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Abstract

Coherent control of quantum systems depends on the manipulation of quantum interference
through external fields. In this work, we investigate the effects of DC bias field on coherent control
of quantum pathways in two-color laser photoemission using exact analytical solutions of the
one-dimensional time dependent Schrodinger equation. Increasing DC bias lowers and narrows
the surface potential barrier, shifting the dominant emission to lower order multiphoton
photoemission, photo-assisted tunneling and then direct tunneling. Those lower order photon
absorption processes result in fewer possible pathways, and therefore modulation of photoemission
current can be suppressed as DC field increases. It is shown that a maximum modulation depth of
99.4% can be achieved for a gold emitter at local DC bias Fy = 0.5 V nm™!, fundamental (800 nm)
laser field F; = 2.6 V nm ™! and second harmonic laser field F, = 0.25 V. nm™! . For a given set of
input parameters, the total photoemission consists of different k-photon processes, each of which
has their own different multiple possible pathways and interference effects. However, the quantum
pathways and their interference for the dominant k-photon process and for the total
photoemission probability show the same trends. This study demonstrates strong flexibility in
tuning two-color lasers induced photoemission using a DC bias and provides insights into
coherent control schemes of general quantum systems.

1. Introduction

Quantum interference manipulation via external fields is fundamental to coherent control of quantum
systems. Two-color laser fields, containing a strong fundamental (w) and a weaker second harmonic (2w),
provide a powerful tool for probing and manipulating electron dynamics in nanostructures with nanometer
spatial and ultrashort temporal resolutions [1-5], which makes it useful in a wide range of applications,
including high-harmonic generation [6, 7], surface plasmon measurement and characterization [8-10], and
opto- or lightwave- electronics [11-17]. The strongly modulated electron sources triggered by the mixed
laser fields play an important role in time-resolved transmission microscopy [18—23], compact x-ray sources
[24-26], and free-electron lasers [27]. Multiple electron emission mechanisms, i.e. multiphoton
photoemission, above-threshold photoemission and optical field emission, depending on the laser intensities
and wavelengths, have been demonstrated experimentally and theoretically [3, 28-32]. By sweeping the
relative phase and controlling the intensity ratio between the fundamental and its second harmonic laser
fields, photoemission current can be enhanced or suppressed (relative to photoemission by a single color
laser), with a modulation depth of up to 97.5% observed in experiments [3, 33—36]. The modulation depth
(also termed as visibility) is defined as the ratio of the difference between maximum and minimum of
photoemission current and the sum of them. The high modulation depth is ascribed to the interference
among competing pathways. In addition to single-color pathways (absorption of w photons only or 2w
photons only), the mixture of two-color lasers also introduces multicolor pathways (simultaneous absorption
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of both w photon(s) and 2w photon(s)). Quantum pathways interference model has been used to explain the
scaling of the coherent signal to the second-harmonic laser intensity in experiments [3, 31, 33, 36].

A DC bias field can offer additional tunability for the coherent control over electron dynamics [15, 30,
37-39]. Due to the lowering and narrowing of the surface potential barrier by the DC field, lower order
photon absorption channels are opened, and therefore electron emission can be enhanced from a few times
to orders of magnitudes, depending on the magnitude of DC field, laser fields and laser wavelengths [33, 40,
41]. It has been shown that DC field has stronger influence in longer laser wavelength range or higher order
of multiphoton absorption regime [32, 42]. A decreased modulation depth with increasing DC bias field has
been observed in photoemission by two-color lasers [31, 33]. Systematic analysis of quantum pathways
interference using exact quantum model reveals the effects of two-color lasers and DC field on the coherent
modulation of photoemission [43]. It is found that increasing the intensity ratio of the second harmonic to
fundamental lasers results in stronger pathways interference and increased modulation depth. Increasing DC
bias sequentially suppresses higher frequency terms, leading to two peaks in the modulation depth vs DC
field. While it is known that a static field shifts the dominant emission processes to lower order photon
emission [30, 40], our previous work [43] and other previous experimental analyses [31, 33] on quantum
pathways were restricted to multiphoton absorption with the order kg = (W, /fiw) + 1, where <> denotes
the integer part inside the bracket, with W, being the nominal work function of the cathode, and fw the
photon energy of the fundamental laser. Thus, how DC bias shifts multiphoton processes to a different
photon order and therefore influences the possible pathways and the weight of each pathway and interference
among them cannot be revealed through existing analysis and needs further study.

