step is treated in first-order
perturbation theory, while the IR streaking of the PEs is
included in a nonperturbative way. A quantum-mechanical
model for the comparison of laser-assisted photoemission
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FIG. 1 (color online). Schematic for attosecond-streaking
spectroscopy at metal surfaces. Delocalized CB electrons and
localized core-level electrons are released by an attosecond XUV
pulse (photoelectric effect) and streaked by an IR laser pulse. By
changing the delay between the two pulses, the delay between
the detection of PEs that originate in CB and core levels can be
measured.
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from CB and image states of metal surfaces was recently
presented by Baggesen and Madsen [16], who used image
states as reference states for photoemission from the CB.
Their numerical results, however, did not indicate a delay
between electron emission from the surface-localized im-
age and delocalized CB states.

To facilitate the comparison with the experiment, we
use experimental parameters [15] and model the IR and
XUV  pulses with Gaussian envelopes Ejx(t) ~
e~220/710) cos(w(y)7), with pulse lengths 7, = 6.5 fs
and 74y = 0.29 fs (FWHM) and energies hw; = 1.7 eV
and Awy =91 eV. The IR peak intensity is I, =
2 X 10'2 W/cm?2. For the W(110) surface, we use mea-
sured values for the work function (W = 5.5 eV), Fermi
energy (er = 4.5 eV), and the lattice constant in the di-
rection perpendicular to the surface (¢ = 3.13 A). We cal-
culated energy-resolved spectra Pcg(E, 7) and Pys(E, 7)
for the two groups of PEs as a function of 7. The compari-
son of experiment and theory in Fig. 2 shows that our IR
pulse modulation of the PE kinetic energy agrees with the
experiment. In order to find the temporal shift between the
two calculated spectra in the right column of Fig. 2, we
calculated their center-of-energies (COE) E(7) [23]. The
temporal shift A7 between 4f core-level and CB electrons
is recognizable in Fig. 3 for both experimental data and
calculation. We found that the measured value of A7 =
110 as can be obtained by adjusting the electron mean free
path to A =5 A, in close agreement with the value for
55 eV electrons on the universal curve for A [24]. As we
show below, A7 is a result of (i) interference effects
between electrons that are photoemitted from 4f-core
levels from different layers in the solid and (ii) a finite
mean free path of the PEs inside the solid.
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FIG. 2 (color online). Time-resolved PE spectra for emission
out of the CB (top) and 4f-core level (bottom) of a W(110)
surface, as a function of the delay between the XUV and IR
pulses for decadic color scales. Experimental results of Fig. 3(a)
in Ref. [15] (left) in comparison with our calculation (right).

We model the physical scenario [15] in Fig. 1 for grazing
incidence of the XUV and IR pulses (#;, = 0) and photo-
emission along the surface normal (z > 0 direction, 9pe =
77/2) because the temporal behavior of the two groups of
PEs does not depend on the specific geometry. We describe
the XUV photorelease as a one-step single-electron tran-
sition [25] from an initial state Wy (r, 1) = Wy (r)e” "
with initial binding energy &; to an IR-field-dressed
damped final continuum state, in accord with the observed
single XUV photoemission and comparatively low fre-
quency and moderate intensity of the IR pulse. The initial
state is composed of (i) incident and reflected Bloch waves
W, and Wy that describe the motion of an electron inside
the solid towards and away from the surface with crystal
momenta k; = (k, =k_) and (ii) a transmitted part that
represents the exponential decay of the initial state’s proba-
bility density into the vacuum (z > 0) whose contribution
to the transition probability is negligible. At the considered
moderate laser intensities, we neglect interband transitions
and intraband perturbations. By numerically solving
Helmbholtz’s equations at the metal-vacuum interface
[26], we deduced the skin depth &; ~ 100 A for the IR
pulse, which is consistent with Ref. [27] and much larger
than A ~ 5 A. We therefore consider the IR field amplitude
to be constant up to the depth A in the solid. Keeping in
mind that the XUV photon energy hwy is large compared
to the energy of all residual final-state interactions, we
neglect all interactions of the outgoing PEs with the sub-
strate (including space-charge effects) and represent the
final state as a damped Volkov wave ‘Pl‘(/f’K(r, 1) =

