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ABSTRACT

This paper studies photoelectron emission from metal surfaces with laser wavelengths from 200 to 1200 nm (i.e., ultraviolet to near-infrared),
using a recent quantum model based on the exact solution of time-dependent Schrödinger equation. The dominant electron emission mecha-
nism varies from different multiphoton emission processes to dc or optical field emission, depending on the laser intensity, wavelength, and dc
bias field. The parametric dependence of the quantum efficiency (QE) is analyzed in detail. It is found that QE can be increased nonlinearly by
the non-equilibrium electron heating produced by intense sub-picosecond laser pulses. This increase of QE due to laser heating is the strongest
near laser wavelengths where the cathode work function is an integer multiple of the corresponding laser photon energy. The quantum model,
with laser heating effects included, reproduces previous experimental results, which further validates our quantum model and the importance
of laser heating.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0059497

I. INTRODUCTION

Laser-induced photoemission is important to a variety of
advanced applications, such as photocathodes for free electron
lasers,1–3 bright x-ray sources,4 ultrafast electron microscopy,5–9

carrier-envelope detection,10,11 strong-field nano-optics,12–14 and
novel nano-electronic devices.15–20 Photoemission processes have
been studied extensively over a wide range of laser wavelengths,
both experimentally and theoretically. Single-photon photoemis-
sion process and the nonlinearity in strong laser intensity range
due to the laser heating effect have been observed in the ultraviolet
(UV) wavelength range for various metallic cathodes.21–25 Laser of
wavelength around 800 nm has been widely used, and multiple
photoemission mechanisms, including multiphoton absorption,
above-threshold photoemission, photo-assisted field emission, and
optical field tunneling,26–32 have been reported. With laser wave-
lengths from 1 to 1.5 μm, Park et al.33 observed the narrowing of
the emission cone angle of the fastest electrons when laser intensity
increases, which is ascribed to field-induced steering of subcycle
electrons. Few-cycle mid-infrared (up to 8 μm) laser pulses are
applied to single plasmonic nanotips, and it is found that the
electrons can escape the local field within a fraction of an optical

half-cycle.34 Single-cycle terahertz pulses have also been demon-
strated to have their capacity to control nanotip photoemission
electron dynamics.35

Classical models, such as the three-step model and the
Fowler–DuBridge model,23,24,36–42 mainly focus on single-photon
(or photon energy �hω . work functionW, mostly in UV) photo-
emission. The Fowler–DuBridge model has also been extended to
include multiphoton emission and photo-thermionic emission
processes;43–47 however, the multiphoton emission coefficients typi-
cally require empirical fitting, and the model’s validity is question-
able when applying to strong-field regimes.48 Yalunin et al.49

theoretically treat photoemission from metal surfaces by perturba-
tion theory, the Floquet method, and the Crank–Nicolson numeri-
cal approach. Despite extensive studies on photoemission by lasers
of a wide wavelength range, there is still lack of systematic analysis
on the effects of laser wavelength on photoemission and the corre-
sponding quantum efficiency.

In this paper, we study the photoemission current density and
quantum efficiency over a wide range of laser wavelengths from
200 to 1200 nm, using a recent quantum model based on the exact
solution of time-dependent Schrödinger equation.50 We examine
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the laser heating effects on photoemission by using the two-
temperature model (TTM),51,52 in which electrons and the lattice
are treated in separate thermal equilibrium and are characterized
by their own temperatures. TTM is found to be suitable for laser
pulses on a time scale of a few hundreds of femtoseconds to tens of
picosecond.21,22,53–56 Our results show that the laser heating
induced electron redistribution can enhance photoemission
quantum efficiency, especially at laser wavelengths where the
ratio of work function of cathode to photon energy is close to
an integer.

