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Coherent and incoherent multiple-harmonic generation from metal surfaces
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A theory is presented for multiple-harmonic generation from metal surfaces with the laser field polarized in
the plane of incidence. The theory is applied to the analysis of a recent experiment on a gold surface. It is
shown that the relatively slow decrease in the measured efficiency{200™ %) for the second, third, fourth,
and fifth harmonics is related to the stepwise nature of the excitation process. While for the second harmonic
the intensities of the coherent and the incoherent component are comparable, for the higher harmonics the
incoherent component dominat¢$1050-294{©6)04009-1

PACS numbdis): 42.65.Ky, 42.50.Hz

I. INTRODUCTION phonon and electron-electron scattering, in order to study
MHG from metal surfaces. As has been shown experimen-
Optical second-harmonic generati68HG) in reflection  tally [6], the bulk contribution to MHG is very small com-
from a metal surface was one of the first nonlinear opticapared to the surface contribution, and hence we can neglect it
processes to be observed experimentally after the advent of our theory. The extended Sommerfeld model was used
the laser[1-3]. The energy conversion efficiency for this recently[9] to study the multiphoton surface photoelectric
process is very smalless than 10°) because the thickness effect and gave good agreement with experinfdi6i. The
of the surface layer that can be excited at optical frequenciesmain finding in that work was that, due to the rapid dephas-
is only a few hundred angstroms. Despite this, SHG has iming of the electronic states, the multiphoton excitation of
portant applications as a surface probe in laser studies afonduction electrons is a stepwise process. The stepwise na-
metal and semiconductor surfack®-5|. Recently, Farkas ture of the excitation explains the comparable current densi-
et al. reported the observation of multiplésecond-, third-, ties that were observed in the one- and four-photon photo-
fourth-, and fifthy harmonic generatiofMHG) from a gold  electric effects on a gold surface at laser intensities of a few
surface irradiated at a grazing angle with 35-psec, 5-GWGW/cm?. As shown here, it explains also the relatively slow
cm? pulses from a Nd:YAGneodymium-doped yttrium alu- decrease in the intensity of the generated harmonics at the
minum garnetlaser[6]. The conversion efficiency for these same laser intensities. While in previous studies of SHG
four harmonics decreased very slowly (£8—10"1% with  from metal surfacefl—3] the harmonic radiation is assumed
increasing harmonic order. It was suggested that this featuri® be purely coherent, it is shown here that in MHG from
is nonperturbative and similar to that observed in multiplemetal surfaces there are both coherent and incoherent com-
odd-harmonic generation from noble gases under the influponents in the radiation field. The coherent compofielais-
ence of very intense~ 10 W/cm?) laser fields, where in tic scattering is associated with the average dipole of the
the case of Ne the conversion efficiency exhibits a plateawscillating electrons at the different harmonics, while the in-
(107°-10"1Y from the 25th to the 135th harmon[@].  coherentinelastic scatteringis associated with the quantum
However, the laser intensities used in the experiment ofluctuations of these dipoles. For the second harmonic the
MHG from a gold surface are below the limit for breakdown two components are comparable, but for the higher harmon-
of perturbation theory, and the measured dependence of thes the incoherent component dominates. In the case of a
intensity of the four harmonics on the laser intensity is thatgaseous or bulk medium the incoherent component of the
predicted by perturbation theory. Hence, the two cases carnadiation would not be directional. As an example, consider
not have similar explanations. A recent theoretical paper oithird-harmonic generatiofTHG) in a gaseous medium un-
MHG from a metal surface based on the Sommerfeld modedler conditions of three-photon resonance and no intermediate
of a metal gives theoretical values in reasonable agreemergsonance with an ideal monochromatic laskt]. In addi-
with the experimental values for the relative efficiencies oftion to coherent THG codirectionally with the laser beam,
the four harmonic$8]. But, it does not give any values for there is also incoherent fluorescence from the three-photon
the absolute efficiencies, and does not account for energgxcited state to the ground state, having the familiar
relaxation and dephasing of the electronic states, which igoughnut-shaped radiation pattern of an oscillating electric
essential for a correct description of the dynamics of anydipole. In the case of a surface, however, because of bound-
resonant optical process. Moreover, it does not account faary conditions for the fields, fluorescence from an
reflection and refraction of the laser beam and the generatdd-photon excited state to the ground state is allowed only in
harmonics at the metal surface, and the inclusion of the apghe direction(within the limits of the uncertainty principle
propriate harmonic-dependent Fresnel factors would changef the reflected fundamental beam and the coherent harmonic
the predicted relative efficiencies. radiation. The idea that narrow-band, incoherent harmonic
In this paper we use the Sommerfeld model of a metalradiation from a metal surface is directional should not seem
extended to account phenomenologically for energy relaxstrange. After all, white light from a flashlight retains its
ation and dephasing of the electronic states due to electromuasidirectionality upon reflection from a mirror. This is be-
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————————————— model, the laser-surface interaction reduces to a one-
dimensional problem. The trouble with the plane-wave en-
g’r‘n‘?;‘;‘i"c"gc‘w" ergy eigenstates given above is that they are not realistic for
describing the motion of conduction electrons in the pres-
ence of electron-phonon and electron-electron scattering.
Measurements of the transient reflectivity of a gold surface
show that the energy relaxation rate for electrons 2 eV above
the Fermi level isy=3x 10'* sec™ ! [12]. The dephasingor
momentum relaxationrate accounts for both elastic and in-
elastic scattering, and is much greater than the energy relax-
IRPREY. o5, £ 243 B ; ation rate. In the case of gold, matching the measured com-
. s . ' plex index of refractiorf13] with the index of refraction for
a free-electron gas with damping gives a momentum relax-
r ation rateI’=5.5x 10'® sec !, for photon energies in the
SIS YA range 2—-10 eV. As a result of the dephasing, the energy
eigenstates acquire an energy width equafiig and this