\I’l‘(/[(r, 1 x(k, z), with the damping factor y(k,z) = e**
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FIG. 3 (color online). Streaked electron spectra for photoemis-
sion from CB and 4 f-core levels of a W(110) surface: £ [23] as a
function of the delay between the XUV and IR pulse.
(a) Experimental results of Fig. 3(b) in Ref. [15]. The damped
sinusoidal curves are fits to the raw experimental data (points
with error bars). (b) Calculated results showing a relative shift of
A7 =110 as between the two groups of electrons. For better
comparison, COEs for the 4f PEs are multiplied by a factor of
2.5in (a) and 1.1 in (b).
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for z <0 and 1 for z > 0. k; designates the (unstreaked)
final momentum of the PE, k = 1/A the damping parame-
ter, and ‘I’V the usual Volkov wave [28]. We note that a
surface- charge layer tends to shift the spectrum as a whole
to higher energies [17], with little or no influence on
relative temporal shifts.

The PE transition amplitude in the dipole-length gauge
for the interaction with the XUV electric field Ex(7) can
now be written as

1 00
T =5 [ acrl 0B+ v o). ()

We use atomic units throughout this Letter, unless indi-
cated otherwise. The integrand of (1) can be written as
EX(t)dki,p(td)efig"tfi(ﬁ""‘f(H), with the Volkov phase
box(H) =1 [Fdi'[k + AL ()] and the vector potential
for the IR electric field A, (1) = Z [° di'E, (1) [29]. p(2) =
k; + A/ (7) is the canonical momentum, t, =t — 7, and
dy, p 1s the dipole matrix element (DME). Summation over
all k; in the first Brillouin zone yields the photoemission
probability P(E, 7) = 3 ;|T) [,kl_(T)Iz as a function of the
final electron kinetic energy E and 7. Changing the delay 7
while recording the final electron kinetic energy distribu-
tion allows the attosecond electron dynamics for different
initial states to be retrieved from the time-resolved PE
spectra.

The temporal shift in the photoemission spectra is con-
tained solely in the DME. Inside the solid, we split the z
integral in dy ) = (i/\/V)di]L [ dPre”®TexWy (r) into
the form factor )

4 1 0 N
fion = 54 [Sdru /  dzeTPOTVE() (D)
and the interlayer structure factor

1
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to obtain

d
dk[,p(td) = ld_le ZJrf{(sz(fd)Ai’;(td),kz(K)’ S
where § is the surface area. In comparison with the case of
gaseous targets [28], for a crystalline target the DME
includes interfering contributions from different lattice
layers in terms of the additional structure factor [25].

In order to proceed, we need to specify the initial state.
First, considering photoemission from the CB, we approxi-
mate the initial state in the jellium approximation [30] as

U, (r) = (1//V)eXimi(eik: + Re~*:7)@(—7z), where R =
(kz - l"}’)/(kz +iy) with v =42(ep + W) — k% and
O(z) = 1 if z > 0 (0 otherwise), and find

B, i, RI/D=(1/2)

ilp.(t) £k, + l'K]A;Z(t),kZ(K).

This results in the DME

Op—ky + Rop,— ]

—k, + ik [p.() + k, + i)
(6)

Next, we consider the 4f core-level band. We model this
band with a zero band width in terms of isolated 4 f atomic
wave functions ¢ .(r) localized at the lattice points {R}

Wi (r,0) =D ™ Rigy (r — Ry)e e, (7)

Y o)

CB
k,p(t)

