PHYSICAL REVIEW B 88, 195434 (2013)

Time-dependent quantum tunneling and nonequilibrium heating model for the
generalized Einstein photoelectric effect

M. Pant and L. K. Ang”
Engineering Product Development, Singapore University of Technology and Design, Singapore 138682
(Received 7 September 2012; revised manuscript received 31 October 2013; published 27 November 2013)

By combining the time-dependent Schrodinger equation with microscopic kinetic equations, a model for
femtosecond-laser-induced electron emission from a metallic surface is developed to capture the physics of
nonequilibrium heating and also the multiple-energy time-dependent tunneling. Using this model, we observe
an enhanced electron emission due to the tranmission resonance at a particular energy level with a barrier height
that produces a resonant frequency near to the laser frequency. Contrary to both pure optical tunneling and
pure multiphoton emission models, the model provides better agreement with experiments. The generalized
Einstein photoelectric effect is found to be inaccurate in this regime because of the nonequilibrium electron
energy distribution, the resonant enhancement, and the ultrashort laser pulse width. The role of photons in the
multiphoton electron emission regime is studied in detail. A smooth transition from the multiphoton regime to

the optical tunneling regime is demonstrated.
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I. INTRODUCTION

The generalized Einstein photoelectric effect predicts that
the number of photons required for photoemission is an
integer equal to the number of quanta that can overcome
the metal work function. Also known as multiphoton electron
emission, this effect is characterized by the Keldysh parameter
y = wv2md/eF > 1, where w is the laser frequency, F is
the electric field, and & is the metal work function. With recent
experiments using ultrafast lasers to induce electron emission
from metal tips,'!! it is found that classical models do not
include important effects such as nonequilibrium heating,
tunneling in the transition regime (y = 1 to 10), emission
from multiple energy levels, and electron acceleration due to
the ponderomotive force.

In this paper, we propose a time-dependent and nonequi-
librium quantum model that is able to account for the
effects mentioned above and is more consistent than prior
models which only cover part of the dynamical process.
The prior limitations include (a) the assumption of single
energy tunneling from the Fermi level while neglecting
the effects of heating and emission from multiple energy
levels (optical field emission),>”%1213 (b) solving only the
microscopic kinetic equations for nonequilibrium heating but
using time-independent tunneling approximations (photofield
emission),>%!*!> and (c) studying the effect of the field gra-
dient but ignoring both heating and time-dependent quantum
tunneling."!

To the authors’ knowledge, this is the first model which
includes all the effects mentioned above. Due to the tran-
mission resonance,!®"!® an increment in barrier potential can
actually lead to increased photoemission when the energy
barrier faced by the electron is close to a multiple of the
photon energy (Fig. 4) and this effect leads to peaks in the
photoemitted electron energy distribution function (Fig. 5).
A smooth transition from the multiphoton regime (y > 1) to
optical field emission (y < 1) is shown in Fig. 7. Another
interesting finding is that the number of photons required for
photoemission deviates from that of the generalized Einstein
model, which implies that the latter is no longer valid in
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ultrafast-laser-induced electron emission (Fig. 8). Finally, a
comparison with experiment confirms that our model gives
the best agreement (Fig. 9).

The system modeled here consists of a Gaussian laser pulse
of duration t, wavelength X, and phase angle ¢ incident on a
metallic tip with radius ry such that the laser electric field
is perpendicular to the metal tip. The peak of the laser is
at to = 40 fs. In addition to the laser electric field Fy, there
is a dc bias field Fy. applied at the surface of the metal in
order to facilitate the transport of emitted electrons to the
detector which is at a distance of 2 nm from the tip. The
material has a work function ®,, and the Fermi level is Ef.
If unspecified, the values of the parameters used in this paper
are A = 800 nm, Fy =3 V/nm, F4. = 0.2 V/nm, 7 = 20 fs,
¢ =0, and rop = 20 nm. The material is tungsten with Fermi
energy Er = 5.78 eV and work function ®,, = 4.4 eV. The
vacuum energy level Ey,c = Ep + ©,, = 10.18 eV. These
default values correspond to an optical cycle of 2.67 fs. With a
pulse length of 20 fs, this equals 7.5 optical cycles. As found in
previous studies, the electron emission time is phase dependent
and is comparable to the optical cycle.?