In this work, we analyze the effects of DC field on two-color laser photoemission using quantum
pathways interference with the exact analytical solutions of the time-dependent Schrodinger equation
(TDSE). Our analysis explicitly shows how DC bias shifts the possible pathways, changes the weight of each
pathway and interference among them, and modulates photoemission current.

2. Quantum pathways interference

The one-dimensional model is illustrated in figures 1(a)—(e) for photoemission under various combinations
of DC bias field F and two-color laser field f(t) = Ficoswt + Fycos(2wt + 0), where F; and F, are the
magnitudes of the fundamental and second harmonic laser fields respectively, w is the angular frequency of
the fundamental laser, 6 is the relative phase between the two laser fields. All fields are assumed to be
perpendicular to the metal surface and abruptly cut off inside the metal (x < 0). Electrons with initial energy
of € emit through the metal-vacuum interface (x = 0). The potential barrier relative to the bottom of the
energy band reads,

0, x<0

¢<x’t):{ Ep 4 Wegr — ef (1) x — eFox, x20 v

where Ef is the Fermi energy of the metal, and Wg = Wy - Wty is the effective work function with W)
the nominal work function of the metal and Wchouiy = 2(€*Fo/16m)"/? the Schottky barrier lowering due
to Fy, e (>0) is the elementary charge, and ¢ is the vacuum permittivity. By exactly solving TDSE subject to
the potential barrier in equation (1), the time-averaged electron transmission probability from energy level
is [29, 30]

o0

D(e)= > wi(e), (2)

k=—o00

where wy (¢) represents the electron emission through k-photon (fiw) processes, with k < 0 being
multiphoton emission, k = 0 direct tunneling, and k > 0 multiphoton absorption processes. Each k-photon
(Aw) process also includes the possible processes of substituting two fundamental photons 24w with a single
second-harmonic photon /(2w), as illustrated in figures 1(a)—(c). Time-dependent electron transmission
probability can display more electron dynamics under dichromatic lasers and DC bias. Detailed derivations
are provided in [29] and [30]. An example of time- and space- dependent transmission probabilities can be
found in figure 5 in [29]. We would like to point out that the lasers in the model are assumed to be
continuous waves (CW). Good agreements of our model using CW lasers with both experiments [30] and
simulations [40] for laser pulses with a duration >10 optical cycles have been demonstrated. The model
based on CW lasers [30] also reproduces the energy spectrum of different n-photon excited states (figure
10(a) in [30]) as well as the modulation profile in the experiment (figure 10(b) in [30]).
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Figure 1. (a)—(e) Energy diagram for photoemission from metal surfaces induced by two-color laser fields

f(£) = Fi cos (wt) + F, cos (2wt + 6) under an increasing DC field Fy. Red and blue arrows depict the dominant quantum
pathways under given DC and laser fields. Red arrow: absorption of a fundamental photon fiw; blue arrow: absorption of a
second-harmonic photon i (2w). (f)—(j) Electron transmission probability from initial energy € = Ef, wy (¢ = Ef), through
k-photon (fiw) processes, with phase delay § = 0, F; = 2.6Vnm™!, and F, = 0.55, 0.3, and 0.05Vnm™! corresponding to lines
in red, green and blue.