; [[pz(t)

where ; = —32.55 eV is the 4f atomic level binding
energy with respect to &, and obtain the DME

a7

k[,p([) p|| kH d {¢ [p([)]Ap (t)k (K)} (8)
with A = A~ — A* and the Fourier transform ¢ .(p) of
i .(r). Comparison of the two DMESs (6) and (8) shows that
the interlayer structure factor A* is canceled by f lf () for

structure-free (completely delocalized) CB electrons in the
jellium approximation only, as one might expect. As we
show below, this fundamental difference in the localization
character of the initial state affects the transport of CB and
localized PEs in the presence of an IR-streaking field and is
the origin of their observed relative time delay.
Numerical results and comparison with experimental
spectra are shown in Fig. 2. We model the 4f core state

in terms of hydrogenic states ¢ .(p) ~ ([)—2)2 because the

exact form is not important for our purpose. Our parame-
ters imply peaks in the PE spectra without the IR pulse at
E.=5539 eV for the core-level electrons and E, =
82.43 eV for the CB electrons.

In order to determine the temporal shift between the CB
and 4 f-level band, we calculated the COE of the spectrum
E(7) [23]. In comparison with experimental results
(Fig. 3), our model reproduces the measured shift of A7 =
110 as between the COE spectra of these two groups of PEs
based on the realistic [24] value A = 5 A. We note that the
calculated amplitude of the oscillations in E(7) [23] in
Fig. 3 is about 10 times larger than the experimental
amplitude. This is due to a significant background in the
COE-averaged experimental data of PEs resulting from
above-threshold ionization that is insensitive to streaking
by the IR pulse [15,31]. Therefore, the temporal shift in
energy of the COE of the spectrum is much smaller than
that of the photoemission peak alone. Indeed, subtraction
of the background in the COE-averaged experimental
spectra results in measured streaking amplitudes of 2 and
3.7 eV [31], in better agreement with our calculated am-
plitudes of 6 and 7 eV for 4 f and CB PEs, respectively. The
remaining discrepancy is subject to further investigations
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FIG. 4 (color online). Streaked electron spectra for photoemis-
sion from (a) CB and (b) 4f-core levels of a W(110) surface: £
[23] as a function of the delay between the XUV and IR pulse
and the electronic mean free path. Only the streaked electron
spectrum from the 4 f-core level is sensitive to the PE mean free
path.

[31]. Our calculations indicate that lowering the IR inten-
sities does not change the temporal shift of the streaking
oscillations but reduces their amplitudes. In addition, we
find that the oscillation amplitudes decrease by increasing
the length of the XUV pulse, as expected.

Cavalieri ef al. [15] pointed out that the slower 4f PEs
are, on the average, emitted about 1 A deeper than the
faster CB electrons. Our calculations confirm this state-
ment and further specify that there is no dependence of the
CB temporal shift on A [Fig. 4(a)]. In contrast, we find that
the temporal shift is most sensitive to the transport prop-
erties inside the solid of the 4/ PEs and increases with A
[Fig. 4(b)]. For very small A, A~ ~ 1 and only core-level
electrons from first layer atoms contribute the photocur-
rent, as for the case of an isolated atom, resulting in no shift
compared to that of the CB PEs (Fig. 4). This demonstrates
the importance of interlayer interference for the temporal
shift of 4f core-level PEs and agrees with the intuitive
expectation that electrons from deeper layers need more
time to reach the surface of the metal and the detector.
However, the different temporal behavior of CB and 4f
PEs as a function of A also reflects their different electronic
and transport properties. We note that weak evidence for
different dispersion (chirps) of the CB and 4f attosecond
PE wave packets is also noticeable in our calculated PE
spectra (right column in Fig. 2) by comparing their spectral
widths near delays of = —2 and = —0.5 fs at zero energy
shift. This difference is due to the broad momentum dis-
tribution of 4f PEs relative to the narrow momentum
spread of individual CB states and is a subject of further
investigation. The crucial difference between the DMEs

for CB and 4f electrons lies in the interlayer structure
factor (3) which expresses the temporal phase modulation
by the IR field that causes the relative temporal shift.

In conclusion, we have demonstrated that the finite
mean free path of photoelectrons and interlayer interfer-
ence lead to the observed temporal shift between core-level
and CB PEs.
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