II. PHOTOEMISSION WITHOUT LASER HEATING
EFFECTS

A. Brief description of the quantum model

The quantum model of photoemission is constructed by
solving the time-dependent Schrödinger equation, which is applica-
ble to arbitrary laser electric fields (strength and wavelength),
cathode properties (any Fermi level and work function), and dc
electric field.31,50 The work has been extended to two-color laser-
induced photoemission32,57,58 and to few-cycle pulsed laser excita-
tion11 with excellent agreement with experiments. This quantum
model has been corroborated by comparing with classical models,
i.e., the three-step model and the Fowler–DuBridge model,50 and
has been applied to plasmonic enhanced photoemission from
nanotips.59

The one-dimensional (1D) quantum model considers electron
emission from a flat metal surface under the action of a laser elec-
tric field F1 cosωt and a dc electric field F0. Both dc and laser fields
are assumed to be perpendicular to the metal surface, which has a
Fermi energy EF , effective work function with the Schottky effect60

of W ¼ W0 � 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e3F0/16πε0

p
, where W0 is the nominal work func-

tion, e is the (positive) elementary charge, and ε0 is the free space
permittivity.

Based on the exact solution of time-dependent Schrödinger
equation subject to the oscillatory surface barrier due to the dc and
laser fields,31,50 the time-averaged electron transmission probability
from energy level of ε is obtained as

D(ε) ¼ P1
n¼�1

wn(ε), (1)

where wn(ε) denotes the electron transmission probability through
n-photon process, with n < 0 representing multiphoton emission
process, n = 0 direct tunneling process, and n > 0 multiphoton
absorption process. The detailed expressions for wn(ε) can be
found in Refs. 31 and 50.

The total emission current density is a sum of electron emis-
sion from all the electron initial energies ε available inside the
cathode, which is given as

J ¼ e
Ð1
0 D(ε)N(ε)dε, (2)

where D(ε) is given in Eq. (1), N(ε) ¼ mkBT
2π2�h3

ln 1þ exp EF�ε
kBT

� �h i
is

the supply function with N(ε)dε representing the number of elec-
trons inside the cathode impinging normal to the cathode surface

with longitudinal energy between ε and εþ dε across unit area per
unit time, assuming Fermi–Dirac distribution of the electrons in
the metal,50,61–63 kB is the Boltzmann constant, and T is the
temperature.

Following our previous work,50 the quantum efficiency (QE)
of photoemission is defined as the ratio of the number of emitted
electrons to that of the incident photons,

QE ¼ J/e
I/�hω

, (3)

where J is the emission current density given in Eq. (2) and
I ¼ ε0cF2

1 /2 is the incident (propagating parallel to the 1D surface),
linearly polarized laser intensity, with c the light speed in the
vacuum.

B. Transmission probability

Figure 1 shows the time-averaged transmission probability
wn(ε ¼ EF) through the nth channel (or n-photon process) under
various combinations of dc electric field F0, laser electric field F1,
and laser wavelength λ (¼ 2πc/ω). The metal is assumed to be gold
with Fermi energy of EF ¼ 5:53 eV and work function of
W0 ¼ 5:1 eV. Unless specified otherwise, these are the default
cathode properties in this study. The laser wavelengths are 200,
400, 800, and 1200 nm, corresponding to the photon energy of
6.20, 3.10, 1.55, and 1.03 eV, respectively. The laser fields F1 for
lines in red, green, blue, and purple are 0.1, 1, 3, and 6 V/nm, cor-
responding to the local laser intensity of 1:33� 109, 1:33� 1011,
1:20� 1012, and 4:79� 1012 W/cm2, respectively. The electron
initial longitudinal energy is assumed to be at the Fermi level, i.e.,
ε ¼ EF . It is obvious that the electron transmission probability
w(EF) increases when the laser field increases. For F1 ¼ 6V/nm,
there is more contribution from the large values of nth channel
to the total transmission probability, especially for the cases of
λ ¼ 800 and 1200 nm. When F0 ¼ 0, the dominant emission
process for λ ¼ 200, 400, 800, and 1200 nm are one-, two-, four-,
and five-photon absorption processes, respectively. This is consis-
tent with the integer value of hW/�hωþ 1i, with hi denoting the
integer part of the expression. It is interesting to observe that the
dominant channel shifts from n ¼ 5 to n ¼ 6 for λ ¼ 1200 nm,
when F1 increases to 3 and 6 V/nm [Fig. 1(d)] due to the channel
closing effect,64 where the to-be-liberated electrons have to over-
come not only the potential barrier but also the ponderomotive
energy Up ¼ e2F2

