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Few-cycle optical-field-induced photoemission from biased surfaces: An exact quantum theory
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Photoemission driven by ultrafast optical fields enables spatiotemporal control of electron motion with
extremely high precision. Here, we present a quantum model for ultrafast photoelectron emission from a
dc-biased surface induced by laser pulses of arbitrary duration, ranging from subcycle to continuous wave, by

solving the time-dependent Schrodinger equation exactly. The single formulation is valid from photon-driven
electron emission in low intensity optical fields to field-driven emission in high intensity optical fields. We find
the emitted charge per pulse oscillatorily increases with pulse repetition rate, due to varying coherent interaction
of neighboring laser pulses. For a well-separated single pulse, our results recover the experimentally observed
vanishing carrier-envelope phase sensitivity in the optical-field regime. We also find that applying a large dc
field to the photoemitter is able to greatly enhance the photoemission current and in the meantime substantially

shorten the current pulse.

DOI: 10.1103/PhysRevB.103.085410

I. INTRODUCTION

Photoelectron emission from metallic nanostructures due
to ultrafast laser fields enables the spatiotemporal control of
electron motion within femtosecond and nanometer scales
[1-6], making it attractive to fundamental research and ap-
plications in ultrafast electron microscopy [7,8], diffraction
[9,10], attosecond electronics [3,11,12], strong-field nano-
optics [13], and nanoscale vacuum devices [14—16]. The pho-
toemission process has been extensively studied [1,3,17-36],
including multiphoton emission [1,18,30,32-36], optical-field
emission [6,19,37], photoassisted tunneling emission [24,25],
carrier-envelope phase (CEP) sensitivity [3,23,38,39], and
modulation effect of two-color lasers [26-28]. Significant re-
search efforts have been made to probe the nonlinear coherent
response of metals [32-36].

A variety of models have been developed to understand
the underlying emission mechanisms, such as perturbative
theory [19,40,41], Floquet models [40,42], Fowler-Nordheim
tunneling approximation [17,39], and directly solving the
time-dependent Schrodinger equation (TDSE) [1,3,24,40,43—
45]. A comprehensive study on the theoretical approaches
of strong-field photoemission from surfaces is given in [40].
While there have been recent efforts to develop analyti-
cal quantum models for continuous-wave laser excitation
[24,27,28,46], numerical simulations are typically imple-
mented to study photoemission due to ultrashort pulse lasers
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[3,40,44]. Fowler-Nordheim based models are widely used to
calculate the photoemission rate [17,38,39], but it is only ap-
plicable in the strong optical-field regime. To explicitly reveal
the interplay of various emission processes under different
regimes and to systematically characterize the parametric
scalings of photoemission characteristics, an exact quantum
model under ultrashort pulsed condition is highly desirable.
In this paper, we construct a quantum analytical solution
for ultrafast photoelectron emission from a dc-biased surface
illuminated by few-cycle laser pulses (Fig. 1), by exactly solv-
ing the TDSE. Our solution is valid from the photon-driven
regime to the optical-field-driven regime, and is applicable
for arbitrary laser parameters (i.e., intensity, pulse duration,
carrier frequency, and CEP), dc bias, and metal properties
(i.e., work function and Fermi level). The model is applicable
to a train of laser pulses with arbitrary pulse repetition rate.
Using the analytical formulation, we examine the photoemis-
sion properties (i.e., energy spectra, photocurrent, or emission
charge density) with various combinations of laser parameters
and dc bias, exhibiting good agreement with the experimental
observations [3,23,39]. This work offers clear insights into the
photoelectron energy distribution and spatiotemporal dynam-
ics of electron emission under different driving electric fields.

