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Electron Emission from Metal Surfaces by Ultrashort Pulses: Determination
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The phase ’ of the field oscillations with respect to the peak of a laser pulse influences the light field
evolution as the pulse length becomes comparable to the wave cycle and, hence, affects the interaction
of intense few-cycle pulses with matter. We theoretically investigate photoelectron emission induced by
an intense, few-cycle laser pulse from a metal surface (jellium) within the framework of time-
dependent density functional theory and find a pronounced ’ dependence of the photocurrent. Our
results reveal a promising route to measuring ’ of few-cycle light pulses (� < 6 fs at � � 0:8 �m) at
moderate intensity levels (Ip � 1012 W=cm2) using a solid-state device.
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on quasistatic ionization rates supported this expectation tion is oriented along the surface normal corresponding
Recent progress in ultrashort-pulse laser technology
has resulted in the generation of intense optical pulses
comprising merely one and a half wave cycles T0 within
the full width at half maximum � of their temporal
intensity profile (� � 4 fs at a wavelength of 780 nm,
where T0 � 2:6 fs) [1]. Intense few-cycle, sub-10-fs light
pulses are now available at several wavelengths [2] and
are about to open up a number of applications ranging
from nanometer-scale materials processing [3] to the
generation of coherent soft-x-ray radiation for biological
microscopy [4].

With � becoming comparable to T0, the temporal evo-
lution of the electric and magnetic fields of a few-cycle
light pulse and, hence, all nonlinear processes driven by
these fields become increasingly affected by the carrier-
envelope (or absolute) phase ’. A prominent example is
the emergence of isolated subfemtosecond x-ray pulses
from few-cycle-driven high-harmonic generation [5].
The reproducible generation of these pulses, which is of
crucial importance for attosecond innershell spectros-
copy, relies on stabilization and precise control of ’.
Whereas the pulse-to-pulse change of ’ can now be
precisely controlled at the output of mode-locked oscil-
lators [6] and can be measured even in amplified pulses
[7], all attempts to determine the value of ’ in a pulse
failed thus far. Photoionization of atoms in the strong-
field regime (referred to as optical-field or quasistatic
ionization) has been identified as a promising pro-
cess for providing a physical measurable sensitive to ’
[8–10] together with predictions of an increased phase
contrast already at moderate laser intensities (Ip �
1012 W=cm2, [11]). Detectable phase effects, however,
could be observed only for circularly polarized light
thus far [12]. Because of symmetry breaking along the
surface normal, photoemission from metals is expected
to be another experimentally accessible phase sensitive
measurable. Estimates for the strong-field regime based
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[13], but the feasibility of experimental implementa-
tion remained questionable because of the high peak
intensities required to enter the quasistatic regime of
photoionization.

In this Letter, we present the first fully time-dependent
treatment of this process. Our numerical study corrobo-
rates previous estimates [13] in the quasistatic regime but
yields unexpected (and very promising) results at lower
intensity levels, where the ionization process becomes
nonadiabatic (multiphoton regime). In this regime char-
acterized by a Keldysh parameter � [14] significantly
larger than 1, we obtain a qualitatively different and
strongly enhanced dependence of the integrated photo-
current on ’ as compared to that characteristic of the
quasistatic regime. The time-integrated photocurrent is
predicted to vary by some 25% for a 5-fs pulse carried at a
wavelength of 790 nm at intensity levels far below the
damage threshold, opening the door to the measurement
of ’ of a linearly polarized few-cycle laser pulse.