FIG. 1. Schematic diagram of the step potential at a metal sur(_:auses overlapping and mixing of the states within this en-

. .~ ergy range. Therefore, we consider normalized mixed states
face and the processes that take place during laser-surface |ntera($\-/ave packets[9]

tion.

1 N
cause the incident Gaussian stochastic field that is associated ®,(2)= 2 \/E-_qs (2) )
with white light, the induced stochastic linear polarization of ' =T

the medium, and the reflected and refracted stochastic fields

satisfy joint boundary conditions that lead to Snell's laws ofwhere ,Ci,a:(Fi/Z)Z/[AwiJr(Fi/2)2] are Lorentzian
linear reflection and refraction for stochastic fields. Note thatveights with Aw, being the frequency separation of the
in the case of MHG in reflection from a metal surface, the|«) state from the center frequenay, N;=mg(w;)T;/2 is
nonlinear surface polarizations that now play the role of thethe effective number of states within a Lorentzian line shape
incident field are also Gaussian stochastic processes, becausfewidth I';, and g(w)=L,m/27# k, the one-dimensional

of the quantum nature of the elementary dipoles and theensity of states for each spin state. The excitation of an

central limit theorem. electron by a laser beam proceeds resonantly through such
mixed states, and the matrix element of the interaction
Il. THEORY HamiltonianH' between two such states is

Figure 1 shows the basic processes of multiphoton ab- . , T —
sorption, nonradiative decay, photoelectron emission, and  Hij=(®i[H |(I)j>z§\/g(wi)g(wj)rirj H' s 3
MHG that take place when a metal surface is irradiated with

an intense laser beam. It is assumed that the laser intensity,j§,ere H” s is the average matrix element over thé;
below the critical value £10 GW/cn? for picosecond  phairs of unmixed states. It should be added that even during

pulses incident on a gold surfac@bove which thermionic  ¢qntaneous emission an electron makes a transition between
emission and plasma formation at the surface become thg,q mixed states.