Although the model is essentially one-dimensional (1D),
the values of the ac and dc electric fields at the surface (Fj and
Fy.) include the field enhancement factor, and the potential
profile [Eq. (10)] including the effects of a spatially decaying
field is described later. Note the plasmonic effect is completely
ignored.

In Sec. II, we describe the model used to calculate the
photocurrent. The findings are reported in Sec. III. In Sec. IV,
we discuss the assumptions used in the model, comparison
with prior works, and some important issues for future works.
Finally, we conclude our paper in Sec. V.

II. METHODOLOGY

The model consists of two parts: the kinetic part which
determines the effect of laser heating on the electron energy
distribution and the quantum tunneling part which calcu-
lates the tunneling current by solving the time-dependent
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Schrodinger equation over many transmission channels which
are determined from the different energy levels obtained from
the kinetic part. The photocurrent as a function of time is
determined by integrating over these channels.

A. Nonequilibrium heating

To account for heating, we need to obtain the nonequilib-
rium electron energy distribution function f(E,.,t) because
the pulse length of the ultrafast laser is shorter than the
electron-phonon relaxation time which is several hundred
femtoseconds.!® Before the laser excitation, the electron
distribution f(E,) and phonon distribution g(E,) follow the
Fermi-Dirac and Bose-Einstein distributions, respectively, at
room temperature. The laser excitation causes a rise in the
electron energy levels. At the same time, electron-electron
and electron-phonon collisions lead to a cooling effect on the
electron gas which is particularly dominant after the peak of
the laser pulse. Hence, the evolution of the electron and phonon
energy distributions can be written as

Af(Ee) _ Of(E.) n Af (E.) n af (E.)
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(
dg(E,)  08(E))
o ot |,

where e-e represents the effect of electron-electron collisions,
e-p and p-e represent the effects of electron-phonon collisions,
and absorp represents the effect of laser energy absorption.

Based on first-order perturbation theory, we have!#1320
af (k) 2 5
= — M, |"F(k,ky, ks, k
o . Z |Mee|” F (k. ki, k>, k3)

ee ki ko k3
x 8(k+ ki — ky — k3)
x 8[E(k) + E(ky) — E(ky) — E(k3)], 2

where F(k,ky,ky,k3) = —f(k) f (kD)1 — f(k2)][1 — f(k3)] +
f(ky) f(k3)[1 — f(k)[1 — f(k;)] represents the possible
energy transitions of the electrons and §(k + k; — ky — k3)
and S[E(k) + E(ky) — E(ky) — E(k3)] represent momentum
and energy conservation, respectively. The interaction matrix
M., is based on a screened Coulomb potential given by
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Here, Ak = k| — ky = k3 — k is the scattering transferred
momentum and kg (Ref. 20) is the static screening length
which is calculated at each time step. Note, m, is the effective
mass of a free electron in the conduction band.

The electron-phonon interaction contributions are given by
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where §”(k,q) = f (k")[1 — f(k)]g(q) — f(B)[1 — f(kDI[1 +
g(q)] and  ST(k,q) = (kD1 — fUOI1 + g(g)] —
f[l — f(kM))g(q). k" =k+q and k- =k —gq are
the possible transitions of the electron wave vector with the
absorption and emission of a phonon.

If the phonon energy is Eyn(q) = hvsg and v, is the speed
of longitudinal phonons, the interaction matrix is given by
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Finally, the laser perturbation is described by
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where o is the laser frequency and Fju is the laser field. The
heating process is assumed to be isotropic.