Figures 1(f)—(j) show the electron emission probability from Fermi level wy (¢ = Ep) through k-photon
(hw) processes under a DC field of 0, 0.5, 1.5, 3, and 5 V nm ™!, respectively, with the fundamental laser field
F; =2.6 Vnm™!, the second harmonic laser field F, = 0.55, 0.3, 0.05 V nm ™! corresponding to lines in red,
green and blue, and the relative phase § = 0. The metal is assumed to be gold, with Wy, = 5.1 ¢V and
Er = 5.53 eV. The fundamental laser has a wavelength of 800 nm (fiw =1.55 V), and the dominant emission
process is equivalent 4 fiw-photon absorption when Fy = 0, as shown in figure 1(f). Increasing the applied
DC field shifts the dominant k-photon process to lower order multiphoton absorption photoemission (k < 4,
figures 1(b) and (g)), photo-assisted tunneling (figures 1(c), (h) and (d), (i)) or direct tunneling (figures 1(e)
and (j)) [32, 41, 42], resulting in different dominant photon absorption pathways. Tunneling effect under
DC bias (figures 1(c)—(e)) lowers the number of required photons for multiphoton photoemission and
decreases the number of possible pathways. The interference effect among pathways becomes weaker and
photoemission is therefore less modulated. The possible multiphoton absorption pathways include single
color photon absorption pathways, e.g. pathways I and III in figure 1(a), and multicolor pathways,

e.g. pathway Il in figure 1(a). According to the power scaling law between photoemission current and laser
intensity with laser heating effects ignored [40, 42, 44], the total transmission probability D in equation (2)
can be written as a power function of second harmonic laser intensity (~F,?),

D; = K;(2) "7, (3)

where i represents ith pathway in figures 1(a)—(d), k is the number of total equivalent /iw photons (as in
equation (2)), s is the number of absorbed fiw photons, (k—s) /2 =0, 1, 2, ... is an integer representing the
number of absorbed % (2w) photons. Implied by equation (3) is that the power scaling relationship between
transmission probability and fundamental laser intensity is incorporated in K; [43]. Interference occurs
among different pathways, resulting in coherent modulation of photoemission current with higher
frequencies. Take Fy = 0.5 V nm ™! as an example (figure 1(b)), with pathway I: absorption of 3 fiw photons
and pathway II: absorption of 1 iw photon and 1 /i (2w) photon. The interference between them is,

Dign = Kigi/F cosd. (4)

which has a frequency of 2w indicated by the phase delay 6 between the two lasers. A maximum DC bias field
of 5V nm ™! has been considered here, which is below the threshold breakdown DC field (after local field
enhancement) for sharp tips made of common emitter materials [30, 45]. Nanotips survive large fields better
for short pulse durations. A local DC electric field of up to 10 V nm ™! can be realized in experiments on
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Figure 2. (a) Normalized transmission probability with respect to its maximum at € = Ef as a function of relative phase delay
between two-color lasers under DC fields Fy of 0, 0.5, 1.5,3,and 5V nm ™! . Electron transmission probability from initial energy
€ = Ep, wi (€ = Eg), through k-photon (fiw) processes, under DC fields Fy of 0, 0.5, 1.5, 3, and 5 V nm ™!, with phase delay (b)
O0=m/4(c)0=m/2;(d) 0 =m;

(e) 8 = 37 /2.1n (a)—(e), we use F; = 2.6 Vnm ™! and F, = 0.3 Vnm ™! . Coefficients of fourier series expansion for D vs
under a DC field of (f) 0; (g) 0.5 Vam~™!; (h) 1.5Vnm~!; (i) 3Vnm~!;and (j) 5Vnm~!.In (f)-(j), F = 2.6 Vam™!, and
F, =0.05,0.3,and 0.55 V nm ~! for lines in blue, green, and red, respectively.

nanostructures (after field enhancement), through laboratory-scale setup based on pulsed capacitor
discharge [45, 46] or powerful THz pulses [37, 47].