dominant processes. Th_e relative scaling for the photon en- ~gnsider a laser beam of frequenayand electric field
ergy and the work function of the metal corresponds to thap iy deg incident at a grazing angl#; on a metal surface
in the recent experiment on a gold surface using a Nd:YAG;i, the electric field linearly polarized in the plane of inci-

laser[6]. The starting point of our theory for MHG is the jance &-z plana. In the plane-wave approximation, tize
familiar unperturbed energy eigenstates of an electron in 2omponent of the electric field is

one-dimensional step potential(z)=—-V,, z<0, and

V(z)=0, z>0 (outside the metal which can be written in E[e*kZ+ pe ke sing;e(“t k) tc.c., z>0
the fOfm[8,9] EZ(X,Z,t): S " .
ngoe('ktzz+ktzz)e'(wt_kxx)+C.C., Z<O,
[e*Z+re %], z<0 (4)
H(2)= =X iq,2 @ . .
JL,  [(1+r)e'9, z>0 where o = (ncosd;—cosd,)/(ncosd; +cosd;) is the amplitude

reflection coefficient, wittn being the complex index of re-
where L, is a normalization length, andx,,q, fraction of the metal, and, the complex angle of refraction.
= (k2—2mV,/#?)Y? are thez components of the wave vec- E,=£&(1+¢)sind, is the amplitude atz=0,, and
tor for the electron inside and outside the metal, respectivelyr=¢,/e(w) the ratio of the dielectric functions for the
The latter becomes purely imaginarg,&iq;) for negative  vacuum and the metak, = (w/c)sind;, k,= (w/c)cosd; are
electron energies. The parameter (x,—0,)/(k,+0q,) is the components of the incident wave vector, and
the amplitude reflection coefficient. In tiey plane the elec- ki, =k{,— ik},= (w/c)[ é( )/ eo—sir?d;]? the complex z
tron is a free particle and its transverse momentum cannatomponent of the wave vector in the metal. For the relative
change from the interaction with a laser field. Hence, in thigdielectric functione,(w) = e(w)/ €g Of the metal we use that
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of a free-electron gas with dampinge,(w)zl—wf,/ timest>1/T"; ; ;, the derivative in Eq(7) can be neglected,
w(w—iT"), with w, being the plasma frequency. In the Cou- and the equation becomes ;.1 =i, +1(0i+1j+1—04)/
lomb gauge the interaction Hamiltonian is I'i i+ 1. Using this relation we obtain the following rate equa-
tions for the populationsr;; ,i=0,1,... N, in the case of
N-photon excitation:

e
H'=— ﬁ[Azpz"' PA,]
d 1df(2)

! ! 1A
7000~ Roa( 11— 000) + y1011F Y2020+ =+ yyonn,
()t m

dz 2 dz

(€)

=— £,
sz

glwt-kX 1 cc., (5)
m

wherep, is thez component of the momentum operator, and

A,=— [E,dt the z component of the vector potential. Note i = Ri_1j(oi-1j-1— 0ii) * R i+1(Tj+1j+1— Tii)
that, since the excitation process is one-photon stepwise, we

have neglected in the interaction Hamiltonian the term —ylo; for i<N, (10)
(e?/2m) A2, which is associated with two-photon absorption. o

The functionf(z) gives thez dependence of the field, which d

in the interaction region can be approximated as gionw=Ry-an(on-in-1m o)~ o, (4D)

1, z>0

(6) Wwhere Ri;+1=[Q;;s1%T;;s; is the rate for the
li)«>|i + 1) transition andy = y; + yee; the sum of the non-
radiative energy decay rate and the electron emission rate
from state|i). The spontaneous decay rate of the excited
mixed states £ 10° sec ') is many orders of magnitude
smaller than the nonradiative decay rate, and so we can ne-
glect it in the calculation of the level populations. From the
definitions of the probability current and the probability
transmission coefficient it can be shown that the electron
emission rate from state) is given by

f Z)= S "
( ) 7_e(|klzz+klzz), 7<0

where outside the metal we use the justifiable dipole approxi
mation *'*?=1) for optical wavelengths, while inside we

use the prescribed variation of the field. By allowing for
variation of the vector potential inside the metal, the interac
tion Hamiltonian accounts not only for electric dipole but for
higher-order multipoles as well.