We employ the time-dependent density functional
theory (e.g., [15,16] and references therein) to determine
the electronic evolution of a metal surface modeled by a
jellium surface under the influence of a few-cycle laser
pulse (pulse durations � � 4–10 fs at � � 790 nm) with
peak intensities Ip between 5:6� 1011 W=cm2 and 1:7�
1014 W=cm2. The extended size of such a system poses
a formidable challenge for a description of a time-
dependent many-body system. Typical laser spot sizes
in the experiment have a diameter of about 3 �m
(�60:000 a:u:), which, at typical metallic densities, im-
plies * 108 conduction electrons subject to the electric
pulse in the surface layer. Moreover, during the pulse
duration of � � 10 fs (�400 a:u:), electrons can travel
many hundreds of atomic units into the bulk requiring a
large slab depth. Therefore, drastic simplifications are
called for to reduce the system to a manageable size.
We assume in the following that the linear polariza-
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to approximately grazing incidence of the laser pulse and
an infinitely large spot size. Under these simplifying
assumptions, the translational symmetry of the Hamil-
tonian in the plane of the surface is preserved in the
presence of the pulse. Consequently, the separability of
the ground-state Kohn-Sham orbitals

 l;~kk�~rr� � �l�z� exp�i~kk ~RR�=
���

2
p
�; (1)

where z denotes the coordinate along the surface
normal and ~RR the vector in the surface plane, into two-
dimensional plane waves, and a discrete orbital�l for the
degree of freedom along the surface normal remains valid
throughout the propagation in the strong pulse. The orbi-
tals are solutions of the time-dependent Kohn-Sham
equations:

i@t l;~kk�~rr; t� � �H0 � �Veff	n�t�
 � zF�t��  l;~kk�~rr; t�: (2)

In Eq. (2), H0 is the effective Kohn-Sham Hamiltonian
for the ground state of the jellium surface; �Veff repre-
sents the change in the effective potential due to the
induced time-dependent density fluctuations. The last
term describes the coupling to the laser pulse F�t�. The
temporal profile is written as

F�t� � Fenv�t� cos�!t� ’�; (3)

where Fenv�t� is the envelope function chosen to be a
Gaussian, F0 exp��t

2=2�2�, with a FWHM of � between
4 and 10 fs. ! is the carrier frequency and ’ the carrier-
envelope phase.

Following Eguiluz et al. [17,18], the jellium surface is
represented in terms of a slab: A jellium slab of thickness
d (all results in this paper are for d � 48rs, rs theWigner-
Seitz radius) and with constant positive background den-
sity n� is situated inside a hard-walled box of width L.
n� is uniquely determined by the only free parameter in a
jellium description, rs characterizing the uniform bulk
electron density of the metal. The distance a � �L� d�=2
between the jellium surface and the confining wall must
be large compared to the quiver amplitude of a free
electron in an electromagnetic field, a� aq � F=!2,
in order to prevent unphysical distortions of the wave
packet due to boundary effects. In line with experiments,
we choose as carrier frequency ! � 0:057 a:u: corre-
sponding to the wavelength of � � 790 nm. The orbitals
�l�z� representing subbands of the initial ground state are
solutions of the stationary Kohn-Sham equations. The
exchange-correlation potential Vxc�z� entering the effec-
tive one-particle potential Veff	n�z�
 is calculated in the
local density approximation (LDA). The LDA is known to
lead to an exponential rather than to a correct �1=4z
dependence of the image potential far from the surface
[19–21]. We use this approximation for the sake of its
simplicity and the reduction of computing time. However,
a �1=4z image tail can be included as an external poten-
tial on a phenomenological level. This allows one to test
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for the sensitivity of ’ to the asymptotic limit of the
exchange-correlation potential. Along similar lines, in
order to test the dependence on the work function, we
have changed the work function of the jellium at fixed rs
by adding an additional potential that is constant inside
the slab and decays exponentially towards the vacuum
with a characteristic length rs, thereby introducing a
second adjustable parameter to the jellium model.
This modified jellium allows one to probe the W and rs
dependence of the photoemission independently. Clearly,
switching off this additional potential leads to the stan-
dard jellium model where W is uniquely determined
by rs.