II. FORMULATION

Our one-dimensional (1D) model considers electrons with
the initial energy & emitted from the metal-vacuum interface
at x = 0, under a dc electric field Fy, and an optical electric
field (Fig. 1) of a Gaussian laser pulse train with a time period
T = 2L of the form,

F(t) = Fie """ cos(wt + ¢),

QRI-NL <t <2+ 1)L with 1=0,%1,%£2,..., (1)
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FIG. 1. (a) Sketch of photoelectron emission from a biased emit-
ter under the illumination of a laser pulse train with a time period 7.
(b) A single laser pulse with carrier-envelope phase (CEP) ¢ and full
width at half maximum (FWHM) of the field envelope 7,. The red
curve and black dotted lines denote the time evolution of the laser
electric field and laser pulse envelope, respectively.
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where F); is the peak of optical-field strength, o =
7,/(2+/1n2) = 1,/1.665 with 7, being the full width at half
maximum (FWHM) of the field envelope, w is the angular
frequency of the carrier wave, and ¢ is the CEP. All the laser
pulses are CEP stabilized with w = mn /L = mwg, with m
being a positive integer and wg the pulse repetition frequency
[47]. When L/t, > 1, the temporal interaction between con-
secutive laser pulses becomes negligible and F (¢) can be used
to study photoemission due to a single laser pulse. By taking
the Fourier series, the laser field in Eq. (1) can be expressed
as,

where ag = Il‘fOL e=*19% cos(mawpgt )dt, and ay =
L[ e~/ cos[(n—m)wgtldr. From Eq. (2), it is clear

that the incident laser pulse train is a superposition of sine
waves with frequencies separated by wg. We assume the laser
electric field is spatially uniform and perpendicular to the
metal surface; thus the time-dependent potential barrier near
the meatal-vacuum interface is [24,27,28,46,48],

0, x<0

D(x, 1) = { )
Er +Wer —eFgpx —eF(t)x, x>0

where Ef is the Fermi energy of the metal cathode; Wy =
W —2/e3Fy/16msy is the effective work function with
Schottky effect [24,28], with W being the nominal work
function; e is the elementary charge; gy is the free space
permittivity; and F (¢) is given by Eq. (2).

To get the electron emission probability, we solve the
TDSE,

Y (x, 1) R 3%y (x,t)
h————=————— 4+ ®(x, ¢ , 1), 4
th— o + O, DY (x, 1),  (4)
where 7 is the reduced Plank constant, v (x, t) is the electron
wave function, m, is the electron mass, and ®(x, ) is the
potential energy given in Eq. (3). For x > 0 (in the vacuum),

+00
the exact solution of the electron wave function is found to be
F(t) = Fiapcos ¢ + Fia, cos(nwgt + ¢), 2 . .
@ 1do cos Z 1, cOS(negt + ¢) 2 (see the Appendixes for details),
n=—00
n#0
|
o0
. . L€ .
Y=Y TA(=m) = Bi(=n)] x exp (—zﬁr —llet>
[=—00
ieF; ie*F? ie*(Fy + Fiapcosg)F; ie*F?
x exp | —Gx + —L M — (Fo + Fraocos@)Fi L_R), x>0, 5)
h 8hm, hm, 4hm, 0y
where ¢ is the electron initial energy, G=Y.>°_ 40 —a”sm(::’)’EEH@; M=37r> 40 & Sin(z"w””rzﬁ});l nd-n Si0(2n0gE)
’ ’ E
_ +00 a;sin(nwgt+¢) . _ +00 +o00 apay sin[(n—m)wpt] _ sin[(nt+m)wpt+2¢]y. _ E,
N = n=—00,n#0 3w, s R= Zn:—oo,n;éo m=—o0,m#0,n,—n  mn { (nfm)wEL (n+m)wg }’ m= [e(FoJrFl:locosq&) +x+
;jioo,n 40 eh ‘“”;fig'nff’w)][szw “;f‘ @cosh)|1/3; the drift kinetic energy E; = & + lfiwg — Er — Wer — U,; the ponderomotive

2212 <
energy U, = Z::ioo 220 ”‘[a":nf"l—w; Ai and Bi are the Airy functions of the first kind and second kind, respectively,
, e
showing an outgoing wave traveling towards the +x direction [24,49,50]; and 7; represents the transmission coefficient.