Figure 2(a) shows the normalized transmission probability with respect to the maximum D in each case
for 27t period of 8 under different DC field Fy. It is observed that the location of the minimum of D shifts
from 0 ~ 1.7mt to  ~ 7t as F, increases. The modulation depth becomes smaller, as shown by the minimum
D shifting from being close to 0 for Fy = 0 and 0.5 V nm ™! to being around 1 for a stronger DC field of
Fo =5V nm™!. Electron emission energy spectra under different relative phase delay in figures 2(b)—(e)
show that the dominant photoemission channel shifts from k = 4 to 0 as DC field increases from 0 to
5V nm™!, which is consistent with figures 1(f)—(j). As DC field increases, the electron emission energy
spectrum (specifically its peak) becomes less sensitive to the phase delay 6.

The periodic transmission probability D vs phase delay 6 can be expanded in terms of Fourier series,
resulting in terms at multiples of second harmonic frequency 2w,

D(T)z%—i-%cnsin(n(Zw)T—&—go,,) (5)

n=1

where 7 = 6/2w is phase delay time, ¢y = %fOTD(T) dr, ¢, = /a2 + b2, a, = %fOTD(T) cos (n(2w))dT,

b, = %fOTD(T) sin(n(2w)7)d7, T=%%,and ¢, = tan~* (%’:) Figures 2(f)—(j) show the Fourier series
coefficients for D (¢ = Eg) vs 6 at multiples of second-harmonic laser frequency 2w. When F, = 0, three
dominant components at 0, 2w, 4w are observed. As seen in [43], increasing the intensity ratio of the second
harmonic to fundamental lasers results in relative less contribution from the w pathway (I in figure 1(a)),
more contribution from multicolor pathway (absorption of both w and 2w photons, II in figure 1(a)) and 2w
pathway (Il in figure 1(a)), and stronger interference effects between pathways II and III. As F; increases, the
high frequency terms at 4w and 2w are suppressed sequentially, which is consistent with the observation that
the dominant channel shifts towards lower order multiphoton photoemission, photo-assisted tunneling, and
direct tunneling. When Fy = 0.5 and 1.5 V nm~!, two dominant components at 0 and 2w frequencies are
observed (figures 2(g) and (h)). There are two possible pathways observed, with the single fundamental
photon absorption pathway and multicolor pathway including one fiw and one i (2w) in figure 1(b), and
single fundamental photon pathway and single second harmonic photon pathway in figure 1(c). The 2w
frequency term comes from the interference between those two pathways. When Fy = 3 and 5V nm™!, only
dominant DC terms in the Fourier analysis can be observed. As shown in figures 1(i) and (j), the dominant
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Figure 3. (a) Fourier series coefficients at angular frequency of 0 (n = 0), and 2w (n = 1) as a function of F2. Scatters represent
coefficients from Fourier series expansion of D(6) from the exact quantum model in equation (2), and solid curves are fitted from
the quantum pathway model in equations (3) and (4). (b) Decomposed electron transmission probability, with light blue line:
absorption of two fiw photons (pathway I in figure 1(c)), dark blue line: absorption of one /i (2w) photon (pathway II in

figure 1(c)), and red line: interference between pathways I and II. Here, Fo = 1.5V nm ™!, F; = 2.6 Vam ™!, and

F, =0.3Vnm™'. (c) Normalized transmission probability components with respect to the total transmission probability D
calculated from equation (2).

photoemission channel is k = 1 and 0 respectively. No extra photon absorption pathway is possible for the
dominant emission processes (figures 1(d) and (e)) and therefore there are no interference effects in these
cases and the coherent modulation of photoemission current is suppressed.

Fourier series coefficients of transmission probability vs # under different F, can be fitted with the
quantum pathways interference model, i.e. equations (3) and (4). Therefore, the prefactor K; can be obtained
and electron emission through each possible pathway and interference among them can be explicitly
identified [43]. Figure 3(a) shows Fourier series coefficients at various 2w laser intensities, with scatters
obtained from Fourier series expansion and solids lines being the fitting results. Here, F; = 2.6 V nm ™!
Fy = 1.5V nm~! . The fitted prefactors are K; = 1.16 x 107%, Ky = 1.16 x 10~* (V nm~!)~2, and
Kisqr = 2.29 x 107* (V. nm~!')~L. Figure 3(b) shows the transmission probability through each pathway and
interference term obtained with fitted parameters, their summation (yellow dotted line) and raw data (gray
solid line) calculated from equation (2). Most of the emission is contributed from pathway I: absorption of
two fiw photons. This can be more clearly revealed by the normalized transmission probability, D;/D, with i
being possible pathways in figure 1(c) or interference terms and D the total transmission probability
calculated from equation (2), as shown in figure 3(c). The constructive or destructive interference between
those two pathways greatly modulates photoemission. Though not shown, it is found that increasing the
intensity ratio between second harmonic to fundamental lasers improves the contribution from pathway II
and results in stronger modulation (see figure 5).

