
PHYSICAL REVIEW A JANUARY 1998VOLUME 57, NUMBER 1
High-order multiphoton ionization at metal surfaces by laser fields of moderate power
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By considering a laser-induced dipole layer along the surface of a metal and its action on an electron of the
metal, it is shown that at moderate laser field intensities of some 1010 W cm22 energetic electrons of a few 100
eV can be produced, which explains recent observations of Farkaset al. @Phys. Rev. A41, 4123~1990!; Opt.
Eng.32, 2476~1993!# without necessarily resorting to the mechanism of Coulomb explosion, taking place after
the completion of the ionization process.@S1050-2947~98!00601-5#

PACS number~s!: 32.80.Wr, 42.50.Hz, 79.20.Ds
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With the advent of the laser, the multiphoton photoeffe
became of interest and its early investigations are revie
in a paper by Anisimovet al. @1#. As is pointed out in this
work, the surface photoeffect becomes dominant, if the la
polarization is perpendicular to the metal surface. This
achieved by grazing incidence of the laser pulse on the
face of the solid. If, in addition, the laser intensity is chos
not too high, of some 1010 W/cm2, and short ps pulses ar
used, then no plasma will be formed during the ionizat
process and the surface photoeffect will take place at ro
temperature. This is the experimental situation envisage
the following.

In a series of experiments under the above conditions
Farkas and co-workers@2–4#, it was shown that energeti
electrons of up to 500 eV may be produced that canno
explained by existing models@5–7#. It was suggested tha
these energetic electrons have their origin in space-ch
effects@8#. However, in most recent experiments by Fark
et al. @4# at very low laser field intensities space-charge
fects were strongly suppressed and the discreteness o
photoelectron energy spectrum was explicitly discriminat

Several years ago, it was pointed out by Liebsch a
Schaich@9# that for the generation of harmonics at solid su
faces polarization effects play a crucial role. Since harmo
generation and multiphoton ionization are strongly inter
lated, we expect that such polarization effects are equ
important in the multiphoton photoeffect. It is the purpose
the present work to show by means of a simple model
culation that such polarization effects can be made resp
sible for the occurrence of energetic electrons in the exp
ments of Farkaset al. @2–4#.

First we perform a few preliminary considerations. W
take the laser pulse to propagate ideally along the surfac
the metal and choose the laser polarization perpendicula
the surface. Farkaset al. @2–4# used a Nd:YAG laser emit
ting 8-ps pulses. Then the photon energy is\v51.17 eV, the
frequency v5231015 sec21, and the wavelengthl
51024 cm. The target was a gold surface atT5300 K. For
this monovalent metal the effective massm* 5me and the
Fermi energyEF55.53 eV with Fermi velocityvE51.4
3108 cm/sec. These data are from Ashcroft and Merm
@10#, one of our sources of information. Similarly, we find
571050-2947/98/57~1!/663~4!/$15.00
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Ref. @10# that on one hand the relaxation time of electron-i
collisions t i53310214 sec and that on the other hand th
electron-electron collision time can be estimated fromte
5\EF/10(kBT)2. Thus for gold at T5300 K te55.5
310213 sec. Consequently, using the above value of the
ser frequency, we gett iv560@1 and tev5113102@1.
Hence, in first order of approximation, we can neglect co
sional damping effects and electrons near the surface
form on the average 10 free oscillations in the laser fi
between two collisions. This guarantees a sufficient amo
of phase coherence. Next we evaluate the mean free pa
electrons due to electron-ion collisions. With the above v
ues for vF and t i we get l i54.231026 cm54.231022l.
Since the laser pulse wastp58310212 sec, we find for the
number of electron-ion collisions duringtp , N5tp /t i
5260. Hence we can evaluate the average distance tha
electron travels during one laser pulse. According to A

croft and Mermin @10#, this is given by l̄ 5ANli50.67
31024 cm, which is still less thanl. Therefore the use o
the dipole approximation for the laser field will be justifie

Now we perform the following elementary calculation
In a monovalent metal to each Wigner-Seitz cell, contain
one ion, at any instant of time a quasifree conduction el
tron can be associated. Along a surface layer of the meta
denote the positions of the ions byxj and the positions of the
electrons byxj (t). Then the potential of a test charge2e at
positionx near the surface is given by

V5(
j

S e2

ux2xj~ t !u
2

e2

ux2xj u
D . ~1!