For x < 0O (inside the cathode), the exact solution of Eq. (4) is,

N o0
t lh
W(x, 1) = exp (—% + ikox) + ) Rexp <—i8+Tsz - ik,x), x <0, ©)

[=—00

which shows the superposition of an incident plane wave with
initial energy ¢ and a set of reflected plane waves with re-
flection coefficient R; and energies ¢ + [/iwg, where the wave
numbers ky = W and k; = \/2me(8 + lhowg) /1.
Following the probability current density J(x,t) =
(i/2me) (Yoy*/dx — y* 0y /ox) = (i) 2me) 0%
Yoo oo (Wndyr Jox—y 0y /9x), the normalized emission

(

current density is defined as the ratio of the transmitted
probability current density over the incident probability
current density, w(e, x, t)=Ji(e, x, t)/Ji(e, x, t).
Thus, we obtain, in nondimensional quantities [24,27,28],
8 =¢/Weit, @p = wph/Wesr, T =1Wes/h, Ep = Ep/Wes,

F=x/hos ko= 2mWer, Fy = Foero/Werr, Fi =

Freho/Wesp, Up = U, /Wegr, and the normalized instantaneous
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photoemission current density is
I & & ]
w(E, X, 7) = 7 Z Z Im[e/ =M%, 7(C 4 iD))],
n=—00 [=—0c0
(N

where C = F[Ai(—7)Bi(—7,) — Ai(=7,)Bi(—-7)]G +
(Fo + Fiagcosg)'/? [Ai(—i)AT' (—1;) + Bi(—7,)Bi' (=71,
D = F [Ai(—=7,) Ai (=) + Bi(—7,) Bi(—=7))G + (Fy +
1”1610(10545)1/3 [Ai(—=7,)Bi' (=) — Bi(=7,)AI'(=7)], G =
Yol 0 %W’ and 7, = (Fo + Flagcosg)'’? x

E+nag— 2F a; cos(lopi+¢) - _
[ Fo+F1aocos¢ + Zl_foo [#0 12&2 +Xx]. The nor

malized time-averaged photoemission current density over
one laser pulse is defined as the ratio of the total emission
charge density Q due to a single laser pulse and the length 7,

o0

wen=2= 3 e,
p n=—00

®)

, (Fy + Fragcosg)'’ 2L

|7, —,

v Tp

where (w,(£)) denotes the time-averaged emission current
density through the nth channel, with emitted electron energy
& + nhwg. The transmission coefficient 7;, (and reflection co-
efficient R,) can be obtained from boundary conditions that
both the electron wave function v (x,?) and its derivative
oY (x,t)/dx are continuous at x = 0 (see the Appendixes for
details).

For the special case of dc field Fy =0 and CEP
¢ = /2, the electron wave function for x > 0 is re-
vised by displacing [Ai(—n;) — iBi(—n;)] in Eq. (5) with
expfi[x + Z:ﬁio@#o %W]«Qmeﬂ/h}. The nor-
malized photoemission current density becomes,

w(E, %, 7) = «/— Z Z Im[ie' % T, T* Ae'P), )

—00 [=—00

(wn(8)) =

ad Re(|T, >V E,) 2L
Z (w,(8)) 7)) — M_

(w(@)) = 2. . (w(8) = NG -
(10)

with A= (VE)* + Y5> o g LSO and B =
[VE, — (JE/) 1@+ 0 WCZ+W (see the

Appendixes for details for the calculation of T7,).

III. RESULTS

Based on the analytical formulation presented above, we
provide an analysis of the photoelectron emission with differ-
ent laser and dc fields. Unless specified otherwise, the default
value of the laser wavelength is 800 nm (or laser period T, of
2.67 fs); the cathode metal is assumed to be gold [19,24,40],
with Fermi energy Er = 5.53 eV and work function W =
5.1eV; the pulse width 7, = 8.8 fs (i.e., ~3 cycles); the laser
pulse repetition period T = 267fs (>>1, to isolate a single
laser pulse and avoid temporal interaction between adjacent
laser pulses); the CEP ¢ = 0; the dc field Fy = 1 x 10* V/m;
and the peak laser field F; = 1 x 10° V/m. Since most of the