For the determination of �l�z� and of "l, we apply the
Fourier grid Hamiltonian method [22] with a grid spac-
ing �z � 0:2rs equivalent to a grid size in momentum
space of �k � 2�=N�z � 0:0627=rs. The solution of the
Kohn-Sham equation is thus reduced to the eigenvalue
problem of the Hamiltonian matrix Hij of dimension of
the order of N � N with N � 500. Time propagation of
the Kohn-Sham orbitals was performed by a second-order
split-operator method (see, e.g., [23] and references
therein). In contrast to the more commonly used split of
the Hamiltonian H into kinetic and potential terms, our
algorithm is based on the splitting of H into the time
independent ground-state Hamiltonian H0�z� and a time-
dependent potential ~VV �z; t�, which includes the external
perturbation (the laser field) and changes �Veff�z� �
Veff�z; t� � Veff;0 of the effective potential relative to
that of the ground state. Care must be taken of unphysical
reflections due to the boundaries of the finite-size model
system. Two classes of reflections have to be considered.
Reflections at the hard wall box are damped by ‘‘mask-
ing’’ functions, i.e., absorbing boundaries or, equivalently,
optical potentials [24,25]. The mask on the vacuum side
serves in the present case in addition as a microscopic
detector for the photocurrent of ionized electrons. A
different type of unphysical reflection occurs due to the
finite thickness of the slab: Density fluctuations generated
at the surface propagate through the slab and are reflected
at the ‘‘back side’’ of the slab. Since the round-trip time
of the fluctuation through the slab is comparable to the
duration of the pulse ( � 500 a:u:), they can distort
the electronic evolution at the ‘‘front’’ surface, unlike
for the semi-infinite solid. These density fluctuations
have also been damped out by an optical-potential barrier
close to the back side of the slab.

Figure 1 shows the integrated emitted charge per laser
pulse as a function of the maximum field strength F0, for
two different work functions W corresponding to differ-
ent rs values and the duration of the pulse of � � 10 fs.
For moderate field strength (� > 1), the integrated inten-
sity for photoemission, IPE, closely follows a power law
with the exponent of F0 being almost a linear function of
the work function W of the metal (see inset in Fig. 1).
Keeping ! constant but varying W reveals a linear
076403-2



FIG. 2. Time-resolved electron emission for different
carrier-envelope phase ’ and peak field strength of (a) F0 �
0:05 (� < 1) and (b) F0 � 0:007 (� > 1). Dotted lines indicate
the envelope function of the laser pulse with � � 5 fs. Note the
difference in scale in plots (a) and (b).

FIG. 1. Dependence of the photoemission on maximum field
strength F0 of the laser pulse for modified jellia with different
density (rs � 1:5, 3) and work function (W � 5:1 eV, 2.7 eV).
Inset: exponent x of IPE / Fx0 as a function of W=!.
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dependence of the exponent on the ratio W=!. Such a
dependence is characteristic of the multiphoton regime
(see [1]). By keeping W fixed while varying rs (modified
jellium model), we find only a weak dependence on the
density, or, equivalently, the Fermi energy.

Although ultrashort laser pulses have the decisive ad-
vantage of a small energy deposition even for high peak
intensities Ip, the damage threshold is reached at Ip of the
order of a few 1013 W=cm2. Nevertheless, we have also
calculated photoemission for larger Ip in order to inves-
tigate the transition from the multiphoton to the strong-
field regime defined by a Keldysh parameter for solids
� � !

�����

W
p

=F0 < 1 [14]. In this regime, the Keldysh for-
mula predicts a slight deviation from a pure power law
IPE / Fx0, which is barely noticeable for F0 * 0:03.