1 /4mω2 in the laser field28 such that the electron
drift kinetic energy En ¼ εþ n�hω� EF �W � Up is larger than
zero. A small dc field F0 ¼ 0:1V/nm has little effect on the trans-
mission probability for λ ¼ 200 and 400 nm [Figs. 1(e) and 1(f )].
However, it shifts the dominant channel from n ¼ 4 to n ¼ 3 for
λ ¼ 800 nm when F1 ¼ 0:1, 1, and 3 V/nm [Fig. 1(g)] and also
shifts the dominant channel from n ¼ 6 to n ¼ 5 for λ ¼ 1200 nm
when F1 ¼ 3 and 6 V/nm [Fig. 1(h)]. This is due to the lowering
of the surface potential barrier by the dc electric field, therefore
lowering the number of photons required to overcome the
barrier. When F0 ¼ 1V/nm, more nth channels of lower order
are opened up, and the dominant channel is further shifted to
smaller value of nth channels, especially for λ ¼ 400, 800, and
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1200 nm [Figs. 1( j)–1(l)]. When F0 ¼ 5V/nm, the dominant
emission process is direct field tunneling, i.e., through n ¼ 0,
regardless of the laser wavelength.

The electron transmission probability D(ε) as a function of
electron longitudinal energy ε and laser wavelength λ, under
various combinations of dc electric field F0 and laser field F1, is
shown in Fig. 2. When F0 ¼ 0, the three-dimensional (3D) surface
plot shows stair-like behavior as a function of ε for a given λ
[Figs. 2(a)–2(d)]. Each stair corresponds to n-photon absorption
process, with n increasing as ε decreases, for a given λ. As F1
increases, the electron transmission probability increases and
more “stairs” clearly appear at the bottom right region, i.e., the
“smaller initial energy”–“longer laser wavelength” region. When
F0 ¼ 1V/nm, the electron transmission probability is increased due
to the lowering of the surface potential barrier. The step edge

between “stairs” is not as steep as that with zero dc field but
becomes gradual [Figs. 2(e)–2(h)]. Dc electric field has a greater
enhancement on the emission induced by a longer wavelength
laser.50 This can be explained by the change of the dominant emis-
sion process, which shifts to smaller n-photon absorption process
due to the lowering of the surface potential barrier by the applied
dc field. From Figs. 1(a)–1(d), it can be observed that the
(n + 1)-photon absorption process has a probability orders of mag-
nitude lower than the n-photon absorption process for a given λ.
When F0 ¼ 5V/nm, the 3D surface plot of D(ε) becomes smooth
[Figs. 2(i)–2(l)]. At each electron initial longitudinal energy ε, D(ε)
is almost constant for all different laser wavelengths, which implies
that the dominant emission process is due to the dc field tunneling,
consistent with Figs. 1(m)–1(p). In Figs. 2(i)–2(l), as the laser field
F1 increases from 0.1 to 6 V/nm, D(ε) increases and the stair shape

FIG. 1. Electron transmission probability from initial longitudinal energy of EF through nth channel under various combinations of dc electric field F0, laser field F1, and
laser wavelength λ. (a)–(d) F0 ¼ 0 V/nm; (e)–(h) F0 ¼ 0:1 V/nm; (i)–(l) F0 ¼ 1 V/nm; and (m)–(p) F0 ¼ 5 V/nm. In each column, (a), (e), (i), and (m) λ ¼ 200 nm; (b),
(f ), ( j), and (n) λ ¼ 400 nm; (c), (g), (k), and (o) λ ¼ 800 nm; and (d), (h), (l), and (p) λ ¼ 1200 nm. The laser fields F1 corresponding to lines in red, green, blue, and
purple are 0.1, 1, 3, and 6 V/nm, respectively. The metal is assumed to be gold with EF ¼ 5:53 eV and W0 ¼ 5:1 eV.
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of the surface in the shorter wavelength range becomes more
obvious. The shape of the 3D surfaces is determined by the relative
strength of laser and dc electric fields.