(a) (b)
= - T)T,
. % 10 1037/
o Y N 4] §:210
& LY A\ Y g2
4 } } f 2810-20
w
Time 45678910
Photoelectron energy (eV)
(c) «10" (d) 10
T € . 10 3 ! '_A
i s 3 10-11Er ..... l . —D 3
£ 2 "Tf:,,
c e
0 i 10712 i
0 20 40 60 80 100 3.3 3.4
T/T, Ny

FIG. 2. Effects of time separation 7 between adjacent laser
pulses on photoelectron energy spectra and total emission charge
density Q. (a) Laser electric field for different 7. From top to bottom,
T =13, 29, 160, and 267 fs, corresponding to T/T,, =5, 11, 60,
and 100, respectively. (b) Energy spectra for different T'. n,, denotes
the laser photon order (with single photon energy /iw = 1.55 eV).
(c) Q as a function of T'/T,,. The inset shows the magnification of (c)
between T'/T,, = 9 and 30, where A-D denote 7' /T,, = 9, 11, 13, and
15, respectively. (d) Photoelectron energy spectra near the maximum
at A-D in the inset of (c).

electrons are emitted with initial energies near the Fermi level
[24,40,50,51], we choose the electron initial energy ¢ = Ep
for simplicity.

In Fig. 2, we show the photoelectron energy spectra and
total emission charge density Q(= (w)t,) for various time
intervals T between adjacent laser pulses. It is found that as T
decreases, photoelectron emission is gradually confined to a
smaller number of emission channels but with more electron
yield, because of the decreasing frequency ratio between laser
carrier w and pulse repetition frequency wg [Fig. 2(b)]. The
interaction of consecutive laser pulses leads to the smearing
of multiphoton absorption peaks (with respect to laser pho-
ton energy /iw) in the photoelectron energy spectra envelope
with decreasing T'. Figure 2(c) shows that when T /T, <9
the closely spaced laser pulse train induces a total emission
charge Q per pulse that is significantly higher than that due
to a well-separated single laser pulse. When T increases, O
decreases and eventually becomes independent of 7 when
T /T, > 60, indicating the laser pulses are well separated and
the results may be regarded as being from a single laser pulse.
It is interesting to note the oscillatory feature of Q in the range
of 9 < T/T, < 60 [enlarged in the inset of Fig. 2(c)], due to
the varying coherent interaction between neighboring pulses.
Figure 2(d) compares the photoelectron energy spectra with
different 7 in this oscillation regime [cf. A-D in the inset of
Fig. 2(c)], where both the peak electron emission yield and the
dominant emission channel vary with 7.

We evaluate the effect of CEP ¢ on the photoelectron
energy spectra and total emission current density (w) for
different pulse durations 7, in Fig. 3. For small 7, (e.g., 4.4
fs, or 1.7 optical cycles), the spectral features are sinusoidally
modulated with ¢ [Fig. 3(b)]. This is consistent with the
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FIG. 3. CEP modulation in energy spectra with different pulse duration 7,. (a) Laser electric field for different 7, when CEP ¢ =0
and 7. (b) Energy spectra as a function of ¢ for different 7,. (c) Extracted energy spectra of ¢ =0 and m from (b). (d) Linear plot
of energy spectrum for 7, =4.4 fs in (c). (¢) Normalized current modulation magnitude A = ({w)—(w),.)/{(W)ae as a function of ¢
for different 7,. Here, (w)ae = ({(W)nax + (W)min)/2 denotes the averaged value of (w) with respect to ¢. (f) Current modulation depth

I' = ((W) max—{W) min )/ EW) ax + (W) min) as a function of t,,.

experimental observation of CEP modulation in photoemis-
sion spectra with a few-cycle laser pulse [3,23]. As pulse
width 7, increases, the CEP modulation on spectra becomes
less pronounced, and the multiphoton peaks in the spectra
become narrower [Fig. 3(c)], gradually approaching those
from continuous-wave excitation [24]. The energy spectra for
small 7,(= 4.4fs) are enlarged in Fig. 3(d), showing a higher
electron yield and broader spectrum for ¢ = 0 than for ¢ = 7.
Figures 3(e) and 3(f) show that CEP modulation is important
for a short laser pulse up to 7,/T, ~ 4 and the modulation of
total photoemission current with ¢ decreases for longer pulse
width 7.