By contrast, � is found to have a much greater influence
on the time-resolved emission characteristics. In Fig. 2,
we show results for the time-resolved photoemission
from a jellium surface with rs � 3 (W � 3:48 eV) for a
pulse duration of � � 5 fs and for (a) � smaller and (b) �
larger than 1. For both the strong-field case (� < 1) and
the weak-field case (� > 1), we show the time-resolved
emission for different carrier-envelope phases ’ � 0
and �. In the strong-field case, the electron emission
closely tracks the half cycles of the pulse that lower the
surface barrier potential (in analogy to the atomic case in
the following referred to as the ‘‘downhill’’ half cycle),
while in the multiphoton case (� > 1) almost no trace
of the carrier oscillation can be found. The important
point to be noted is that the preferred direction of the
surface normal breaks the inversion symmetry of the
Hamiltonian with respect to the field ( ~FF ! � ~FF).
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Unlike free atoms, the ‘‘uphill’’ and downhill half cycles
contribute very differently to the emission, resulting in a
’ sensitivity of the photocurrent. The time delay between
the maxima of the oscillations and the emission peaks is
due to the finite travel time from the surface to the
‘‘detector,’’ i.e., the absorbing wall. The mean energy of
the electrons calculated from the distance of the detector
from the surface and the time delay between the field
maximum and the detection [ � 1:3 eV, Fig. 2(b)] is al-
most equal to 3 times the photon energy reduced by the
work function of the jellium slab ( � 1:17 eV). In agree-
ment with these findings, the expansion of our wave
functions into Kohn-Sham orbitals of the systems fea-
tures distinct peaks at coefficients corresponding to
energies EF � n � �h! corresponding to multiphoton ex-
citation for � > 1. The strong ’ dependence can be
visualized in the limit of short � such that effectively
only one half cycle interacts with the surface. While a
pulse in the downhill direction (i.e., ’ � 0) leads to
direct field emission, the main effect of the pulse in the
076403-3
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FIG. 3. Variation of the time-integrated photoemission with
the absolute phase and the maximum field strength F0 of
the laser pulse. Solid symbols: Same laser parameters as in
Fig. 2; open symbols: F0 � 0:007 a:u:, � � 4 fs. The dashed
line shows the photoemission when a long range image tail
(�1=4z) is added.
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uphill direction (’ � �) is a density fluctuation traveling
through the metal reducing the charge emission by orders
of magnitude. The observed strong ’ dependence (Fig. 2)
clearly indicates that for few-cycle pulses ’ plays a
decisive role in the electronic response of the surface.
This observation carries over to the integrated emission
current. In Fig. 3, we show the phase dependence of the
total emitted charge per pulse for the same laser parame-
ters as in Figs. 2(a) and 2(b). The modulation with ’
depends parametrically on the field strength F0 as well as
on the pulse duration �. The maximum of the electron
emission as a function of ’ shifts as F0 undergoes a
transition from the strong-field regime (� < 1) to the
multiphoton regime (� > 1). Its position remains, how-
ever, stable for different values of F0 within the multi-
photon regime. It also displays little variation when the
image potential is added which is due to the fact that the
additional �1=z potential seen by the ionized electron
overshadows the image tail. Moreover, the variation and,
consequently, the phase contrast increases with decreas-
ing field strength. This observation is crucial for the
feasibility of measurements of the carrier-envelope
phase.Variations in F0 across the laser spot do not average
out the modulation as a function of ’ as long as the
maximum F0 at the center of the spot is already in
the regime � > 1. Further reduction in pulse duration
(� � 4 fs in Fig. 3) enhances the variation with ’, i.e.,
the phase contrast.

In summary, we have shown that the photocurrent from
a jellium surface irradiated with ultrashort laser pulses
strongly depends on the ‘‘absolute’’ (or carrier-envelope)
076403-4
phase of the laser pulse. The strong variation is, in part,
due to the fact that the surface breaks the inversion
symmetry (’! ’� �) for laser-matter interaction.
Even if one considers a reduction in contrast for oblique
incidence (not treated in the present calculation), we
expect that measurement of photocurrents for metal
surfaces already at moderate laser intensities (Ip �
1012 W=cm2, � � 2–3) opens a promising new pathway
for determining and controlling the absolute phase of
ultrashort laser pulses.
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