The equation of motion for the slowly varying part,
oj;+1(t), of the off-diagonal density matrix element

piiv1= 0 a(De is [3,14) ZF e (o)d (12)
i=—| ————Li(w)dw,
d T i Yeel = oKz 0)7
a*‘—z Ui,i+1:§Qi,i+1[0i+1,i+1—Uii], (7)

wheref wy,=Vy is the threshold energy for electron emis-
where a;; is the fractional population of the electrons that Sion, andZi(w) the Lorentzian weight distribution that en-
have absorbetlphotons, and on the right-hand side we have!€'s in Eq.(2). The electron emission rate from an above-
neglected higher-order terms associated with coupling téréshold excited state increases rapidly with the number of

other mixed stated’; ;. ;=T + T, is the transverse relax- photons absorbed above t_hreshold, anq the popul_ation of
ation rate. and). '+1’= 2017, 1 1&,0 is the Rabi(interac- these states drops very rapidly. In numerical calculations the
’ i,i i,i Z

tion) frequency, with system of rate equatior(g)—(ll) can be truncated aftgr the
value ofN for which the population of th&l-photon excited
_ ef, d 1df(2) state is negligible compared to that of the-{ 1)-photon
Hiji+1=—\ P\ (D) 5+ 5 —|Pis1 (8)  excited state. Note that since in the experiment the emitted
Mo dz 2 dz ; L
electrons are replenished by the power supply of the circuit

being a transition matrix element that accounts for electri¢Séd to monitor electron emission simultaneously with
dipole and higher-order multipoles of the surface states. IMHG. in the rate equation forq, the emitted electrons are
evaluating this matrix element, the second term, which idaken to return to the ground state. _

proportional to the derivative of the field, can be neglected !N order to calculate théith-order nonlinear surface po-
in comparison with the first term far+ 0, because the Fermi larization we need to know the off-diagonal density matrix
wave vector is much greater than the optical wave vector. Aglement[3,14] poy=aon(t)e™(“' %), For timests>1/T oy
z=0, the second term has a singularity due to the discontithe slowly varying part is given by

nuity of the normal field component at the surface, and this is
taken into account in the calculations. Our calculations show
that, in the case of the abrupt step surface potential model,
the dominant contribution to the matrix elementswtomes
from the first term in Eq(8) and the part of the wave func- In the case oN=2 andN=3 the equation above gives
tion inside the metal. We should point out here that, if we

neglect the second term in E(B), the matrix elements of 000y

7 are equal to those of the effective electric dipole that was 702(1)= = 4z [T00— 2001t 022], (14)
used in Ref[9], where au-E interaction Hamiltonian was

used with the electric field having af(z) variation. For and

1
oon(t)=—i T [oon-1ONn- 1N~ Q010N (13
ON
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04,0 - _; . _
0'03(t)=i%3%[000_30114'3022_0'33], (15 Eni(x2,1)=End(D)exili(Not thXX+thZZ)]+H'C'(’19)

where in order to simplify the two expressions we have sefyhere ky,,=(Nw/c)sind,, ky;,=(Nw/c)cosd, are the

all the I';;’s appearing in them equal tol2 From the last ave-vector components of the reflected harmonic wave,
two equations we see thatoy(Q/T)N, where Q/T)<1  andkyy, kniu=Ki,—iK};, those of the transmitted wave.
for laser intensities below the damage limit of the surfacengte that our treatment of the harmonic fields as guantum
Hence, the off-diagonal density matrix elements are muchyperators has to do with the quantum properties of the elec-
smaller than the diagonal ones, and they decrease rapidiyonic polarization, and not with quantization of the field
with increasingN. This shows that the multiphoton excita- energy. The latter is not necessary in the theoretical treat-

tion of conduction electrons is incoherent. ment of this problem. In the case of mpolarized dipole
sheet az=0, the reflected and transmitted waves must sat-
A. Nonlinear surface polarizations isfy the boundary conditiong3,15|

Since the thickness of the surface layer that is excited by .
the laser field is much less than the wavelength of the har- A ~ 1 JPpss
monics that it generates, we can treat the polarized layer as a Enex— ENtx:m EVEE (20)
polarization sheet az=0. The quantum operator for the
nonlinear surface polarization at thth harmonic can then
be written as

and

Pnsz=Prsdt) €N+ Hoe,, (16) Knr X Eny =KneX Ent (22)