We next examine the CEP sensitivity of photoelectron
emission charge Q under different laser fields F}. As shown
in Figs. 4(a) and 4(b), in general, the CEP modulation on
Q increases as Fj increases. Also, the position of ¢ for the
maximum (or minimum) Q shifts when the laser field F
increases for a fixed pulse duration 7, [see the dashed lines
in Figs. 4(a) and 4(b)]. To investigate the CEP sensitivity
more closely, in Fig. 4(c), we plot the difference between the
maximum and minimum values of Q in the curves of Figs. 4(a)
and 4(b) as a function of F;. Following [39], by fitting the Q vs
¢ curves with a sinusoidal function of cos(¢ + ZQ), we can
identify the phase shift of the maximum Q with Fj, as shown
in Fig. 4(d). We see a pronounced dip in Qnax—COmin at large
laser field F; =9 V/nm for both cases of 7, = 4.7 and 8.8 fs,

and for 7, = 8.8 fs another dip appearing at F; = 5 V/nm [cf.
Fig. 4(c)]. From Fig. 4(d), phase shifts of 7 in ¢ are found near
these dips. These behaviors agree very well with the vanishing
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FIG. 4. CEP sensitivity of total emission charge density Q un-
der different laser fields Fj. (a), (b) Difference between Q and
its averaged value Q.. as a function of ¢ for different F; with
pulse duration (a) 7, = 4.7 fs and (b) 7, = 8.8 fs. For a given Fj,
Oave = (Omax + Omin)/2. Dashed lines indicate the shift of the phase
for the CEP modulation. (c) Difference between the maximum and
minimum values of charge Qy.x—Qmin in the curves of (a) and (b), as
a function of F; for different 7,. Points A—C denote F; = 7,9, and 10
V/nm, respectively. (d) Photoemission charge phase ZQ as a func-
tion of F; for different ,. ZQ is obtained by using Bcos(¢ + £Q) to
fit the curves in (a), (b), with B = Qnax—Cmin-
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FIG. 5. Time-dependent emission current density w(t) at the surface (¥ = 0, with surface oscillatory current excluded) as a function of
time ¢ for pulse duration 7, = 4.7 fs at CEP ¢ when Qs (top row) or Qi (bottom row) occurs, under different laser fields at (a), (b) F; =7
V/nm; (¢), (d) F; =9 V/nm; and (e), (f) F; = 10 V/nm. The values of laser field F; correspond to cases A—C in Fig. 4(c), respectively. The
value of CEP ¢ in each panel corresponds to the occurrence of Q. (top row) or O, (top row) in Fig. 4(a). The blue lines are for emission
current density, red lines for laser field, and black dotted lines for laser pulse envelope. The optical half cycles of the laser field in (a), (b), (e),
(f) are numbered as 0, £1, £2, and £3, with “0” being the center cycle with the highest peak. Only positive optical half cycles are shown.

CEP sensitivity of photoemission accompanied by a r phase
shift in the optical-field regime observed in recent experiments
[39].

To uncover the physical origin of the vanishing CEP sensi-
tivity behavior and the CEP phase shift in the photoemission
charge, we plot the time-dependent electron emission current
density w(r) at the surface (¥ = 0) as a function of time, under
different laser fields Fy and CEP ¢ for 7, = 4.7 fs, as shown
in Fig. 5. The laser field strengths of 7, 9, and 10 V/nm used
in Fig. 5 correspond to cases A—C in Fig. 4(c), respectively.
By observing these time-dependent current pulses, it is clear
that electron emission starts at the beginning of each positive
half cycle in a given laser field pulse. When F; =7 V/nm
[case A before the dip in CEP sensitivity in Fig. 4(c)], even-
numbered positive optical half cycles [Fig. 5(a)] drive more
photoelectron emission than odd-numbered positive optical
half cycles [Fig. 5(b)]. However, as the laser field F] is in-
creased to 10 V/nm [case C after the dip in CEP sensitivity
in Fig. 4(c)], odd-numbered positive half cycles trigger more
electron emission than even-numbered cycles [cf. Figs. 5(e)
and 5(f)]. This indicates that in the strong field regime there
exists a competition between even and odd positive half-
cycle contributions to photoelectron emission, and thus a &
phase shift in ¢ as shown in Fig. 4(d), with varying CEP.
At Fi =9 V/nm [case B at the dip in CEP sensitivity in
Fig. 4(c)], Omax—Omin becomes minimal, where O,y and Onin
occur at ¢ = 1.6 and 0.4m, respectively. The competition
between electron emission from different positive optical half