Each k-photon (fiw) process (as in equation (2)) also has its photon absorption pathways. The electron
emission probability through each k-photon (fiw) process is also a power function of second harmonic laser
intensity,

and

wi = G(B) ", (6)

where i represents ith pathway, k is the number of total equivalent /iw photons (as in equation (2)), s is the
number of absorbed fiw photons, (k—s) /2 =0, 1,... is an integer representing the number of absorbed
i (2w) photons. Interference occurs among different pathways, resulting in high frequency modulation
terms. Fourier series coefficients at multiples of second harmonic frequency 2w for dominant emission
channels at k = 4, 3, 2, 1, and 0 under the applied DC field of 0, 0.5, 1.5, 3, and 5 V nm™! respectively are
provided in figure Al in the appendix. They show similar trends and shapes as those in figure 2 for total
transmission probabilities. This is reasonable since most of the emission comes from the dominant channel.
Figure 4 shows the transmission probability through k-photon (fiw) processes wy vs 8, the corresponding
Fourier series coefficients and their fittings with quantum pathways interference model, equation (6), and
the decomposed results, with Fy = 1.5 Vnm~! and F; = 2.6 V nm~!. k = 2 is the dominant emission
channel under the given fields and contributes to most of the total transmission probability. Therefore,
figures 4(a)—(d) share similar trends as those for total transmission probability in figures 2 and 3. When
k = 3 as shown in figure 4(e), the transmission probability vs 6 displays a sinusoidal shape with
approximately 71/2 phase delay relative to wi — ,. Two dominant Fourier coefficients at 0 and 2w frequencies
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Figure 4. Transmission probability from € = Ef as a function of phase delay 6 under various F, through k-photon (fiw) processes
with (a) k =2, (¢) k=3, and (i) k = 4. Here, F; = 2.6 Vnm ™! and Fy = 1.5V nm ™! . Fourier coefficients at multiples of 2w for
(b) k=2, (f) k=3, and (j) k = 4. Fourier series coefficients at angular frequencies of 0 and 2w as a function of F,? for (c) k = 2,
(g) k=3, and (k) k = 4. Scatters represent coefficients from Fourier series expansion of wy(6) from the exact quantum model in
equation (2), and solid curves are fitted from the quantum pathway model in equation (6). Decomposed electron transmission
probability for (d) k = 2, (h) k = 3, and (1) k = 4, with blue curves being multiphoton absorption processes (zero-frequency
terms) and red curves the interference terms (2w and 4w terms).

are observed in figure 4(f). The summation of components calculated with fitted prefactors overlaps the
results calculated from the quantum model. When k = 4, three dominant Fourier coefficients are observed at
0, 2w, and 4w frequencies (figure 4(j)). There are three possible pathways as shown in figure 1(a). Their
decomposed components and the sum of them agree with those calculated from equation (2).