Using the nonequilibrium heating model described above,
the time-dependent electron energy distribution f(E,,t) is
calculated as shown in Fig. 1. From the figure, we see that
f(E,,t) starts with a Fermi-Dirac distribution at = 0 fs, and
a steplike profile appears at a later time, which is characteristic
of nonequilibrium heating and one step size corresponds to the
energy of a photon absorption. The evolution continues until
a maximum at 7y = 40 fs (blue line), which is at the peak
of the laser pulse. After 40 fs, the distribution starts to drop
(due to the decreasing of the laser intensity) and reachs a
new quasiequilibrium Fermi-Dirac distribution with a higher
temperature as seen at 60 fs (pink line).
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FIG. 1. (Color online) Evolution of the nonequilibrium electron
energy distribution f with time. The vertical dashed line represents
the Fermi level Ef.
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To determine the amount of electron tunneling from the a
surface to vacuum (for multiple energy channels, which vary
with time), we calculate the time-dependent electron density
N(E,,t) with energy E, in the x direction (normal to the
surface). From the calculated f(E,,t) as shown in Fig. 1,
N(E,,t) is calculated by

3/2 )
N(Ex,H)dE, = (%) dE,/n’h*\JE, [ f(EDdE.,
E,
®)

which can be considered as the time-dependent electron supply
function as normally defined in the electron emission model.

It is important to note that the energy parameter E, in
N(E,,t) also changes as a function of time, which is at the
femtosecond time scale comparable to the tunneling time, so
a multiple-energy time-dependent tunneling model is required
to include the time evolution of the electron energy E. ().
A numerical scheme has been created to calculate E,(¢) [see
Eq. (9) below]. Consider electrons with initial energy E, at
t = 0, due to the nonequilibrium laser heating (see Fig. 1), the
electrons will have higher energy E.(¢) at a later time. As the
number of electrons for a given initial energy Ej is a constant,
we obtain arelation of N[E,(t),t] = N(Ey,0), from which we
can infer that the energy of the electron is (as a function)

E (Eo,t) = N"'[N(Ep,0),t], ©)

and the function N(E,0) is calculated from Eq. (8).

In Fig. 2, we plot E(Ey,t) for various Ey = 3.6 to 6.1 eV.
For low Ey = 3.6 eV, the electron energy is fairly constant.
For high Ey > 5.78 eV, which is larger than the Fermi energy
level (Er =5.78 eV), E, shows a steplike profile due to the
quantization of photon absorption, and it decreases gradually
after the peak of the laser pulse at 40 fs. The horizontal and
vertical dashed lines indicate, respectively, the Fermi energy
Ep =5.78 eV and the peak of the laser pulse at 40 fs. As
expected, electrons gain energy during the initial part of the
pulse and gradually cool down after the peak of the laser pulse.
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FIG. 2. (Color online) Evolution of the electron energy for
different initial energies Ey. The vertical dashed line represents 7y
and the horizontal dashed line represents the Fermi level Ef.
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B. Multienergy time-dependent tunneling

In the second part of the model, we use the calculated
E,(Ey,t)to solve for the time-dependent Schrodinger equation
(TDSE) to calculate the total time-dependent current density
J(t) over all channels and also the time-integrated emitting
charge density o. Depending on the initial energy level E,
the electrons will have different energies as a function of time,
which are obtained by solving E, (Ey,t) or Eq. (9) numerically.
For each E(, we may define a transmission channel in the sense
that all electrons with the same E will have the same tunneling
probability since the time evolution of E,(Ey,t) has been
determined by Eq. (9). To ensure our calculations cover the
entire range of energy levels, we have used a very fine sampling
of Ey = 0t0 6.6 eV to define our transmission channels in our
model, so that we can calculate the evolution of the wave
function of these electrons. Specifically, one time-dependent
Schrodinger equation is solved for each transmission channel,
and in total, we typically solve about 150 of them for a given
set of parameters.

Consider the metal-vacuum interface at x = 0O, the time-
dependent potential energy outside the metal (x > 0) due to
the laser is

2

16 ep(x + xp)

t —19)?
_e{chx+Foxexp(—21n2( 20)>
T
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x cos[w(t — ty) + ¢]}
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where Ey,. is the vacuum energy level, = 2mwc/A is the
laser angular frequency, xo = e/[16m €y Ey,.] (for continuity),
and #fp =40 fs is a reference point at the center of the
laser pulse. The second term is the classical image charge
term and the next term represents the electric field (Fyc
and Fp). The last term in Eq. (10) accounts for the effects
of the spatially dependent laser electric field near the tip:
Fx)~ F x [ro/(x + ro)]?, under the assumptions that the
beam waist is large as compared to the barrier width and the tip
has a large geometric field enhancement,'! both of which are
valid in almost all experimental studies.”*!!>! Note we have
used a classical image charge term similar to the one used in
previous studies [second term in Eq. (10)].>!3 As a reference
point, we have defined the E\,. such that the Ey,. — ®,, = 0.