cycles also leads to the dips in CEP sensitivity and phase
shifts at F/; =5 and 9 V/nm for 7, = 8.8 fs in Figs. 4(c)
and 4(d).

It is important to note that, for clarity, we plot in Fig. 5 only
the emitted current density that eventually escapes from the
surface, whereas the local strong oscillatory current density
near the surface typically associated with photoemission (e.g.,
see Figs. 6(a) and 6(b) below, and also Refs. [22,24,27,40,52])
is filtered out. This is possible in our exact analytical calcula-
tion using Eq. (9) by excluding the high n-order (and /-order)
terms, which is verified to give the strong oscillatory surface
currents only. This is also consistent with previous study
showing the high energy regime in the photoelectron spectra
is due to surface oscillations and rescattering (cf. Fig. 4 in
Ref. [22]).

It is also noteworthy that, though electron emission starts at
the beginning of every positive optical half cycle in the laser
pulse, there is typically a time delay between the peak of the
positive optical half cycle and the peak of the emission current
pulse, as seen in Fig. 5. Furthermore, a stronger positive
optical half cycle does not necessarily lead to a higher cur-
rent pulse emission, which, however, depends strongly on the
emission from neighboring half cycles in a laser pulse. These
observations indicate that further examination is needed on the
validity of the widely used Fowler-Nordheim rate equations,
in which current emission follows closely the optical positive
half cycles, to study the CEP sensitive, time-dependent strong-
field photoemission [39].

085410-5



YILUO, YANG ZHOU, AND PENG ZHANG

PHYSICAL REVIEW B 103, 085410 (2021)

(a) Fy=1x10*VIm (b)
o 1

X, t)/
e (% )<W>100

Fy=1x10° Vim
0 2
. (T f<w>

100
— Classical — Classical
trajectory trajectory
= 50 Laser field / 50 Laser field
0 2 457 Ak i
-11 0 11
t(fs) t(fs)
(C)0 4 Fo=1x 10* V/im  (d) Fy=1x10° V/m
A . T T T 1 T 2 [ ] ] _| T ] _
5 0.3F x==—50
X —100
=0.2f 1F i
Ral
=01F

0 0
-20 0 20 40 60 80100 -20 0 20 40 60 80100
t (fs) t (fs)

FIG. 6. Total time-dependent emission current density w(X,?)
under the dc field Fy = 1 x 10* and 1 x 10° V/m. (a), (b) w(x, )
including surface oscillation currents as a function of the space X
and time ¢. Solid white lines show the corresponding classical trajec-
tories. Dotted white lines show the positive half cycles of the laser
electric field. (c), (d) Emission current density w(z) at X = 50 and
100, as a function of time 7. The time-dependent current in all figures
is normalized in terms of the time-averaged emission current density
(w). Here, the laser pulse duration 7, = 8.8 fs and the peak laser field
Fi =1V/nm. When Fy = 1 x 10* V/m, (w) = 2.5 x 10~""; when
Fy=1x10°V/m, (w) =2.1 x 107",