Figure 3 shows the electron transmission probability
D(ε ¼ EF) as a function of laser wavelength under various combi-
nations of dc and laser electric fields, which is the projection of
D(ε) in the D� λ plane with ε ¼ EF in Fig. 2. When F0 ¼ 0, the
curves display distinct stair shape, though each step is not flat,
especially for λ . 486 nm, i.e., n ¼ W0/�hω . 2. For small F1,
D(EF) has its maximum value at the step point in each step, corre-
sponding to an integer value of the ratio of W0/�hω. As the laser
field F1 increases, D(EF) is enhanced greatly, especially for
λ . 486 nm. This is because D(ε ¼ EF)/ F2n

1 in the n-photon
photoemission regime. Meanwhile, the step points shift to smaller
laser wavelength when F1 gets larger, which is indicated by the
dashed arrow line in Fig. 3(a). This shift is due to the channel
closing effect, which is more pronounced for longer laser wave-
length. When there is a small dc electric field (F0 ¼ 0:1V/nm), the
“stair” becomes smoother. The step points shift to larger wave-
length (i.e., smaller photon energy) due to the lowering of the
surface potential barrier by the applied dc electric field. As F0
increases to 1 V/nm, the “stairs” still exist but the number of the

“stairs” decreases and the magnitude difference between them gets
smaller. When F1 ¼ 0:1V/nm, there are two distinct “stairs”
observed. Most of the emission is due to photon-assisted tunneling
[cf. Figs. 1(k) and 1(l)] for relatively long laser wavelength. When
F0 ¼ 5V/nm, the electron transmission probability becomes
almost independent of laser wavelength for F1 ¼ 0:1V/nm.
The dashed curve is for dc field emission without laser electric
field with F0 ¼ 5V/nm, which overlaps with the curve for
F1 ¼ 0:1V/nm. For F1 � 1V/nm, the dominant emission process
is still direct tunneling, as shown in Figs. 1(m)–1(p). The laser elec-
tric field F1 can modulate the emission process through photo-
assisted field emission and above-threshold photoemission. It can
be observed that, with a large dc field, D(EF) is larger in the rela-
tively longer laser wavelength range, as shown in Fig. 3(d).

C. Current density and quantum efficiency

The emission current density J, calculated from Eq. (2), as a
function of laser wavelength λ, is presented in Fig. 4. It should be
pointed out that the laser heating effect is not considered here with
the temperature T in Eq. (2) set to 300 K. Figure 4 shares similar
trends as in Fig. 3 since the majority of emitted electrons originate

FIG. 2. Electron transmission probability D(ε) as a function of electron initial energy ε and laser wavelength λ for various combinations of laser field F1 and dc electric
field F0. (a)–(d) F0 ¼ 0 V/nm; (e)–(h) F0 ¼ 1 V/nm; and (i)–(l) F0 ¼ 5 V/nm. In each column, (a), (e), and (i) F1 ¼ 0:1 V/nm; (b), (f ), and ( j) F1 ¼ 1 V/nm; (c), (g),
and (k) F1 ¼ 3 V/nm; and (d), (h), and (l) F1 ¼ 6 V/nm.
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from the vicinity of the Fermi level.28,50 However, the curves for
J vs λ are smoother than those for D(ε ¼ EF) vs λ due to the com-
bined emitted electrons with different initial longitudinal energies.
Including a dc field will make the step edge smoother and the step
point shift toward longer laser wavelength. When F0 ¼ 5V/nm,
the electron emission is increased by 1–21 orders of magnitude
compared with the case of no applied dc electric field for different
combinations of laser wavelength λ and laser field F1. The domi-
nant emission process of field emission (n ¼ 0) for F0 ¼ 5V/nm
makes the emission current insensitive to the laser wavelength.

Figure 5 shows quantum efficiency (QE) as a function of laser
wavelength λ and laser field strength F1 under various dc field
strengths F0, which is calculated from Eq. (3). It is obvious that the
curves for QE vs λ share similar trends as those for J vs λ in Fig. 4.
For F0 � 1V/nm, QE is almost independent of F1 for different
laser fields 0:1V/nm � F1 � 6V/nm in the smaller laser wave-
length regime (or W/�hω , 1), which is indicated by the yellow
shaded area in Figs. 5(a)–5(c). This is because the dominant
single-photon photoemission in this regime follows J / I ¼ F2