It should be noted that the laser field (Fp) specified in
Eq. (10) is the peak envelope of the laser field measured at
the surface of the metal. While the spatial dependence caused
by the tip radius has been taken into account in the last term of
Eq. (10), we did not explicitly calculate the field enhancement
factor separately, which we have assumed to be included in the
specified value of Fj used in the calculation. In other words, the
field enhancement factor has been included at the zero-order
approximation in this 1D model.

To solve for the TDSE at a given channel, we need to know
the initial wave function at + = 0 with energy Ej. To do so,
we solve for the time-independent Schrodinger equation in the
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FIG. 3. (Color online) The time- and energy-dependent emission
current density J[E,(Ey,?),t] for channels with different E,. The
blue and black lines use the left y axis and the red line uses the right
y axis.

absence of any external fields, which gives
Yo(x < 0) = C; sin(k,,x) + C, cos(k,, x),

(1)
Wo(x > 0) = C3W, 5.1 p[2Vb(x + x0)],
where k,, = /2mEy/h, W ,,(x) is the Whittaker W function,
a = e*m/(8h*meg), and b = 2(Eya. — Eo)/h>.

In addition to the acceleration and tunneling of the electrons
by the laser field, the potential barrier is also lowered by the
increase in electron energy due to laser heating. Hence, the
potential energy as a function of time becomes U(x,t) —
[E(Ep,t) — Eg] due to heating. For a given Ej, we first
calculate E,(Ey,t) from Eq. (9) and then solve the TDSE with
U(x,t) — [Ex(Eo,t) — Ep] (due to heating) to calculate the
wave function as a function of position and time. From these
solutions of TDSE calculated for each E(, we can obtain the
time- and energy-dependent emission current density defined
as J[E,(Ey,t),t], whichis determined from the wave functions
at 2 nm from the surface of the metal.

A typical profile of J[E,(Ey,t),t] is plotted in Fig. 3 for
Ey=5.5,5.78 (Fermi energy level), and 5.9 eV. The total
time-dependent current density is calculated by integrating
over all channels: Ji,(f) = f N(E,)J(E,,t)dE, (see Fig. 6).
The time-integrated emitted charge density (o) can also be
calculated by integrating Ji over the entire laser pulse length
(see Fig. 7).

III. RESULTS

In this section, we first show that the effect of the transmis-
sion resonance that has been observed in gas ionization'®!” is
also possible for the ultrafast laser electron emission studied
in this paper. The emitted charge density o (calculated by
integrating Jy¢) at a single channel energy is plotted in
Fig. 4(a) as a function of the barrier height £, = Ey,. — E.
The figure shows that o decreases with increasing E}, but there
are distinct localized peaks corresponding to the transmission
resonances. Taking into account the lowering of the potential
barrier by the dc bias, these peaks appear when the effective
barrier height (E;, — E4.) is equal to the energy of N photons or
Ep, = N x hv + E4., where hv is the photon energy, Eq. is
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FIG. 4. (Color online) (a) Emitted charge as a function of the
energy barrier with different parameters: Fy. [V/nm] = 0.1 (pink
line), 0.2 (black line), and 0.4 (blue line), laser pulse widths T = 20 fs
(solid lines), 8 fs (dashed line), and 4 fs (dotted line). A = 800 nm in
all cases except the green circles which correspond to A = 1600 nm.
The Keldysh parameter y is between 3.1 and 9. The vertical dashed
lines are multiples of the photon energy. (b) Comparison of the current
vs time curve for E, = 2.9 eV (black lines) and 3.4 eV (red lines).
The solid lines represent the case of the full laser pulse while the laser
and dc field are turned off near the middle of the pulse for the dashed
lines. (c) Plot of the probability density at the metal surface at two
different values of E, corresponding to the dotted lines in Fig. 4(b).

the lowering of the barrier by the dc field, and N = 1,2, ...
is an integer.

