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Two-photon electron emission from smooth and rough metal films in the threshold region
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Two-photon photoemission spectra are reported for silver films deposited under ultrahigh vacuum onto a
room-temperaturésmooth film or a cold substratérough film). A theory is developed which successfully
accounts for the qualitative features of the observed spectra in the near-threshold region when the Ag is excited
by the absorption of one or two photons. Photoemission from smooth films can be successfully described in
terms of direct electron transitions. The traditional one-photon photoemission theory is generalized to include
two-photon excitation. Photoemission from rough Ag surfaces is interpreted in terms of the excitation of
localized surface plasmons in the roughness features which are assumed to be small polarizable elements of a
self-affine fractal. The rapid spatial rate of change in the local electric field surrounding these elements breaks
translational invariance, thereby allowing indirect electron transitions to take place, ultimately leading to a
predicted (18-1F)-fold enhancement of the two-photon photoemission yield. Approximate analytic expres-
sions are derived for the total photoemission yields following one- or two-photon excitation of smooth silver
and two-photon excitation of rough silver.

[. INTRODUCTION structures. Such a structure can be simplistically viewed as a
fractal cluster of small, interacting metal particles. An assem-
The photoelectron response of metals is known to be erbly of interacting particles each capable of sustaining polar
hanced through the excitation of surface plasmiofisilwo  excitation will be characterized by normal modes. When the
varieties of surface plasmons are know#):surface plasmon assembly is a fractal aggregate some of these normal modes
waves(SPW'’g and (2) localized surface plasmorsSP’s). have been shown to be strongly spatially localiZ&&uch
SPW’s, which propagate laterally along the metal surfaceassemblies of interacting particles capable of sustaining
can be optically excited by coupling to an evanescent radiat SP’s are known to exhibit a whole range of enhanced op-
tion field>* or by a field impinging on a grating or on a tical phenomerfa!’ and enhanced surface photo-
surface with random roughnesOn the other hand, LSP chemistry'®
excitation is confined to metal particles or roughness features Even in the absence of roughness the surface itself breaks
that are much smaller in size than the wavelength of theranslational invariance in the normal direction. The conse-
incident light. Plasmon oscillations can decay nonradiativelyquence of this symmetry reduction and, in particular, the
onto one-electron excitations that ultimately yield photoelecconnection between surface states and nonvertical transi-
trons. This has been discussed in the context of SPW'gjons, is widely discussed in the literatufe?? In the pio-
where the coupling to electrons occurs through the macroreering work of Berglund and Spicer experimental data on
scopic Coulombic fields associated with the SPWEBhe  one-photon photoemission from smooth Cu and Ag films
decay of bulk(delocalized plasmons can also be understoodwas interpreted in terms of indirect transiticfisHowever,
in these termé. Koyama and Smith showed that those results could be un-
The very high local fields in the near zone of the LSP leadderstood in terms of direct transitions aldffe.
to enhanced photoemission which can also be interpreted as In this paper we generalize the theory of Koyama and
nonradiative decay of the LSP into one-electron excitationSmith to include two-photon photoemission. Expressions are
In addition, the rapid spatial dependence of the local nearebtained for the distribution of hot electrons and the photo-
zone fields ¢r %) breaks the translational invariance of the electron yield in the threshold region. We show that direct
system and offers a continuous source of momentum. Thigansitions are the dominant contributions to the photoemis-
allows indirect(nonvertica) electron transitions to occur, in- sion from smooth films. In contrast, for rough metal films it
validating the dipole approximation usually invoked in de-is the indirect transitions which play the critical role, pro-
scribing optical excitations. LSP excitation is localized in all vided that the surface is excited with photons whose energies
three directions within the volume of a roughness feature, idie within the LSP resonance band. It is important to note
contrast with a SPW which is localized in only one dimen-that these nonvertical transitions do not arise from the trivial
sion, normal to the surface. This greater degree of localizasymmetry breaking due to the presence of the surface but
tion of the electromagnetic energy is the source of the veryather from the rapid spatial rate of change of the near-zone
high local fields associated with the LSP. fields associated with the LSP’s. Photoemission from rough
It is well known that metal surfaces formed by condens-films excited at a frequency far beyond the LSP resonance
ing atomic beams onto a low-temperature substrate are chapand can be successfully describable entirely in terms of di-
acterized by microscopic surface roughn@dRecent evi- rect transitions. Although the theory developed in this paper
dence suggests that rough metal films are self-affine fractdbcuses on a specific experiment, namely, energy-resolved
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one-photon and two-photon electron emission from rougthiween two Bloch states which are nonzero only for direct
and smooth Ag surfaces, we believe that it is generally aptransitions(i.e., whenk; =k,) are approximately given by
plicable to photoemission at near-threshold energies. The
current treatment goes beyond the outline presented Vg~ (eh/mw)EQk~(eE?/mw)iG if Ak=0 (3)
previously?®
A comparison of the integrated yields for photoemis&sion
from smooth and rough Ag films was presented previobisly. . . .
In the present articlegwe ?eport energlzl-resolvedpphotoergis- Slnce the .I'ght penetrates hundreds of atomic layers,
sion spectra from rough and smooth Ag and one-photon anYi’h'le. translational invariance is broken qn.ly for a few
two-photon excitation. atomic layers near the boundary, one anticipates a strong
The paper is organized as follows. Expressions for thé’OIl.Jm.G’ rather than a surface, effect. Accord_mgly, photo_-
matrix elements responsible for the LSP-induced, nonverticaf 1>s1on I smooth _f|_Ims can be 3;*;55955““”3’ interpreted in
electron transitions in rough films are presented in Sec. iferms of direct transitions in the b. : .
and compared with those describing direct transitions in Analogous expressions for matrix elements appropriate to