1 .
Therefore, the quantum efficiency is independent of the laser field
as QE/ J/I. Note the majority of existing studies on QE focus only
on this single-photon regime.23,24,50 For W0/�hω . 1, the photo-
emission is due to n-photon process, which scales as J / In

(n � 2), with n determined by rounding W/�hω up to the nearest
integer number. As a result, QE/ In�1, and the quantum efficiency
increases greatly as F1 increases. As dc field increases, QE is
enhanced and the step points are shifted toward longer laser wave-
lengths (i.e., smaller photon energy) due to the lowering of the
surface potential barrier by the dc field. As a result, increasing F0
from 0 to 1 V/nm also extends the single-photon absorption
regime from ∼250 to ∼320 nm, where QE is independent of laser
field F1, as indicated by the yellow shaded area in Figs. 5(a)–5(c).
When F0 ¼ 5 V/nm, QE can be larger than 1 due to the dominant
contribution of dc field emission.

III. PHOTOEMISSION WITH LASER HEATING EFFECTS

A. Two-temperature model

It is known that electron energy distribution function (EEDF)
and its dynamic due to laser heating have strong influence on
photoelectron emission current and emission electron energy spec-
trum.21,22,50,52,65 Electrons can be excited to higher energy levels by
absorbing the laser energy. The excited electrons can come into
thermal equilibrium with other electrons by electron–electron scat-
terings and can transfer energy to the lattice by electron–phonon
scatterings. The microscopic kinetic approach, such as Boltzmann’s

FIG. 3. Electron transmission probability D(ε ¼ EF ) with initial energy of EF as a function of laser wavelength λ for various combinations of dc electric field F0 and laser
field F1. (a) F0 ¼ 0; (b) F0 ¼ 0:1 V/nm; (c) F0 ¼ 1 V/nm; and (d) F0 ¼ 5 V/nm. The laser fields F1 corresponding to solid lines in red, green, blue, purple, and the
dashed line in cyan are 0.1, 1, 3, 6, and 0 V/nm, respectively.
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equation, can provide an accurate estimation of internal thermaliza-
tion process and electron and phonon energy distribution, espe-
cially for femtosecond laser pulses.29,66,67 However, the classical
two-temperature model (TTM) still works well for laser pulse of
∼500 fs duration21,22,53–56 but with much lower computational
complexity. We will use TTM to estimate the laser heating effects
in photoemission. In TTM,51,68 electrons and lattice are considered
as two separate equilibrium subsystems, characterized by their own
temperatures Te and Tl ,

Ce(Te)
@Te(x, t)

@t
¼ @

@x
κ
@Te(x, t)

@x
� g(Te � Tl)þ G(x, t), (4a)

Cl(Tl)
@Tl(x, t)

@t
¼ g(Te � Tl): (4b)

In Eq. (4), the electron heat capacity Ce(Te)

¼ γTe/ 1þ 7
40

πkBTe
EF

� �2
� �

with kB being the Boltzmann’s constant,

γ ¼ 1
3 π

2k2BB(ε ¼ EF) with B(ε) ¼ 8π mη
(2π�h)3

ffiffiffiffiffiffiffiffiffi
2mε

p
, and η an effective

thermal mass term. When kBTe � EF , Ce(Te) � γTe. The lattice

heat capacity Cl(Tl) ¼ 3NkB/ 1þ 1
20

TD
Tl

� �2
� �

, where N is the

number density of the atoms in metal, TD ¼ �hvs
kB
(6π2Nr)1/3 is the

Debye temperature, with vs the speed of sound inside the metal
and r the number of atoms per unit cell. When TD � Tl , Cl is a
constant. g ¼ πλ0

9�h kBk
3
Fmv2s is the electron–lattice coupling coeffi-

cient, where kF is determined by the Fermi momentum
�hkF ¼ ffiffiffiffiffiffiffiffiffiffiffi