If at t50 the electrons are at the positionsxj and for t.0
move essentially with constant velocities into arbitrary dire
tions, we can writexj (t)5xj1vj t1j(t) whereuvj u>vF and
j(t)5j(t)« describes the laser-induced oscillations of t
electrons near the surface.« is the unit vector of linear po-
larization, pointing into the positivez direction, and the sur-
face is located in the (x,y) plane such thatz.0 is the exte-
rior region. Making in Eq.~1! a multipole expansion and
retaining the dipole terms only we get
663 © 1998 The American Physical Society
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V5(
j

e2@vj~ t !1j~ t !#~x2xj !

ux2xj u3 1•••5Vs1Vd . ~2!

Going over to continuous variablesxj ,vj→x8,v(x8) and in-
troducing the corresponding integrations we find

Vs5e2neE d3x8
v~x8!t~x2x8!

ux2x8u3 ,
~3!

Vd5e2neE d3x8
j~z8,t !~z2z8!

ux2x8u3
.

Vs is the static dipole potential layer at the surface of
metal, also present in the absence of the laser field, andVd is
the dynamic part, induced by the laser, where we obser
thatj(t) is perpendicular to the metal surface.ne is the den-
sity of electrons.

We first considerVs . According to the classic book o
Seitz @11#, along the surface of the metal the electrons c
move freely in the (x,y) directions but they are confined i
the z direction to within a short distance of the order
magnitude of the Bohr radiusa0 . Thus we decomposeVs
into its components parallel and perpendicular to the surfa
Introducing plane polar coordinates (r8,w8) in the (x,y)
plane and observing that in this planeuv(x8)u>vF we get

Vs5e2neE
0

2p

dw8E
0

`

r8 dr8E
2a0

0

dz8

3
vFtr8 cosw81z8~z2z8!

@r8 21~z2z8!2#3/2

~4!

52pe2neE
2a0

0

z8 dz8
z2z8

uz2z8u
562pe2nea0

2/2,

where in the last expression~1! holds forz.0 and~2! for
z,2a0 . Hence the total potential jump due to this dipo
barrier is D54pe2nea0

2/2. Taking the valuesne55.9
31022 cm23 anda050.5331028 cm we findD51.4 eV in
reasonable agreement with results of much more soph
cated quantum mechanical calculations@12#. This static di-
pole barrier potential is a contribution to the work functio
W of the metal. Since later on we shall describe the st
part of the metal surface by Sommerfeld’s step potentia
depthV05EF1W, we do not need to considerD any fur-
ther.

Now we consider in Eq.~3! the laser-induced dipole-laye
potentialVd . Using again plane polar coordinates (r8,w8),
the final integration will depend on the form ofj(z8,t). For
z8,0, we take the field strength of the laser pulse along
surface to have the formF(t)5F0 exp(z8/d)sinvt, whered
is the penetration depth. We have shown above that the l
pulse can be safely described in the dipole approximation
particular, since the laser beam propagates along the su
~for example, in thex direction! while the integration is
alongz8 and we shall see below thatd!l. Then, solving the
equation of motion of an electron of the metal in this fie
we find j(z8,t)5a0 exp(z8/d)sinvt with a05eF0 /mv2 for
z8,0. Hence the final integration in the expression forVd
~from now on simplyV! yields
e
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V5H 2pnee
2da0 sin vt, z.0

2pnee
2d„2 exp~z/d!21…a0 sin vt, z,0.

~5a!

~5b!