smooth films. The theory of two-photon photoemission fromroug.h films will now be Qeveloped. The gurfaces of rough
metal surfaces is developed in Sec. lll. Theories of photoia‘g films have been described as a self-affine fractal arrange-

emission from smooth and rough films are presented in Sec rent of p_ar“g'zees that are small W'th_ respect to the wave-
Il A and 1l B, respectively. The experimental apparatus is ength of light™“>Because LSP excitation of these roughness

H 3
described in Sec. IV. Experimental results and comparisoﬁeatures _re;ults in greatly (_anhanc_ed near-zone flefs,
with the theory are presented in Sec. V. photoemission from rough films will be dominated by tran-

sitions initiated by the absorption of near-zdi?NZ) photons
in the vicinity of the roughness features.

The dipolar near-zone field close to a surface roughness
The standard form of the operator, assumed to be a pefeature is given by E&Nz)zEg)r’3(5a5—3nanﬁ) Ngpr

andVgs=0 otherwise. Thes subscript indicates that the ex-
pression refers to smooth films.

II. LSP-INDUCED INDIRECT TRANSITIONS

turbation, describing the effect of the radiative field is wherer is a position vector originating at the center of the
roughness featurey=r/r, and % is its polarizability. The
VvV = € [K_ p+p-K]. (1) strongr 2 spatial dependence includes Fourier components
2mce with high values oig?, some of which are comparable to

k. This breaks translational symmetry and, therefore, elimi-
nates the momentum conservation requirement for optical
transitions in metals.

The operator describing the interaction of an electron with

Here A is the vector potential ang=—i%AV is the linear
momentum operator. The tilde if1) indicates the periodic
time dependence:

XEAefiwt_’_C.C'E(A(O)/Z)efi(wtfq-r)+C.C_ near-zone photons is approximately given by
and Vg~ (eh/maw)ENDV, (4)
V =Ve il“tycc. where
The classical fields will be chosen so that the macroscopic E(NZ)N(n/rS)E(O)NX(Rg/rS)E(O). (5)

field amplitudeE® inside the film,
~ _ x~n/R3 is the susceptibility associated with the dipolar
_ ((0) —i(wt—q-T) 0 T . X
E=(E"™/2)e +c.c., modes of a roughness feature aRglis its mean linear di-

is related to the vector potential amplituda® by mension. We assume througho_ut thht is_ less than, or of
E@=iwA)/c. We restrict our treatment to near-threshold e same order as, the penetration dépkin depth, R, of
excitation where the photon enerdys’ (or the total two- the light. For rough estimations, we also assume that the

photon excitation energy#2o=7w’) is close to the energy exc@tat!on of the particles.is homogeneous and only dipolfar
gap 2/ between two conduction bands: excitations need be considered. Moreover, we will show in