2mEF
p

, λ0 is a dimensionless electron–phonon coupling
constant, which is characteristic of the metal and on the order of
0.1–1. g(Te � Tl) gives the amount of energy per unit volume per
unit time transferred between electron and lattice systems.
G(x, t) ¼ I(t)Pabsα exp(�αx) is the energy absorbed by the metal,
where I(t) is the laser intensity temporal profile, α ¼ 4πk/λ is
the absorption coefficient with k the extinction coefficient, the laser
power absorption fraction is Pabs ¼ πδs/λ for the parallel-to-surface
incident laser,69–71 with λ the laser wavelength in the vacuum and
δs ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2/σωμ0
p

the skin depth, σ the conductivity of the metal, and
μ0 the vacuum permeability, or Pabs ¼ 1� R for the incident laser
tilted to the metal surface, with R the reflectivity of the laser at the
metal surface. κ ¼ 2EF

3m Ce(Te)τ is the thermal conductivity, with τ
the electron scattering time and m the electron rest mass.
According to Matthiessen’s rule, 1

τ ¼ 1
τe�e

þ 1
τe�ph

, with τe�e ¼ �hEF
A0k2B

1
T2
e

FIG. 4. Electron emission current density calculated from Eq. (2) as a function of laser wavelength λ for various combinations of dc electric field F0 and laser field F1. The
temperature T is set to be constant at 300 K without considering laser heating. (a) F0 ¼ 0; (b) F0 ¼ 0:1 V/nm; (c) F0 ¼ 1 V/nm; and (d) F0 ¼ 5 V/nm. The laser fields
F1 corresponding to solid lines in red, green, blue, purple, and the dashed line in cyan are 0.1, 1, 3, 6, and 0 V/nm, respectively.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 130, 064902 (2021); doi: 10.1063/5.0059497 130, 064902-6

Published under an exclusive license by AIP Publishing

https://aip.scitation.org/journal/jap


and τe�ph ¼ �h
2πkBλ0

1
Ti

being the electron–electron and electron–
phonon scattering times, respectively, and A0 a dimensionless,
material-specific quantity.

B. Electron temperature Te

The time-dependent evolution of the electron temperature in
response to an incident laser pulse with full width at half maximum
(FWHM) τFWHM ¼ 450 fs under various laser wavelengths and field
strengths is shown in Figs. 6(a) and 6(b). In Fig. 6(a), the laser field
strength is kept constant as F1 ¼ 1V/nm for laser wavelengths
ranging from 200 to 1200 nm. The maximum of the electron tem-
perature lags behind that of the incident laser intensity (dotted
curve), which is centered at t ¼ 0. It is interesting to find that as the
laser wavelength decreases, the time delay between the maximum of
the temperature and that of the laser intensity increases, and the
temperature gets larger, which is due to larger laser energy absorp-
tion G � k/λ3/2 inside the metal for parallel incidence [extinction
coefficient k vs λ shown in Fig. 6(c)]. For a fixed laser wavelength
(λ ¼ 800 nm), the electron temperature increases with the laser field
strengths, as shown in Fig. 6(b). In addition, the time delay between
the maximum of the electron temperature and that of the laser

intensity increases. The electron temperature at t ¼ 0, which corre-
sponds to the peak of the laser intensity, and the peak electron tem-
perature Tpeak

e , as a function of laser wavelength are shown in Fig. 6
(d) for F1 ¼ 1V/nm. The temperature decreases with the laser wave-
length, which is due to less absorption of the laser energy as laser
wavelength increases. The obtained electron temperature Te is then
used in Eq. (2) by setting T ¼ Te to calculate the photoemission
current density.

C. Current density and quantum efficiency with laser
heating

A comparison of photoemission with laser heating effects (red
curves) and without laser heating effects (blue curves, with
T ¼ Te ; 300K) is shown in Fig. 7. The results are taken at t = 0,
which corresponds to the laser intensity peak [cf. the dotted curve
in Fig. 6(a)]. The peak laser field strength is taken to be 1 V/nm.
The electron emission current density per electron initial energy,
calculated as J(ε) ¼ eD(ε)N(ε) from Eq. (2), extends to energy
levels above the Fermi level as the laser heating effect is considered,
as shown in Fig. 7(a) for λ ¼ 200, 600, and 1000 nm. This is
because more electrons are excited to energy levels above the Fermi