where . -
In order for the two conditions to be satisfied for eventhe

d fast varying propagation factors in the expressions for the
Prusdt) = 52 Ton,i()noj (17)  nonlinear polarization and the two fields must be equal, and
V4 ' ' hence it follows thatky, =Kkynw=NKy. Therefore, in the
plane-wave approximation, the angle of reflection for the
is the quantum amplitude of the surface polarization, withharmonic wave is equal to the angle of incidence of the fun-
d=1/k{, being the optical skin depth of the metal, aidhe = damental wave. This is true for both the coherent and the
volume of the excited surface layer. The sum is over théncoherent components of the reflected harmonic fields.
initial electron states, and it is used here symbolically insteadfrom Eqs.(20) and(21), we can then show that the quantum
of the more complicated integral over the Fermi spherepperator for the amplitude of the electric field of the reflected
which we use in the final results below. The operaigy Nth harmonic is given by
and its Hermitian conjugaté, are electron lowering and
raising operators, respectively, and their expectation values NowFE
are the density matrix elements,y and oy, Which are Enr=i ———Pnsz (22
given by Eq.(13) and its complex conjugate. The expression eiNw
for the nonlinear surface polarization is consistent with the
interaction Hamiltonian, and represents a generalized electriwhere F = ny,,sind; /(ny,cosd+cosdy,) is a Fresnel coeffi-
polarization that accounts for electric dipole and higher-ordetient for theNth harmonic, wittny,,=[ ¢, (Nw)]Y? being the
multipoles. Unlike previous theories of SHG from metal sur-index of refraction of the metal &, and ¥y, the angle of
faces[2,3], where the nonlinear polarization is described inrefraction for the transmittetth harmonic. The reflected
terms of a constant susceptibility, with the implicit weak- harmonic fields are polarized in the plane of incidence, and
field assumption that the populations of the excited elechave the same polarization as the reflected fundamental field,
tronic states are zero, the present theory can account faii agreement with experimental observatig6$ It should
strong electron excitation as in the case of the recent experpe noted that the coherent component of ité harmonic
ment on MHG[6]. Our calculations for this case show that at field, which is given by the expectation value of Hg2),
a laser intensity of 5 GW/cfabout 20% of the electrons follows the phase of theéNth power of the incident field

with initial energy near the Fermi energy are in excitedamplitude since(Pys,)=oon<EN [see Eqs(14) and (15)].
states. In this respect, MHG from metal surfaces has some,o incoherent component 5(2;N :(‘%N _<(§N )
r r r

common aspects with resonant harmonic generation frorgc((}ON_UON) however, does not follow the phase of the

metal vapors under strong laser fields, which also cannot bﬁlcident field because of quantum fluctuations, which in a

described n terms of aconstant_ nonlmear su;cept@ﬂﬂ]. Langevin approach are accounted for by an additive noise
The nonlinear surface polarization htw gives rise to ource term in the equation of motion fogy [16]
reflected and transmitted harmonic waves with electric fieldS N '

operators
B. Intensity of coherent and incoherent harmonic radiation

éNr(x,z,t)=éN,(t)ex;{i(Nwt—kerx—kN,Zz)]+H.c., The intensity of the cohererfelastio component of the
(18 reflectedNth harmonic is given by
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(Nw)?|F|? . ability that the final state is not occupied. The parameter
|cor{Nw):ZCEoW|<7’st>|2, (23)  R=(4\2/A)/IAQ,, with Ay being the wavelength of the

Nth harmonic, is the ratio of the diffraction solid angle in the
where case of a rectangular aperture of afeand the spontaneous