DC bias field lowers and narrows the cathode surface potential barrier, and therefore shifts the dominant
multiphoton process to lower order and alters possible transmission pathways and interference effects among
them. The photoemission current is therefore further modulated by DC bias. Figure 5 presents
photoemission current modulation depth as a function of DC field and the ratio of F; to F; with
F, =2.6 Vnm™!. When F,/F, is fixed, the modulation depth as a function of Fy shows two peaks, which has
been observed in [43]. The first peak appears at Fy = 0 or 0.5 V nm~!, and the other one is at Fp =2 V nm™".
Fy = 0.5V nm™! is located at where the transition between four fiw-photon absorption process (Fy = 0) and
three fiw-photon absorption process occurs. The Schottky barrier lowering by Fy = 0.5 V nm ™! is 0.85 eV,
resulting in an effective work function of 4.25 eV. The 3 fiw-photon absorption process is above-barrier
multiphoton photoemission. It can also be observed that the modulation depth increases to 99.4% at
Fo=05Vnm~',F; =2.6 Vam~!,and F, = 0.25 V nm !, as indicated by the red pentagram in figure 5,
compared to the maximum of 96.8% for Fy = 0, with F; = 2.6 Vnm~! and F, = 0.55 V nm~!. The former
has two possible quantum pathways (figure 1(b)) and the interference between them leads to an 2w
frequency term, while the latter has three possible quantum pathways (figure 1(a)) and their interferences
lead to both 2w and 4w frequency terms [43]. Increase of modulation depth further improves the feasibility
of implementing an ultrafast switch with distinct on and off states via electron emission using two-color
lasers [14], which is useful in optoelectronics. Furthermore, such an increase of modulation depth does not
require any adjustments to the lasers being used, by simply tuning the DC bias [48]. When
1 < Fy <3V nm~!, the dominant emission process becomes photo-assisted tunneling. Fp =2V nm~!is
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Figure 5. Modulation depth as a function of Fy and the ratio of F»/F;, with F; = 2.6 Vnm ™.

located at where the transition between two and one fiw-photon assisted tunneling processes occurs. The 2
hw-photon assisted tunneling process has two possible photon absorption pathways (figure 1(c)) and their
interference leads to a 2w frequency term. One fiw-photon assisted tunneling (figure 1(d)) has only one
photon absorption pathway and direct tunneling (figure 1(e)) does not involve photon absorption process.
Therefore, modulation of photoemission current becomes weaker as DC bias field increases. When Fj is fixed
and Fy > 1 Vnm™!, it is shown that modulation depth increases with F,/F;. As F, increases, photoemission
through the dominant k-photon processes under given F and F; can be enhanced and the dominant
emission channel may shift to a higher order k, which can be found in figure A2 in the appendix. Strong
modulation of photoemission can be achieved through tuning the DC field in addition to the two-color laser
fields. While relatively small laser fields are considered in the calculations in the current work, it is important
to note that strong laser field results in AC Stark shift, which may lead to channel closing and dominant
channel shifting to a higher order, and therefore a change in the possible pathways.

3. Conclusion

In conclusion, the effects of DC field on the quantum pathway interference in two-color coherent control of
photoemission are analyzed comprehensively using an exact analytical quantum model. The externally
applied DC bias lowers and narrows the surface potential barrier, leading to lower order multiphoton
absorption photoemission, photo-assisted tunneling and then direct tunneling as DC field increases. The
lower order photon absorption processes as aforementioned result in fewer possible pathways and therefore
the higher frequency terms (4w and 2w) are suppressed sequentially as DC bias field increases. It has been
shown that a maximum modulation depth of 99.4% can be achieved when Fy = 0.5 V nm™!,
Fy=2.6Vnm~!and F, = 0.25V nm™! for a gold emitter with a fundamental laser wavelength of 800 nm.
Photoemission under a given set of DC and laser fields includes different k-photon processes. Each k-photon
process has its own possible pathways and corresponding interference effects among them. When k < 1, the
interference effects can be negligible. When k increases, there are more possible pathways (single color and
multicolor pathways) and interference effects among them. Higher frequency terms and therefore stronger
modulation of photoemission can be observed.

It has to be pointed out again here that our quantum model used here involves CW lasers. For laser
pulses with a duration much larger than the optical periods (FWHM > 10 cycles), our CW model shows
good agreement with both simulations and experiments using pulsed lasers[30, 40] and the relative phase
delay between those two lasers (rather than the pulse duration) determines the dynamics of the
photoemission. When laser pulses are comparable to or less than 10 cycles, the carrier-envelop phase
becomes an important factor that affects the photoemission processes [49, 50]. It is of great interest to study
the coherent control of photoemission under ultrashort two-color laser pulses in the future.