FIG. 5. Quantum efficiency (QE) calculated from Eq. (3) as a function of laser wavelength λ for various combinations of dc electric field F0 and laser field F1. The temper-
ature is set to be constant at 300 K without considering laser heating. (a) F0 ¼ 0; (b) F0 ¼ 0:1 V/nm; (c) F0 ¼ 1 V/nm; and (d) F0 ¼ 5 V/nm. The laser fields F1 corre-
sponding to solid lines in red, green, blue, and purple, are 0.1, 1, 3, and 6 V/nm, respectively.
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level by absorbing the laser energy. The electron emission from
initial energy levels above the Fermi energy accounts for 7.84%,
6.85%, and 91.1% of the total emission for λ ¼ 200, 600, and
1000 nm, respectively, with laser heating effects, compared to
0.13%, 0.015%, and 0.73% without laser heating. Figure 7(b) shows
the emission current density as a function of the laser wavelength.
The steep step point, which is the transition point between different
n-photon processes, becomes smooth. This is because more elec-
trons above the Fermi level can be emitted through smaller
n-photon process, which has an emission probability orders of
magnitude higher than larger n-photon process [see Figs. 1(a)–1(d)
and its description in Sec. II B above]. The difference between the
red and blues curves shows that the laser heating effect has a
greater impact on longer wavelength laser-induced photoemission.
The quantum efficiency as a function of laser wavelength is shown
in Fig. 7(c), showing the same trend as J vs λ in Fig. 7(b).
In summary, the increase of QE due to laser heating is the strongest
near the step points (i.e., W0/�hω ¼ integer) and is more profound
for longer laser wavelengths.

D. Comparison with experimental results

We demonstrate the validity of the above quantum model
with laser heating by comparing it with experimental results in
Ref. 21. In the experiment, a laser pulse of 450 fs duration at
248 nm is used. The metal is copper with Fermi energy EF ¼ 7 eV
and work function W0 ¼ 4:6 eV. The emission current density per
pulse based on our quantum model31,50 is given as

Jp ¼ 1
τFWHM

ð1
�1

J(t)dt, (5)

where J(t) is the emission current density at t calculated from
Eqs. (1) and (2) and τFWHM is the full-width-half-maximum of the
intensity of the laser pulse. Note that though Eq. (1) is the time-
averaged transmission probability for continuous wave laser excita-
tion, it is found to be an excellent approximation for laser pulses of
longer than ten cycles.31 Thus, it is expected to be applicable for
laser pulses of 450 fs (∼544 laser cycles) at 248 nm considered here.

FIG. 6. Electron temperature varies with incident laser wavelength λ and laser field strength F1 calculated from Eq. (4). (a) Electron temperature temporal profile for λ
from 200 to 1200 nm with peak laser field F1 ¼ 1 V/nm and the corresponding peak laser intensity of 1:33� 1011 W/cm2. The dotted curve is the laser intensity temporal
profile I(t). (b) Electron temperature temporal profile for peak laser field F1 from 0.2 to 1 V/nm with λ ¼ 800 nm. (c) Optical constant extinction coefficient k as a function
of λ.72 (d) Electron temperature at t ¼ 0 (black curve), which corresponds to the time instant of peak laser intensity, and peak electron temperature Tpeak

e (red curve), as
a function of λ. Parameters in Eq. (4) for gold are η ¼ 1:08, Cl ¼ 2:35� 106 J/(Km3) (assumed constant), vs ¼ 3240m/s, σ ¼ 4:11� 107 S/m, A0 ¼ 17, and
λ0 ¼ 0:1548.21,52
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FIG. 7. Laser heating effects on photoemission. (a) Electron emission current density per electron initial energy at t ¼ 0 for λ ¼ 200, 600, and 1000 nm with
F1 ¼ 1 V/nm and F0 ¼ 0; (b) Electron emission current density and (c) QE at t ¼ 0 as a function of laser wavelength for F1 ¼ 1 V/nm and zero dc field F0 ¼ 0.