Sec. V that excitation of particles with dimensions larger
|ho' —2Vg|<tio'. (2)  thanRs can be neglected.
) The above treatment also makes the simplifying assump-
Accordingly, tion that roughness features are roughly isotropic in shape so
, 22 that a single linear dimensiolR,, can describe them ad-
ho'~2Ve~(14h"G"~E, equately. One can generalize the analysis somewhat by as-
whereE is the electron energy ar@ is the reciprocal lattice suming a collection of spheroids, in which ca&g can be
vector generating the second band. replaced witha?b (wherea andb are the spheroid axe
Let us first consider photoemission from a smooth film.the corresponding formula for the polarizability. One can
Because the photon momentum of the incident light, is  also take into account the so-called lightning rod effeict,
negligible compared to the electron momentuik, photo- cases where the aspect ratio is high, by introducing a suscep-
emission will be dominated by direc¢vertical transitions. tibility yx that depends explicitly on the aspect ratio. How-
Consequently the spatial variation of the exciting field mayever, we will show in Appendix B that enhanced photoemis-
be ignored (dipole approximation The matrix elements sion is dominated by structures that are approximately
V=(k;|V|k,) of the interaction operator for transitions be- isotropic in shape, and of dimensions of the orderRyf
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Accordingly, little error will be made by assuming that the Yr=a e +a e
roughness features are spherical.
An approximate expression for the matrix elemevigsof o=, "+ a,e K C1 )
a rough film is obtained as follows. The wave function de- h
scribing the electron is assumed to pe-v ,Y%'* ", where ~WHer€
Vloc IS the volume within which the electron is localized. We a;=(2) Y1+ x2—x(1+x2)¥2~172
assume further that the photoemission is dominated by con-
tributions from all possible indirect transitions involving ap=a [ x—(1+x3)¥?],
resonant intermediate states. Band-structure considerations
suggest that the momentum change will be large in this case, ay=(2) "Y1+ x?+x(1+x?)2~12 9)
so that|Ak|~a~! wherea is the lattice constant. Under
these circumstances the magnitude of the matrix element ay=a, X+ (1+x%)¥?],
VR associated with photoemission from the region of space
around a polarized roughness feature of §zds estimated x=(1%/18mVg)G[G/2—Kg]. (10
to be The wave functions in the lower and upper bands are nor-
malized to unit volume an#g is the projection of the elec-
P N enG o) [~ Liakr,—343 tron momentum on vectdg (or, equivalently, its projection
Ve(Ak=a ™) Vloe Mo E Roe rod onto the normal to the zone-boundary plane
) The electron energies in the two bands are giveff by
n[a
e Ro) 6)  2E,(k)=Bl(k—G)2+ K] +{ B (k—G)*~K?|*+ 4VE}~
oC
(11)
or, using(5), 2E1(k)=Bl(k—G)?+k*]—{ B[ (k—G)*~ K*]*+4VE}'?,
where 3=#2/2m.
Vr(Ak~a™?1) Rg a\? @) The surface of constant interband energy is given by
Vs(Ak=0)  Xviec| Ro

Eo(K)—E (k) —fw' =0,

In performing the integration i6) we assumed that vectors or, using(11), by

Ak andr can subtend all angles with equal probability. At ) o 2112

resonancey~ Q whereQ is the quality factor of the dipolar B(G°=2k-G)—[(fiw")*—4V5]"=0. (12
resonance. For noble meta@sv 10° and, therefore, t.he ratip This plane lies parallel to the zone-boundary plane.

Vr/Vs can be close to unity. For example, for silver with 1 ming specifically to the case of silver, its band struc-
a=4 A, the ratio(7) will be of the order of unity for surface ;e in the vicinity of theL symmetry line is shown in Fig. 1.
featuregs with linear dimensionsd=2R,~1¢* A if 5 photon energies less than 5 eV this is the only neighbor-
Vioc™ Ry The number of all possible indirect transitions is o604 ink space where excitations can occur. The two con-
much larger than the number of dire@ertica) transitions.  qyction bands are connected by a direct transition only along
Consequently, one concludes that it is the indirect transizhe | T direction when photons of energy 2.43 dYivo-
tions, made possible by t_he rapidly \_/arying local fields qf thephoton casgor 4.85 eV(one-photon cagare used, as in the
LSP’s, that are the dominant contributors to photoemissiolyyneriments described below. It is also clear that there are no

from rough metal films. direct transitions into intermediate states lying between the
two conduction bands. The excitation for smooth films in