Our study reveals the physics behind the effects of DC field on quantum pathways interference in
two-color laser induced photoemission. Our results help explain the experimentally observed peaks in curves
of modulation depth/visibility vs DC bias and their decreasing trend with DC bias [31]. This systematic
analysis of DC effects on quantum pathways using exact analytical solutions of the TDSE provides further
insights into enhanced tunability of two-color photoemission using DC bias, and may be helpful in general
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coherent control schemes. It is of essential importance to identify and quantify quantum pathways and the
corresponding interference effects (magnitude and phase) to understand, design and utilize quantum
systems. Our analysis based on exact analytical quantum model enables a comprehensive and explicit
examination of the parametric dependence of individual pathways and the interference effects among them.
Such a systematic investigation facilitates a better understanding of the parametric scaling of various
pathways, thereby aiding in the optimization of input DC and laser parameters to achieve coherent control
through a specific pathway in a given quantum system.
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Appendix

1. Fourier analysis for the dominant emission process at a given DC field

Figure A1 shows the Fourier series coefficients at multiples of second-harmonic laser frequency 2w for

wy (€ = Eg) vs 0 with k being the dominant photon absorption process under the given DC field. Since
dominant k-photon processes (see figures 1(f)—(j) in main text) contribute to the majority of total emission
D, it is clear that Fourier series coefficients share similar trends and values as figure 2 for Fourier series
coefficient for D vs 6. When Fy = 0 (k = 4), three dominant components at 0, 2w, 4w are observed. As Fy
increases, the dominant channel shifts towards lower k channel. When Fy = 0.5 (k= 3) and 1.5

(k=2) Vnm™!, two dominant components at 0 and 2w frequencies are observed. When Fy = 3 (k = 1) and
5 (k=0) Vnm™!, only zero-frequency term can be observed.

2. Electron transmission probability wy

Figure A2 shows the electron emission probability from Fermi level wi(e = Eg) through k-photon (fiw)
processes under a DC field of 0.5, 1, 1.5, 2, 2.5, and 3 V nm !, with the fundamental laser field

F) = 2.6 Vnm™!, the second harmonic laser field F, being from 0.05 to 0.55 V nm™!, and the relative phase
0 = 0. The metal is assumed to be gold, with W, = 5.1 eV and Er = 5.53 V. The fundamental laser has a
wavelength of 800 nm (fiw =1.55 eV). It is observed that increasing the applied DC field shifts the dominant
emission process to lower order multiphoton photoemission, photo-assisted tunneling or direct tunneling.
The dominant k-photon (fiw) processes are 3, 2, 2, 2, 1 or 2 (depending on F,/F;), and 1, corresponding to
Fy=0.5,1,1.5,2,2.5,and 3 Vnm~! in figures A2(a)—(f). When F, increases, i.e., F,/F; increases,
contribution from higher order k-photon processes becomes larger, which is especially clear for

Fo=2.5V nm™!, as shown in figure A2(e).
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Figure Al. Coefficients of Fourier series expansion for wy vs 6 under a DC field of (a) Fy = 0, with k = 4; (b) Fp = 0.5V nm~/,
with k = 3; (¢) Fo = 1.5V nm ™!, with k = 2; (d) Fo =3 Vnm™!, with k = 1; and (e) Fy = 5V nm ™!, with k = 0. Here,
Fi =2.6Vnm~!,and F, = 0.05, 0.3, and 0.55 V nm ~! for lines in blue, green, and red, respectively.
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Figure A2. Electron transmission probability from initial energy € = Eg, wi(e = Er), through k-photon (fiw) processes, with
phase delay § = 0, F; = 2.6 Vnm~!, and F, = 0.05, 0.15, 0.25, 0.35, 0.45, and 0.55 V nm ! corresponding to lines from bottom
to top in subfigures.
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