In Fig. 6, we plot the total time-dependent photoemission
current density w(X, t), including oscillatory surface currents,
as a function of the space X and time ¢ under different dc
bias. The strong oscillatory surface currents are confined to
the very limited region near the surface only. It is found
that increasing the dc field from Fy =1 x 10* to 1 x 10°
V/m increases the time-averaged emission current density
from (w) = 2.5 x 107" t0 2.1 x 10~7. More importantly, the
emission current pulse is significantly shortened [from 19.7 to
4.8 fs of full width at half maximum (FWHM) at X = 50].
Also, due to the strong acceleration of the larger Fp, the shape
of the pulse is retained (without consideration of space charge
effect) as the current pulse travels further from the surface
[Fig. 6(d)]. This may provide a practical way to shorten the
photoemission current pulse by simply adding a large dc bias.
The solid white lines are the corresponding classical trajecto-
ries [40], showing good agreement with the electron dynamics
from our quantum model. Note because of the relatively small
optical field used, the trajectories of the emitted photoelec-
trons in Fig. 6(a) show fewer oscillatory features compared to
those cases with strong laser fields (cf. Fig. 3 of Ref. [52]).
This is due to the weaker backpropagation and acceleration
processes of emitted electrons (i.e., smaller quiver motion)
under weak laser electric fields. When adding a strong dc bias,
most of the electrons are able to escape from the metal surface

with negligible quiver motion, as shown in Fig. 6(b), similar
to the dc field emission process. The classical trajectories
in Figs. 6(a) and 6(b) suggest that, in Fig. 6(c), the narrow
current peak is due to electron emission by the left-to-center
and the center positive optical half cycles, and the broad peak
is driven by the right-to-center positive optical half cycle. In
Fig. 6(d), the single dominant current peak is mainly driven
by the center positive optical half cycle of the laser field under
strong dc bias.

IV. CONCLUSION

In summary, we present a quantum analytical solution for
few-cycle photoelectron emission from a dc-biased surface
induced by Gaussian laser pulses, by solving the time-
dependent Schrodinger equation. Our calculations show the
emitted charge per pulse oscillatorily increases as the laser
pulse separation decreases due to varying coherence interac-
tion of neighboring laser pulses. Our calculations recover the
experimentally measured features of sinusoidal CEP modula-
tion to photoelectron emission and vanishing CEP sensitivity
with a v phase shift in the optical-field regime under strong
optical fields. Moreover, we find adding a large dc field greatly
enhances the photoelectron current and shortens the current
pulse. Future work will consider the effects of emitter tip
geometry, surface roughness and defects, semiconductor or
two-dimensional cathode material, nonequilibrium electron
distribution due to laser heating, space charge effects, and the
effects of dephasing of coherent polarizations in photoelectron
emission.
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APPENDIX A: EXACT SOLUTION OF ELECTRON
WAVE FUNCTION

Following Truscott [24,53], the time-dependent potential
for x>0 may be written as ®P(x,7)=V(x)—xf(t),
with V(x) = Er + W — e(Fo + Fiag cos ¢)x, and
fO) =eX 02 o Fiancos(®E1 + ¢) [cf. Egs. (2) and
(3) in the main text]. Thus, Eq. (4) in the main text can be
transformed to the coordinate system &, #, where £ = x—q(¢),
the displacement q(t) = (1/m,) [* p(t')dt’, and p(t) =
ft f@)dt', by assuming that ¥ (x, 1) = ¢ (&, t)x(x, 1), with
x(x,t) = exp[—iEt/h + ixp(t)/h — (i/2hme)ft pA(t)dt'],
and E is a constant. Then, putting the transformed potential
energy U(§,1) = Er + Weir — e(Fo + Frag cos @) + q(2)]
and wave function Y¥(x,t)=¢(&,t)x(x,t) into the
time-dependent Schrodinger equation yields,

LApE ) [ R 9P
lhT = [_2—’%8—52 +U(E, 1) —E]qﬁ(&,t)-

(AD)
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By separation of variables, Eq. (A1) can be solved to give