IIl. THEORY OF TWO-PHOTON PHOTOEMISSION th'is case occurs via virtuéhonresonat?ti'n'termediate states
o . with the same momentum as the initial state. For near-

A. Photoemission from smooth films threshold excitatiori2) those states lie only in the vicinity of

The general expression for the electron distribution funcihe L1 and L, points. We show in Appendix A that the
tion P@P)(E,w) per unit time and volume following two- t€rMs|Eqm—Ei—#w| and|E;—Epn—fie| in (A9) and(A11)
photon excitation is developed in Appendix A, where this¢an, therefore, be replaced wifiw to a good degree of
distribution function is presented as a sum of two contribu-2PProximation. _ _
tions, P@P)(E,w)=P(E,w)+P(E, ), the first being Slnge for statgs WIthm=Ei.+ﬁw there are no direct
due to two sequentigtascadpexcitations, while the second transitions, and since the matrix elemaff,=0, it follows
is due to simultaneous, i.e., true two-photon excitations. ~ that no sequential two-photofcascadg electronic excita-

For smooth films, the spatial dependence of the field caffons occur. That isP()(E, ) =0. _
be neglected, when the interaction operator is defined within The transition matrix elements are obtained as follows.
the dipole approximation. For near-threshold excitation, it isSince the matrix elements are nonzero only for direct transi-
the electrons in the vicinity of the “neck” of the Fermi sur- ions,  Vim, Vi,V Vi #0 in - (A1l) only if
face that are excited and the transitions occur nearLthe Em.Em>EL, or Ep,En<Eg. For the intermediatéone-
symmetry point:L,,—L,. The electronic wave functions photon step in a two-photon excitation, these states are non-
near the zone boundary are satisfactorily described by theesonant and we denote themfdsandi’, in order to em-
sum of two plane wave%: phasize that the electron states associated with the
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FIG. 1. Band structure of Ag near thesymmetry point. Direct
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|Pim|:|Pif’|%|Pii’|%hw1 because |Efr_Ei_ﬁa)|
~|E; —E;—ho|~fw, (18 may be rewritten in the follow-
ing form:

_4ng [ViVo|? 1 [ 3
- e 1| s e

PO(E,w)

—2hw]S[E—Ex(K)]. (18)

Hereng is the number of symmetry-equivalent lin€s and
the prime on the integral denotes that the integration is to be
performed only over those portions of tkespace for which
E;<Er andE,>E . One can also conve(18) into a line

integral:

dl
72 (hw)? K] |VEXVE,

The integral is carried out around the line of intersection of
the two surfaces of constant energ¥,=E and

For polycrystals one must also average over all values of
the angle ® subtended byA and p (|V,V,|?=cod®;
(co€@®)e=1%). Using this result andl1), (16), and(17), the
integral (19) can be solved to give

PO(E,w)=

ang |V{Vol?2 1 7
G |V1Va f (19

one-photon and two-photon transitions at 4.85 eV total energy are

shown.E5 and EX mark the vacuum levels of smooth and rough

films, respectively, with respect to the Fermi level. Estimated P(SZP)(E,w)Z PO(E,w)=
EDC's for rough and smooth films are also shown as arbitrary pho-

toelectron intensities as a function of the outgoing electron kinetic

energyER'S.

intermediate step of the excitation are positioned in the same

energy region as the final statéor the initial states, re-
spectively. Using (8)—(100 and the equality e’
=2Vg(1+x%)Y2 2" one gets

<t//1(k)|V|l/fz(k)>=i(G/Z)(1+X2)*l’2=i(G/2)(VG/ﬁa()i-3)

Note that by assuming excitation near the Brillouin zone

boundary(2), Vg /fhiw~1, andkg~G/2, i.e.,x<1. For the
diagonal element, one finds

(Pa(K)|V[a(k)) =ik —iGaj~i(k—G/2). (14

Additionally, when only electrons close to the Fermi surface

ng G (eE?)%(vg\?2V,
207 1—y mi%e’® o) ho’
(20)
assuminge,n.<E<Eg, and zero otherwise, where
(2hw— BG?)2—4V2

Emin= ) Y=

48G?

[(2fw)?—4VE]"?

2hw
(21)

The minimum energyE,,, corresponds to the situation
where the surface€;(k)=E—2#w and E,(k)=E just
touch?* The expression foE,;, follows from (11) and (12)
at k=K, where ki, is the electron momentum directed
along vectorG so thatk ;- G=k,inG.