We introduce the amplitude

V152pnee
2da05~1/2!~vp /v!2~d/l!mmc2, ~6!

where vp
254pnee

2/m is the plasma frequency andm
5eF0 /mvc51029AI /\v is the intensity parameter in
which the intensityI is measured in W/cm2 and the photon
energy in eV. In our case, the plasma frequency of gold@10#
vp51.3831016 sec21@v. Then the penetration depth i
roughly given by d>c/vp @11# and we get V1
5 1

2 (vp /v)mmc2. To estimate the order of magnitude ofV1
we use \vp510.5 eV, \v51.17 eV, and I 52.5
31010 W/cm2. We find V15304 eV. Why this potential is
so much larger thanD, discussed before, can be seen
follows. While D depends ona0

252.8310217 cm2 the cor-
responding parameter in Eq.~6! is da0 . Using from above
the value forvp , we getd52.1731026 cm>103a0 . On the
other hand, one finds from our values forI andv, a051.6
31029 cm. Hence, although the amplitude of the electr
oscillations is so small, stillda053.4310215 cm2>102a0

2

evaluated before. Therefore, the comparatively large pene
tion depth of the laser field into the metal is responsible
the surprisingly large laser-induced dipole-layer potential

To simplify the following analysis, we take in Eq.~5b! the
asymptotic value forz→2`. Thus we get an idealized
double-layer potential that oscillates at frequencyv between
2V1 and1V1 at a phase difference ofp betweenz.0 and
z,0. Moreover, we describe the static potential exerted
an electron by the metal surface by Sommerfeld’s step fu
tion V0@Q(z)21# where V0 is the depth of the potentia
well. Consequently, the wave function of an electron w
have to obey the two Schro¨dinger equations

~ p̂2/2m2V02V1 sinvt !C I5 i\] tC I ~z,0! ~7a!

~ p̂2/2m1V1 sin vt !C II 5 i\] tC II ~z.0! ~7b!

where I refers to the interior region andII to the exterior
region, respectively.

To fulfill the continuity conditions of the scattering prob
lem at the surface atz50, we make Floquet ansa¨tze in terms
of fundamental solutions of Eqs.~7a! and ~7b!

C I5Fx0
~1 !2x0

~2 !1(
n

Rnxn
~2 !Gexp@ i ~V1 /\v!cosvt#,

~8a!

C II 5(
k

Tkwk
~1 ! exp@ i ~V1 /\v!cosvt#, ~8b!

where xn
(6)5 exp@6iqnz/\2i(E01n\v)t/\# with qn

5@2m(V01E01n\v)#1/2 and, correspondingly, wk
(1)

5 exp@ipkz/\2i(E01k\v)t/\# with pk5@2m(E01k\v)#1/2.
The unknown reflection and transmission coefficientsRn and
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Tk respectively are then obtained from the matching eq
tions C I(0,t)5C II (0,t) and C I8(0,t)5C II8 (0,t), whereC8
5]zC. Using the generating function of ordinary Bess
functions Jn(z) to Fourier decompose the time-depende
exponentials, the matching equations yield the following
lations:

Rn5(
k

Jn2k~a!i n2kTk ~9a!

dn,05(
k

Jn2k~a!i n2k@~qn1pk!/2q0#Tk , ~9b!

where we have introduced the dimensionless parameta
52V1 /\v in which 2V1 is the total maximum jump of the
oscillating dipole-layer potential.

The time-averaged outgoing electron current compone
~for which pn is real!, corresponding ton-photon absorption,
can be obtained fromC II . We normalize these current com
ponents with respect to the incoming current,j i , and get

j t~n!5~pn /q0!uTnu2 ~n>n0!, ~10a!

wheren0 is the minimum number of photons to be absorb
in order to yield true free running outgoing waves~i.e., ion-
ization!. The corresponding normalized reflected currents

j r~n!5~qn /q0!uRn2dn,0u2 ~n>n1!, ~10b!

with a similar meaning forn1 as for n0 . Conservation of
probability requiresSn@ j t(n)1 j r(n)#51, which can be used
to check the accuracy of numerical solutions of the match
equations.

In general Eq.~9b! cannot be solved analytically. Th
numerical solution requires the truncation of the kernel m
trix. The size of the truncated set of equations depends, h
ever, crucially on the parameter ‘‘a’ ’ for which we get from
our above example forV1 the value 520. Hence, we expect
truncated set of matrix equations of the order 100031000 to
achieve a reliable accuracy. Fortunately, for very large ‘‘a’ ’
an approximate analytic solution of Eq.~9b! can be found,

FIG. 1. Photoelectric currentsj t(n) ~normalized! as a function
of the nonlinear ordern for laser intensityI 52.531010 W/cm2 at
which the parametera5520. Maximum current predicted near 50
eV electron energies.
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which is particularly accurate for large values ofn. Multi-
plying Eq. ~9b! by Js2n(2a) and summing overn we get,
putting n2k5l,

Js~2a!5(
k,l

Js2k2l~2a!Jl~a!@~ql1k1pk!/2q0#Tki
2k.