+o0o 2 .
e“a,Fi1(Fy + Fiag cos ¢)sin(nwgt + ¢)
P&, 1) = g(&)exp[ > ‘ T : (A2)
B imen° wy,
n=—00,n#0
[
where g(&) = Ai(—n) — iBi(—n) is the solu- where 8(k), Py—r), and Qj—) are
tion of the  equation  —(#*/2m,)d%g(&)/dE% + L k=0
EF + Weir = E—e(Fy + Fiag cos $)18(6) = 0, with 5(k) = { o k0’ (B2a)
n = [2em,(Fy + Fiay cos $)/I*)'*[(E — Er — Werr)/e(Fy + ’
Fiagcos @) + &£] [49,50,54]. From v (x,1) = ¢(£,)x(x, 1), mo —ilagt g T
we obtain Eq. (5) in the main text, which is the exact Pu = P pn(@gt)e " d(oEt),
solution to Eq. (4) upon using E = ¢ + lhwg — U,, with e (B2b)
Up = 30,2 o S CO, Ou =5 / an(@ED)e 1 d (@),
For the special case of dc field Fy = 0 and carrier-envelope o B o .
phase ¢ = (2n + 1)7 /2, with n being an integer, the solution pu(@gt) = ¢(@pt)[Ai(e,) — iBi(a,)], (B2c)
of ¥ (x,t) is revised by merely displacing g(¢) in Eq. (A2) Gu(@ET) = G(@pT)zn(DET), (B2d)
with exp[i& /2m E /h]. 2
i—- l i iR
d)(a)Et) — 4 M —2i(Fy+Fyapcosd)FiN— 2&%R’ (BZe)

APPENDIX B: EVALUATION OF TRANSMISSION
COEFFICIENT

By imposing the boundary conditions that both the elec-
tron wave function ¥ (x,t) and its derivative oy (x,t)/0x
are continuous at x =0 and taking the Fourier trans-
form, we obtain, in nondimensional quantities [24,27,28],
g = ¢&/Wesr, 0 = wph/Wese, T = tWegr /B, Ep = Ep [Wep, ¥ =

x/h0s o = VI [2m Wege, Fy = Foeho/Weir, Fi = Fieho/Wer,
Up = p/Wefb
o0
2VEs(k) = Y TiIVE +kdePi-1 + Qiu-n):
I=—00
B
- 0
0 ACN-N=(N)] AN+ D=N+1—(=N)]
: ACN-N=(=N+1)]  ACN+1)[-N+1—(=N+1)]
2JE | = :

: ACN-N-(N=1)]  AEN+D-N+1-(N=1)]

0 ACNY—N=-N) ACNFD(=N+1-N)

0

(@) = Fi[Ai() — iBi(an)]G + (Fy + Fiagcosp)'”
x [iAi () + Bi' ()], (B2f)

a,sin(nwgt+@d)
where G=)Y " 0 eyt M= )
a2 sin(2npf+2¢)+a,a_, sin(nwgf) N = Z a, sm(na)Et+¢)
a3 ’ n=-00,n#0 a3,
400 ana sin[(n— m)a)Eﬂ

R Zn— 00,n#0 m=—o00,m#0,n,—n y:[n” { (n—m)ép -
sin[(n+m)@gi+2¢] _ 1/3

o3 on=—(Fo + Fiagcosg) [F0+F1agcos¢ +

;r_oioc 10 2Fq cos(lel+¢)] and E =&+ nag — EF _ U _

1. Here, p,(@gt) and qn(@gt) in Egs. (B2¢) and (B2d) denote
the phase factor of the nth-state wave function and of its
spatial derivative at X = 0, respectively. P,; and Q,; are the
[th Fourier coefficient of p,(@gt) and g,(wgf), respectively.
Thus, Eq. (B1) can be written as the following matrix
operation,

STy
Av-niv-1-n1 Anv—wy | T
AN-DIN-1-(-N+1)] ANN—(-N+1)] :
: Tb b
AN_DIN-1—-v=1)]  ANIN-(N=1)] :
AN-_1)(N=1-N) ANyn-n) Tv_1
| Ty _

where Agyi—x) = ~/& + kpPia—k) + Qiq—k)- If N is large enough, we are able to get the converged value of the transmission
coefficient 7, (and therefore the reflection coefficient R,) by solving the above matrix.

For the special case of dc field Fp =0 and carrier-envelope phase ¢ =

2n+ 1) /2, with n being an integer,

the transmission coefficient 7, is still calculated from Eq. (B1) With P, and Q, uncha}nged, but with p,(@gf) =
¢(®Ef)exp[iv En Z;’-:Oioo’l# W] and QIl(wEt) - Pn(CUEf)[v n + Zl_—oo 10 W]

log
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