The corresponding expression for the one-photon process
is

Ve

2
PP, w)= ﬁw,) . @

ng 1({eE9\2 G
247 i\ he' | 1—vy

and near the zone boundary are excited one can assume thakich is finite in the rang€&,,<E<Ey and zero otherwise.

(k—Gl2)°~k2, (15)
wherek, is the radius of the Fermi-surface neck.
Using (1), (3), and(13)—(15), one finds that
|Vit|=|V1|= (ehi/2mw)(Ve/2hw) GE® (16)
for kij=Kk; . Otherwise it is zero. Likewise
IViir|[=| Ve[ = Vol = (€EQ2w) (2V, /m) Y2 (17)
for ki=k;, and zero otherwise. The identity

V.= (h2/2m)k2 was used in(17).
Replacing the summation in the general form#a1) by
an integral > ,—v(27) ~3fd%k, and taking into account that

Accordingly, one-photon and two-photon electron excita-
tions in smooth films lead to rectangular boxlike distribu-
tions, P(E,w).

The involvement of transitions in the vicinity of the neck
of the Fermi surface in near-threshold two-photon processes
(14), (15), (17), and(20) is introduced through the matrix
elementsVy;, and V;;, which are absent in the analogous
expression for the probability distribution following one-
photon excitation22), which only involvesV;; .

It is important to specify the region of validity of these
results. To obtain them we used the two-orthogonalized-
plane-waves(2-OPW) approximation, and we further as-
sumed that the excitation was in the threshold region. The
2-OPW approximation describes electron transitions between
two conduction bands adequately well. It should, therefore,
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be an acceptable approximation for silver when the total phofunction to use here. This quasielastic electron scattering can
ton energy lies between approximately 4 and 8 eV. Withalso result in diffusive electron migration to the surface, re-
larger photon energied-band excitation contributes signifi- sulting in a form of the transmission function that is different
cantly to the photoemission yield. The threshold requiremenfrom that given in(23).
(2) is more restrictive. It limits the permissible excitation = We have already seen that the distribution of photoexcited
range for silver to photon energies lying approximately be-electrons is boxlikg(20)—(22)] and that this situation is not
tween 4 and 5 eV. In arriving at conclusi¢®l) regarding changed by the transmission function, which is approxi-
the energy rangeg— E,;, in which electrons are excited for mately a constant in the threshold region. Thus the energy
both one- and two-photon excitation and in obtaining thedependence of the energy distribution curves is, in this case,
energy distribution of photoelectrons following one-photonalmost entirely determined by the escape function. Further-
electron excitation, only the 2-OPW approximation wasmore, ifE,j,+A o' <Er+® (this is always the case for Ag,
made. Therefore, for silver, these results are valid for excifor example only electrons having energies
tation with total photon energies in the approximate rangeEg+® — % w’<E<E[ finally contribute to the photoelectric
4-8 eV. On the other hand, in obtaining the energy distriburesponse, even though electrons in the wider energy range
tion of photoelectrons following two-photon electron excita- E.,,,<E<Eg are excited. The total photoelectric yields,
tion (20), we assumed tha®;,~ —ifw in (A1l) and used for one-photon and, for two-photon excitation, defined as
formula(17) for Vs, ~V;;»=V,. Both of these results elimi- the number of photoelectrons per unit time and through unit
nate the dependence on the electron momentum and energyrface area, are, therefore, given by
and are based on the requirement that we are near threshold.
Accordingly, for silver, the rectangular-box-like form of the J1=RPUPK, J,=(RJ2)PPtK, (26)
energy distribution(20) of photoelectrons following two-
photon electron excitation is valid only when the total photon
energy Zw lies in the range 4-5 eV. Er
According to the three-step mod@lthe experimentally K—f
measured electron distribution cur¢€DC) in the threshold
region is determined by the product of three factdis: yt follows from (24), (25), and(27) that in the threshold
P(E,w), (ii) the eIectrpn transmission functlon., a(mi) the _ regionK has the form
electron escape function. The electron transmission function,

where

T(E)dE. (27)

Ep+®—fio’

which is essentially a constant over the narrow range of elec- 1 (ho' —®)?
tron energies studied here, has the f6tm “EE+O-Ey (28)
t(E)=(nl/Rg)/(1+nl/Ry), (23)  where Eq=0 when escape functior(24) is used and

wherel is the mean free path for inelastic electron scatteringEo=EL, when using(25). Equation (28) is valid when
R is the light penetration depth, ant=1,2 for one- and #fiw' —P<Eg+®—Eq.
two-photon-excited photoemission, respectiveRg is re- Photoemission efficiencieg™ and 7(?P) are defined as

lated to the absorption coefficient, asRs=a; *.