Here, the peaks (or resonance transmissions) occur when
the effective barrier height (E, — Eq4.) is equal to the energy
of N photons. At 800 nm and Fg. = 0.2 V/nm (black solid
line), we have hv =1.55 eV and E4g ~ 0.3 V, and the
three peaks (N =1, 2, and 3) are at E, ~ 1.85, 3.4, and
4.95 eV, respectively, as shown in the figure. By changing
Fgc = 0.1 V/nm (pink) and 0.4 V/m (blue), the peaks will be
shifted slightly to new E; due to the difference in Eq4.. From
Eq. (10), we can see that the magnitude of the peak shift is
similar to the lowering of the barrier by Fg.. Interesting, the
resonance is found to become less important at small 7 for
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which the peaks become less prominent when t is reduced
from 20 fs (solid line) to 8 fs (dashed line) to 4 fs (dotted line).

Because of the peaks, an increase in the barrier height
can actually increase photoemission. For example o at E, =
3.4 eV is much higher than E;, =2.9 eV [see the black
solid line in Fig. 4(a)]. To explain this, the emitted current
density J(¢) is plotted in Fig. 4(b) for E, = 2.9 eV (black)
and 3.4 eV (red), respectively. The corresponding dotted lines
have identical parameters except that both the laser field and
the dc field are turned off at the time when the laser field returns
to zero after the peak laser field at 40 fs. From the figure, it
is clear that the emitted current persists even after the fields
are turned off. From the wave functions obtained from solving
the TDSE, we realize that the laser field sets up oscillations
in the wave function. In Fig. 4(c), the probability density at
the metal surface with two different values of E, is plotted
corresponding to the dotted lines in Fig. 4(b); i.e., the fields
are turned off after the center peak. The oscillations can be
clearly seen in Fig. 4(c) with a frequency equal to the laser
frequency before 75 = 40 fs.

Once the fields are turned off, the oscillations persist and
they settle at their natural frequency, which is about E;, / h and
is independent of the laser frequency used. At E, = 3.4 eV,
we have E;,/ h =~ 820 THz, which is very close to the 800 THz
obtained from direct observation of the wave function as a
function of time near the surface [see the oscillation after
t > 40 fs, Fig. 4(c)]. The measured frequency is within 3% of
E}/ h for Ej, once the oscillations attain their natural frequency.
Thus, when the effective barrier equals a multiple of the photon
energy, i.e., E, (at the peak)—E4. = N X hv, this natural
oscillation frequency matches the frequency of the laser field,
which provides the enhancement in the oscillation amplitude
and explains the localized peaks in Fig. 4(a).

These oscillations require a finite time to be set up and,
hence, the resulting current is slightly delayed as shown in
Fig. 4(b). At the beginning of the pulse (<40 fs), the lower
barrier case (2.9 eV, black line) has a higher current because
oscillations for the higher barrier case (3.4 eV, red line) have
not started yet, for which they become dominant only at a
longer time later (+ > 40 fs). This finite delay time explains
why the peaks become less prominent at shorter pulse lengths
(not enough time to set up the oscillation) from 7 = 20 to
8 fs (dashed line) to 4 fs (dotted line) as observed in Fig. 4(a).
Similarly, if we increase the wavelength A from 800 to 1600 nm
(symbols), the peaks also become smaller due to the same
effect. The corresponding number of laser periods for the three
cases of smaller peaks (dashed line, dotted line, and symbols)
are ft = 3, 1.5, and 3.75, which are smaller than ft = 7.5 at
A =800 nm and 7 = 20 fs (solid line). Thus we predict that
such resonance transmission will require a finite laser period
on the order of 10.