1 emission solid angla ), . In this work, it is assumed that
- _ ~ 2 spontaneous emission at a metal surface is diffraction lim-
<PNSZ>_dmf dQ"if (Tontno) ;o Prol i) kidi ited, andR is set equal to unity. The final expression for
(249 loi(Nw), which is derived using the quantum properties of
. i L . the nonlinear polarization, is exactly what one would have
is the_exr_)ectatlon value <_)f the surfa_ce polalrlzatlon.. T_he INbbtained on the basis of a simple energy analysis. That is,
tegration is over the Fermi sphere, with 6; being the initial | _(N,) is equal to the number of electrons per unit volume
electron wave number a_n_d an_gle_ fro_m thexis. Pep(x;) is . that have absorbeN photons, times the spontaneous decay
the Fermi-Dirac probability distribution, and the two spin rate, times the photon energy, times the fraction
states_ are ta_lken into.account. It should be pointed ou_t heqq:ler(Nw”z that is emitted from the surface layer to the
that, in nonlinear optic$3], the general rule is to consider yc,um, times the thickness of the layer. Before closing this
only the coherent radiation that is emitted by the averaggection, it should be emphasized that harmonic generation is
polarization. However, in MHG from metal surfaces we must, gnontaneous process with respect to the emitted harmonic
also consider the incoherent radiation that is emitted by thehotons, and the main difference between the coherent and
fluctuations in the polarizationdPys;= Pnsz—(Pns2, @nd  the incoherent components is in the spectrum and the photon
which turns out to be more intense than the coherent radiastatistics. For a monochromatic laser field, the coherent com-
tion. To our knowledge, the treatment of the incoherent raponent of the generated harmonics is monochromatic and has
diation in MHG from metal surfaces that is presented belowpgjisson photon statistics. The incoherent component, on the
is the first such treatment. other hand, has a spectral width of the order &§B~0.1
The total average intensity of the reflectdth harmonic, eV at room temperatur8], while its photon statistics are
Lo Now) =l cof(Nw) +1inc(Nw), with I;,.(Nw) being the av-  Gaussian. It should be mentioned here that the authors of
erage intensity of the incoherent component, is given, as iRef. [8] treat MHG as a spontaneous process and calculate
the case of resonance fluorescefité, by the emission rates for the harmonic photons using Fermi's
golden rule, instead of the nonlinear polarizations as we do

(NU))2|F|2 -~ ~ h H T .
| o(Nw)=2ce P Pued, (25) ere. In the_lr treatment they do not distinguish between co-
o 0c?e(Nw)| (PrsPrsa herent and incoherent components of the generated harmon-
h ics, and do not account for the directional properties of MHG
where from metal surfaces.
2
NN L .
<PstPst>—Wi§f: <0'N0,i(70N,f>,U«0N,iMN0,f Ill. DISCUSSION OF NUMERICAL RESULTS
dr Calculations have been carried out using parameters cor-
= _z ol inoil 2 (26) responding to those in the recent experiment on MHG from a
AlVS ’ ’ gold surface with a Nd:YAG laser of wavelength= 1.06

_ ) ) pmm. The parameters that have been used for gold are as
with A=V/d being the excited surface area. If we now ex-fg|lows: Fermi energy= 5.51 eV,V, = 10.19 eV (work

press|uyo;| % in terms of the spontaneous decay rate of statgnction of 4.68 eV [6,10, w,=1.37x10" rad/sec,

IN), y=3x10" sec !, andI'=5.5x 10" sec !. The tempera-
(Nw)gm .|2 ture in the Fe(mi—Dirac Qistribution was set equal to SOO_K.
,},SpN:ﬁ_NO%AQk, 2 In the calculations for this case, the system of rate equations
' 87 eoC’h (9)-(11) was truncated afteN=6, as the calculated inten-

sity of the sixth harmonic is four orders of magnitude lower
than that of the fifth harmonic, and the former was not de-
tected in the experiment.

whereA (), is the small solid angle of the spontaneous emis
sion cone with axis a classical reflected ray, E2p) be-

comes Figure 2 shows the theoretical dependence of the total
IF|2 intensity of the second, third, fourth, and fifth harmonic, and
Itot(Nw):RdWﬁNw<7’sp,NO—NN>1 (28 the intensity of the coherent component of the second and
&lNw third harmonic on the laser intensity in the range between
where 108 and 6x 10° W/cm?, with the angle of incidence equal to

70°. For higher laser intensities, experiments show that tem-
1 perature effects, thermionic emission, and plasma formation

<75p,NUNN>: FJ dQKf (YspNONN) «. 6. become importanfl0], and then our theoretical analysis is

n 1 [ . . . . . oy

not valid. The first thing we note is that for laser intensities

X[1—Peo(i) IPeo(ki) k2dK;  (29)  below 1 GW/ent, the intensity of the harmonics varies as

I(Nw)=IN(w), in agreement with perturbation theory and
is the average number of harmonic photons emitted per unthe experiment. For higher laser intensities, the slope of the
volume per unit time. The factdrl — Pep(k;)] is the prob- curves decreases slowly due to strong electron emission,
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. . line) harmonic vs the angle of incidend& degreey at a laser
Laser intensity (W/cmz2) intensity of 5 GW/cnd.