FIG. 8. Comparison with experimental results. (a) Calculated emission current density temporal profile for various laser intensities used in the experiment.21 (b) Emission
current density as a function of the peak laser intensity. Scatters are experimental data extracted from.21 The red curve is calculated from Eq. (5) with J(t) calculated by
our quantum model. (c) Quantum efficiency as a function of the peak laser intensity. Parameters in Eq. (4) for copper are γ ¼ 96:6 J/K2/m3, Cl ¼ 3:5� 106 J/(Km3)
(assumed constant), vs ¼ 5010m/s, σ ¼ 5:96� 107 S/m, A0k2B/�hEF ¼ 2:3� 107/(K2s), and 2πkBλ0/�h ¼ 1:1� 1011/(Ks).21,22,52 In the calculation, dc field F0 ¼ 0 is
used; in the experiment, a dc field up to 6.6 MV/m is applied to overcome the space-charge effect.
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The temporal profile of the emission current density is shown in
Fig. 8(a). As the laser intensity increases, the emission current
density increases, and the current density peak lags behind the
laser intensity peak. This is due to the delay between the tempera-
ture peak and the laser intensity peak, as shown in Figs. 6(a) and
6(b), which has also been observed in Ref. 73. The calculated
current density by the quantum model from Eq. (5) is shown as
red curve in Fig. 8(b), which is in good agreement with the experi-
mental measured current density shown as blue scatter points in
Fig. 8(b). The small difference can be ascribed to the different
settings of the experiment and our quantum model. In the experi-
ment, the laser field is incident onto the metal surface with
an angle of 80° to the normal. However, in our model, the
laser field is perpendicular to metal surface (i.e., parallel inci-
dence). For n-photon absorption process, the emission current
density J / (F1 cos θ)

2n with θ being the angle between field
polarization and the normal of the cathode surface.27 Therefore,
our model slightly overestimates the photoemission. The
quantum efficiency is plotted in Fig. 8(c). To be consistent with
the current density Eq. (5), the laser intensity I in Eq. (3) is cal-
culated by I ¼ Ð1

�1 I(t)dt/τFWHM in order to calculate QE. It is
clear that QE increases with the laser intensity instead of being cons-
tant as shown in Figs. 5(a)–5(c) at 248 nm, which is ascribed to the
laser heating induced electron redistribution.

IV. CONCLUSION

In summary, we have analyzed photoemission from metal sur-
faces with the laser wavelength from 200 to 1200 nm (i.e., UV to
NIR), based on an analytical quantum model by solving the time-
dependent Schrödinger equation. The photoemission mechanisms
vary from multiphoton absorption to dc or optical field emission,74

depending on the laser wavelength and intensity, and dc electric
field. When F0 � 0:1V/nm, which is much smaller than the typical
dc field used in static field emission, the emission current density
and quantum efficiency (QE) are characterized by different n-photon
absorption processes. Channel closing effects and more above-
threshold photoemission (n . W/�hω) are observed as the laser field
increases, especially for longer wavelengths. It is found that QE in
the short wavelength regime (or single-photon regime, n = 1) is
insensitive to the laser field strength for F0 � 1 V/nm. When
F0 ¼ 5V/nm, the static field emission (n = 0) becomes dominant,
regardless of the laser wavelength (200 nm � λ � 1200 nm) and the
laser field strength (0:1V/nm � F1 � 6V/nm).

Laser heating induced electron dynamics is considered by
using two-temperature model (TTM), which is applicable for sub-
picosecond laser pulses. The electron temperature rise shows a
strong dependence on the laser wavelength. It is found that QE
increases nonlinearly with the laser intensity for sub-picosecond
laser pulses. The increase is the strongest near wavelengths where
the work function of the metal is integer multiple of the corre-
sponding photon energy. The quantum model with the laser
heating included also reproduce previous experimental results,
which further validates our quantum model and the importance of
laser heating.

The quantum model is one dimensional without considering
the cathode geometry, surface roughness, and the field enhancement.

It is expected to be valid for cathodes of various shapes by consider-
ing the corresponding local field enhancement and local surface con-
ditions.57,59,75 While our model is derived for continuous wave
excitation, it is still a good approximation to laser pulses of longer
than ten cycles.31 As the laser pulse duration further decreases, a
model for few-cycle pulsed laser-induced photoemission is
demanded.11 In that case, TTM may fail due to the thermal non-
equilibrium in both the electron and lattice systems. The microscopic
kinetic theory, such as Boltzmann’s equation,65–67 needs to be used.
The consistent treatment of the dynamic electron energy distribution
function and electron emission, induced by a laser pulse of a few to a
hundred femtoseconds, will be the subject of future study.
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