In Fig. 5, the photoemitted electron energy distribution
function femi(E,) = f N(E,t)J(E,,t)dt is plotted in order
to show the relative contributions of different energy levels.
The figure shows that the peak emission is not from the Fermi
level as is generally assumed in other works. The peaks in
the emission spectrum are separated by a photon energy of
1.55 eV (800 nm) or 2.25 eV (550 nm), which represents the
energy corresponding to the resonance transmission discussed
earlier. For example, the peak at E, = 4.95 eV for 800 nm
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FIG. 5. (Color online) Spectrum of the emitted charge density for
different laser parameters. The black solid line represents A = 800 nm
and T = 20 fs. The other plots are F, changed from 3 to 30 V/nm (red
line), A changed from 800 to 550 nm (green line), and f(E,) equal
to the Fermi-Dirac distribution, i.e., no heating but multiple electron
energies (dashed line). The vertical dashed line represents the Fermi
level.

in Fig. 4(a) is seen here as the N = 3 photon absorption at
an energy equal to £, = Ey,c — N X hv — Eg. =5.23 eV as
shown by the first peak in Fig. 5. When heating is turned
off, f(E.) is equal to the Fermi-Dirac distribution (dashed
line), and the two peaks at energy higher than Er disappear
[see dashed lines in Fig. 5], which confirms the importance of
having heating in order to describe accurately the multiphoton
electron emission due to the ultrafast laser. A comparison at
550 nm (green line) is also plotted. Athigh Fy = 30 V/nm (red
line) in the optical tunneling regime, the spectrum broadens as
tunneling becomes more dominant than the multiple photon
absorption as expected.

As mentioned, the importance of heating cannot be ignored
as it will also strongly affect the amount of emitted current.
As expected, heating leads to a higher current and the effect
of heating is more apparent at larger pulse width. With a 20 fs
pulse, the photocurrent with heating included is 2.4 times
greater than when heating is ignored, but with an 8 fs pulse
this ratio is reduced to 1.8 as can be seen in Fig. 6.

InFig. 7, we show the emitted charge density o as a function
of the laser field Fj in the range of 3 to 50 V/nm, from the
multiphoton regime (Fp &~ 3 V/nm) to the optical tunneling
regime (Fp > 10 V/nm) with A = 800 nm and t = 20 fs as
default parameters. Our model does not produce the unphysical
fluctuations shown by single energy models (pink line)'>!3
at Fy > 10 V/nm (optical tunneling regime) and also gives
a smooth transition consistent with experimental findings.’
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0

30
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FIG. 6. (Color online) Comparison of the current vs time graph
with (solid line) and without (dashed line) heating for pulse lengths
of 20 fs (black lines) and 8 fs (red lines).
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FIG. 7. (Color online) Dependence of emitted charge density o on
Fy for different laser parameters. The black solid line is the combined
model with A = 800 nm and 7 = 20 fs (default case). The pink and
dashed black lines represent the single energy model and the no-
heating case, respectively, with the same parameters. A is changed to
550 nm for the red line and 7 is reduced to 8 fs for the green line.
A smooth transition into the tunneling regime is seen as observed
experimentally.

Comparisons under different settings are also plotted: 550 nm
(red line), 8 fs (green line), and without heating (dashed line).

The number of photons incident on the metal is proportional
to the laser intensity or F¢. For n number of photon absorption,
the process should be of order n, and thus the emitted charge
density should scale as o oc F3". From Fig. 7, we obtain the
value of n photon absorption (in the multiphoton regime) by
using a fitting of o FOZ” at Fy = 3 V/nm. In other words, n
is simply half the slope of the log(c) vs log(Fp) calculated at
around Fy = 3 V/nmin the figure. In may be worth mentioning
that such a method has been used to estimate the average
number of photon absorption for electron emission by fitting
the experimental measured data’ with such scaling.

In Fig. 8, the value of n is plotted as a function of A at T =
20 fs (in black) for three different scenarios: multiple energy
with (solid line) and without (dashed line) heating, and also
single energy at Er (dotted line). We have chosen a work func-
tion of ®,, = 3.6 eV for reasons that will be explained shortly.
Unlike the generalized Einstein photoelectric effect (circles),
which predicts an abrupt jump fromn = 2 to 3 at A = 689 nm,
our model shows a smooth transition in the range of 689 to
900 nm. Compared to the single energy case (dotted line), the
wavelength A at the transition (n = 2 to 3) for both multiple
energy with (solid line) and without (dashed line) heating cases
shifts to smaller A because the majority of the electron emission
(from both cases) is from energy smaller than Er (see Fig. 5).
Comparison with a smaller T = 8 fsis also plotted (green line).