FIG. 2. Plot of the total intensity of the reflected secdadlid
line), third (dashed ling fourth (dot-dash ling and fifth (dotted L .
line) harmonic vs the laser intensity with the angle of incidenceMONIC 1S caused by_ the ComF’et'”g process _Of above-
equal to 70°. Also plotted is the intensity of the coherent compo-threshold electron emissiofsee Fig. L The experimental
nent of the seconsolid line with points and the thirddashed line ~ observation that the fifth harmonic aly five times weaker
with pointg harmonic. than the fourth,while the fourth harmonic is 100 times
weaker than the thirdmust be attributed to an enhancement

) . . ) from a collective excitation of the conduction electrons,
which competes with harmonic generation. In the case of th_@vhich is not accounted for in the present theory. Such an

second harmonic, the_ inten_sity of _the. coherent component I8, nancement has been predicted in the case of SHG in cal-
about 1/3 of the total intensity, while in the case of the th'rdculations using the density-functional approach far Bear

harmonic the corresponding fraction is only 10 For the 8w, , and is due to excitation of electron-hole pairs in the
higher harmonics the intensity of the coherent componensimcapc’e regiof17]. We should also note that thepener of
relative to the total intensity is even more negligible. As we 9l : u gy

pointed out earlier, this is due to the rapid dephasing and thi® fifth-harmonic photons (6w =5.85 eV is close to the
vanishing coherence of the excited states of conduction ele@nergy of surface plasmons in 90"5‘(’9/\/5: 6.36 eV), and
trons. The absolute conversion efficiency for the second hail iS possible that this plays a role in the case of the fifth
monic at 5 GW/cm is about two orders of magnitude harmonic.

smaller than the experimental value 6f10° [6]. This Figure 3 shows the theoretical dependence of the total
must be attributed to the fact that, as has been shown biptensity of the first four harmonics on the angle of incidence
calculations of SHG from metal surfaces using the density<;, at a laser intensity of 5 GW/cfn The four angle tuning
functional approach17], the abrupt step surface potential curves are similar, and the main difference is that the angle at
model underestimates the nonlinear polarizability of reawhich the intensity is maximum decreases from about 73°, in
metal surfaces. Despite this shortcoming, the Sommerfelthe case of the second harmonic, to about 65°, in the case of
model of a metal surface allows us to examine other importhe fifth harmonic. While the experiment did not examine
tant aspects of the nonlinear optical process of MHG fronthis detail, the theoretical prediction for maximum efficiency
metal surfaces. The calculated ratios of the relative efficienin the neighborhood of);=70° is in good agreement with
ciesl o (Nw)/lo(2w), for N=2,...5 at 5 GW/cm are equal the experiment. The full width at half maximum of the angle
to 1, 6.3x10° %, 3.6x10 3, and 0.4 10 °. For the first tuning curves decreases from about 26°, in the case of the
three harmonics these values agree very well with the expersecond harmonic, to about 23°, in the case of the fifth har-
mental values, 1, 810 %, 5x10° 3, and 1x10 3. The  monic.

slow decrease in the intensity of the first three harmonics In conclusion, we have presented a theory of MHG from
reflects the slow decrease in the electron populations thanetal surfaces based on an extension of the Sommerfeld
have absorbed 2, 3, and 4 photons, respectively. The latter imodel for conduction electrons. We have explained the basic
due to the stepwise nature of the excitation of conductiorphysics of this nonlinear optical process, and pointed out the
electrong 9]. For the fifth harmonic the theoretical value for incoherent nature of the higher harmonics. Since MHG
the relative efficiency is about two orders of magnitudeprobes more and higher excited states of conduction elec-
lower than the experimental value. In the context of our in-trons than SHG by itself, the theoretical and experimental
dependent particle theory of MHG, which accounts only forstudy of this multiple process can provide more information
single-particle excitation, the low efficiency for the fifth har- about surface states and electron dynamics than SHG.
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