~11!

If we approximate (ql1k1pk)/2q0 by unity, then the sum-
mation overl can be performed exactly by means of t
addition theorem of Bessel functions and we obtain the
proximationTn>Jn(2a) i n so that

j t~n!>~pn /q0!Jn
2~2a!. ~12!

Hence it follows from Eq.~9a! that in this approximation
Rn5dn,0 and there are no reflected currents. Nonetheless
do not get the sum ruleSnj t(n)51, since our approximation
is very crude for small values ofn.

FIG. 2. Integrated photoelectric currents in arbitrary units for~a!
I 53.13109 W/cm2 with a5140, for~b! I 53.73109 W/cm2 with
a5200, and for ~c! I 51010 W/cm2 with a5330. The general
shapes of these curves agree very well with observation.

FIG. 3. Photoelectric currentsj t(n) ~normalized! as a function
of n for laser intensity 120 MW/cm2 for which a536.5. At these
low intensities space-charge effects alone cannot be made res
sible for the observed photoelectron currents.
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Our above approximation relies on the assumption t
the average energy of the emitted electrons is much la
than the binding energyV0 . It can be shown that this ap
proximation is equivalent to solving the scattering proble
defined by Eqs.~7a! and ~7b!, in the Born approximation
disregarding the boundary conditions atz50.

For the numerical examples, presented below, we cho
the parameter values of the experiments of Farkaset al. @2–
4#. For gold as target materialEF55.51 eV, A54.68 eV,
thus V0510.2 eV, and with ne55.931022 cm23, \vp
510.53 eV. All experiments were done with a Nd:YAG l
ser with \v51.17 eV. The initial experiments were pe
formed with laser intensities of about 1010 W/cm2, but later
experiments were done with much lower intensities of ab
100 MW/cm2 to reduce the space charge effects which c
lead to Coulomb explosion.

In Fig. 1 we show the normalized transmitted curre
j t(n) as a function ofn for I 52.531010 W/cm2 in which
case the parametera5520. In agreement with the exper
mental findings, energetic electrons of about 500 eV are
dicted by our theory.

FIG. 4. Photoelectric currentsj t(n) and j r(n) ~normalized! for
I 53.83106 W/cm2 for which a56.5. At these very low intensi-
ties, standard models yield negligible effects contrary to obse
tion.
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In Fig. 2 we present in arbitrary units the integrated c
rents for three different intensities:~a! 3.13109 W/cm2 with
the parametera5140, ~b! 3.73109 W/cm2 with a5200,
and ~c! 1010 W/cm2 with a5330. These predicted curren
distributions agree very well with the results of Fig. 3 of Re
@3#.

In Fig. 3 we plot the normalized transmitted currentj t(n)
for a much lower intensityI 5120 MW/cm2 for which a
536.5. As one can see, the largest currents are predicte
the vicinity of n535, which considerably overestimates th
experimentally observed photoelectron energy spectrum
ends nearn59 @4#. It should be stressed, however, that t
penetration depthd and thus the parametera are only defined
up to a factor of 2@11,13#.

Finally, in Fig. 4 we show the normalized transmitte
~points! and reflected~crosses! currents for a very much
lower intensityI 53.83106 W/cm2 for which a56.5. Even
at this low intensity, the transmitted currents are still app
ciable and in accord with experiments@4# while standard
model calculations@5–7# yield at these laser intensities ne
ligible effects.

Summarizing, we have shown that surface polarizat
effects can be made responsible for the appearance of e
getic electrons in the observation of the high-order multiph
ton photoeffect at metal surfaces at comparatively low la
field intensities. These effects cannot be explained by
existing model calculations@5–7#. It is true that space-charg
effects will play an appreciable role in the interpretation
the high-energy photoelectrons@8#, however, the discrete
ness of the energy spectrum, observed by Farkaset al. @4# in
their latest experiment, cannot be ascribed to Coulomb
plosion since this mechanism could only yield a continuo
spectrum.
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