We use ®,, = 3.6 eV (magnesium) in Fig. 8 because it
gives A = 800 nm (in the middle of the transition from n = 2
to 3), which is suitable if the model is to be verified by using
a femtosecond pulsed Ti:sapphire laser. By shining an 800 nm
laser on a material with ® = 3.6 eV, it should be possible to
observe the transition between n = 2 and n = 3 as predicted
by this paper. If a work function of ®,, = 4.4 eV (gold or
tungsten), the wavelength of the transition will be around
670 nm.
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FIG. 8. (Color online) Dependence of the order of the multipho-
ton emission process n on the laser wavelength A under different
conditions, where n is calculated from the scaling of o oc F3" from
Fig. 7. The black solid line is the combined model with A = 800 nm
and t = 20 fs (default case). The dashed and dotted black lines rep-
resent, respectively, the multiple energy without heating case and the
single energy without heating case, with the same parameters. The
green line represents the default case with a smaller T =8 fs.
The circles represent the generalized Einstein photoelectric effect.
The red line represents ng.

It is interesting that even though a significant portion of
the electron emission is from energies greater than Er (see
Fig. 5), this does not translate into a significant reduction
in photon absorption n. In the traditional understanding, we
expect a small number of photons are required if the energy
of the electrons is increased since the barrier will be smaller.
To explain this, we need to study the contribution of n in more
detail, namely, the value of n can be divided into two parts:
n =ng + ng, where ny is due to the heating effect and ng is
due to the absorption of photons at each energy level.

In order to separate ng from the total n, we assume a
constant N(E,,t) [to ensure no heating] in calculating the
slope of log(o) vs log(Fp). Specially, in calculating the slope of
Fig. 7, we take two points close to 3 V/nm. For n g (no heating),
we only calculate N(E,,t) at one of the two points and use it
as an input to calculate the emitted charge at both points. In
doing so, we are able to calculate n g, which is not affected by
the heating part of the model, and it is plotted (solid red line)
as compared to the total n case (solid black line) in Fig. 8.

It is important to clarify the difference between ng and the
total n with a Fermi-Dirac distribution (dashed black line).
Here, ng uses a fixed N(E,,t) at Fy = 3 V/nm and the Fermi-
Dirac distribution uses N(E,,t) at Fp =0 V/nm. The drop
below n = 2 in the single energy case (dotted black line) near
A = 800 nm is related to the resonant enhancement discussed
earlier in Fig. 4.

It is clear that heating process will reduce ng because of
the electron emission from higher energies due to heating (E,
is higher), and this explains the multiphoton emission process
does require fewer photons because of heating. However, there
are photons being absorbed at different energy levels, instead
of heating the metal, and thus ny increases. This combined
effect explains why there is not a significant difference in the
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total n for the multiphoton emission process as presented in in
Fig. 8 (compare the solid and dashed black lines).

We can also use the calculated n and n g values to determine
the average number of photons absorbed (ny) for heating
purposes at different wavelengths, whichisny = n — ng. For
the heating case (solid black line), we have n = 2 to 3, and
ng = 1.75t02, whichgivesny =n —ng =2 —1.75=0.25
(at small X)) to ny =n—ng =3 —2=1 (at large A) over
the range shown in Fig. 8. For the Fermi-Dirac case (dashed
black line), we have n = ng and ny = 0 (no heating included
in the model).

Our findings show that the detailed mechanism (either hear-
ing or pure multiphoton absorption) of electron photoemission
cannot be completely understood just by plotting the o o FOZ"
to determine the n. By measuring this n experimentally, we
are not able to separate the emission process, namely, the
traditional multiphoton emission (no heating) and heating
mechanism or in between. To have better characterization
of the emission process, it is important also to measure the
emission energy spectrum as performed by others® in addition
to the o o« F3" measurement. For example, our Fig. 5 has
shown the calculated results to indicate the energy levels of
the emitted electrons.

Prior experimental results had reported measured data in the
form of a peak-to-baseline ratio, which is defined as the ratio
of the total photoemitted charge at Fy = Fpeak = 2 X Fiqge 10
twice the emission at Fy = Fy,e. The details can be found
in Hommelhoff er al.® In Fig. 9, we compare our results
(solid line) with the published measured data (symbols) by
using a value of Fipye = 0.3 V/nm. Comparison with our
prior models'>!> and simplfied model® are also presented.
Compared to the experimental data (symbols), the pure optical
tunneling model (black dashed-dotted line),'? the pure heating
model (red dotted lines), and the combined models in this
paper (black solid line) are fairly accurate for Fg. > 1 V/nm.
This is expected as the effect of the laser field is not important

25 T T T T T T T T T T T T T
. O Experiment (Ref. [3])
", —— Combined Model at F =0.3V/nm (this paper)
20 + * —-—-Pure optical tunneling (Ref. [13]) i
._g 6\ '." - - - Pure Heating Model at F =0.3V/nm (Ref. [15])
© + \o "= — - Simplified model (Ref. [3])
é) 15 \\ : 7
2 | o
8 \
46—: 10 i \\\ (o) |
§ ————————— \—\-\—-—-—-“— ----- o-—-—-.—:(;:.—.'.—.'.u .....
o 5F See o eee-- -
0 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
06 0.7 08 09 10 11 12 13 14 15
Foo(V/nm)

FIG. 9. (Color online) Comparison of the peak-to-baseline ratio
from different models with experiment. The circles are experimental
results from a previous paper® and the blue dashed line is a simplified
optical tunneling model (with Fy,e = 2.7 V/nm) from the same
paper. The black solid line and the black dash-dotted line represent
the result of our combined model and pure optical tunneling model
with Fy,e = 0.3 V/nm. The red dotted line is a fit from a pure heating
model.'
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in this high dc field regime. At lower Fy. for which the effect of
the laser field is important, however, the pure optical tunneling
model (black dash-dotted line) underestimates the nonlinearity
of the emission process and the pure heating model (red dotted
line) overestimates it. The combined model (black solid line)
is found to lie between these two models and thus provides a
better agreement with the experimental data. It is important to
note that our model (solid line) is better than the a simplified
model (blue dashed line) that had used Fiase = 2.7 V/nm as a
best fit to the measurement.’

IV. REMARKS

In order to reduce the intense computational requirement,
our model assumed an isotropic heating model, which could
overestimate the effect of heating and may be responsible for
the slightly higher nonlinearity in Fig. 9. The accuracy of the
model could be improved in the future by improving on this
assumption.

Electron-electron interactions have been ignored in the
model and it would be interesting to study space charge effects
in the emission process. Thermal conduction, diffusion, nor-
mal heating of the laser,?? and absorption due to roughness>*
have also been ignored since these effects occur on a much
longer time scale.

Although we have included the effects of field enhancement
on our potential by using a spatially dependent electric field,
our model is 1D. As mentioned before, while we have taken
into account the spatial dependence of the field, the field
enhancement due to the tip radius is never explicitly calculated
and the input laser field in the model must be linked to the laser
power directly. A recent paper’* has explicitly calculated the
field enhancement factor using finite difference time domain
simulations and similar simulations could be added to our
model to allow us to relate the emission characteristics with
the incoming laser power directly rather than with the electric
field at the surface. It should be noted that the study>* has not
taken into account the nonequilibrium heating of the metal.

A classical time-independent image charge term has been
assumed in our model. A recent study has introduced a formu-
lation for the time-dependent image charge? which is beyond
the scope of this paper. However, it would be of interest to study
the impact of a time-dependent image charge potential in future
studies. Finally plasmonic effect can be included as well.

V. SUMMARY

In summary, we have developed a much improved and more
consistent model for ultrafast-laser-induced photoemission in
order to account for the effects of nonequilibrium heating,
time-dependent quantum tunneling, and multiple energy emis-
sion. Using this model, we observe an enhanced emission due
to the tranmission resonance at a particular energy level with a
barrier height that produces a resonant frequency near the laser
frequency. The role of photons in the multiphoton electron
emission regime is also studied in details. The model is able
to provide a better agreement with experimental data. Smooth
transition from the multiphoton regime to the optical tunneling
regime is demonstrated. Using this model, the transition based
on Einstein generalized photoelectric effect from two-photon
to three-photon electron emission is no longer valid.
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