1p) — rq(1 _ ’ 2
The escape function for perfectly free electrons 7=t JWI=Ay(ho' - @) (29
(E=Bk?) takes the forrfP-3° and
1 Ep+® \1? (2p) = 21(2p))12— B2
el P 7P =(hw)IP/N"=A2ho— D)%, (30

respectively, for one- and two-photon processes, whease
For excitation in the threshold region the modification of thethe external radiative intensity. Usin@0), (22), (26), and
dispersion law due to the presence of the energy [§a@p  (28) one can show that the photoemission constagtand
(11)] results in a modified form of the escape funcibas A, are given by

follows:
» _Ng .. GRg 1
eyt E OBy 5 P72 T (B 0 Eg))
S 2 E+ ﬁ(l)’ - EL 2 2
1 Shal L (3D
In fact, neither of these escape functions describes the elec- ic\ho' @)
tron escape process accurately in the general case. However,
in carrying out the calculations below we have decided to _ mNg GRg 1 et

use(24) instead of(25) since we speculate that even near the Ag= 5 (o)t 1—y [hw(Eq+®—Ey)] Mhw?c?
zone boundary quasielastic scattering of the hot electrons
redirects most of them along trajectories that are far from the
zone boundary. For example, electrons moving along the
I'L symmetry line may be scattered along thé&/ symmetry

line, without loss of energy. The band strucfi3rindicates  Where the coefficiena is identically |E©)(z=0)|%/|ES)|?,
that, in that case, the electron’s momentum is far from theE{) being the amplitude of the external field. The coefficient
zone boundary, suggesting tHa) is the more appropriate a can be determined from the Fresnel equatioms assume

Vs \?

V,
= 113
X ol ho LY (w), (32
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that the size of irregularities is much smaller than the waveUsing (3), (7), (16), (17), (20), and (21), one obtains the
length. The factorsL (') and L®(w) which account for following approximate relations:

the Lorentz local field corrections are given by
(1) HV1V)*~ (V9 '~ PEPG %i(hw)*

, e(w')+2|? . s o4
Llo)=|—5— (33 ~(VR)'[x(Ro/vioc) (@/Ro) ] "
and (38)
4 Assuming that the matrix elements (@&7) are constant, and
LG (w)= €(w) +2 (34) using (38), one then obtains an expression for the enhance-
3 ment of the optical excitation from rough films as follows:
The photoemission ;onstants are among the quantities th%T(RZp)(E,w) a3 a2 RS 4
are measured experimentally. =\ x5 —
Ps P(E,w) v Ro/ Vioc
B. Photoemission from rough films 2
4
It was shown in Sec. Il that the values of the matrix ele- X (hw) ﬁ]“mm+ Di(Bi+fw)

ments for LSP-induced indirect transitions in rough films can
be comparable to those for direct transitigase(7)]. In this
case one expects the main contribution to photoemission to XDi(Ei)Dm(Ei+ﬁ“’)Df(Ei+2h“’)>' (39
be given by transitions executed through resonant intermedi-
ate states. If the distribution of intermediate states is The quantitiedD;(E;), D,(Ei+Aw), andD¢(E;j+2fw) in
nearly symmetrical in the vicinity of the energy point (39 are the densities of initial, intermediate, and final states,
Ei+%w, then the value of2,VimVmi/Piml? in (A11) is  respectively, in the rough film. The total density of states
given largely by its real part; moreover, for small values of(DOS) is defined in general aB(E)=X,6(E—E,). For
the relaxation constanis it may be approximated as electron states localized in roughness features, the DOS is
approximated by
|2mVimef/Pim|2%Wz[zmvimvmfﬁ(Em_ Ei—fw)]
(35 D~a %v,,E L (40)

Since the physical quantities discussed here are irrelevant @ssumingy oo~ RS, and using(39) and (40), one arrives at
the initial phases of the matrix elements we have chosen the following estimate for the relative propensity for photo-

them such that al/;; are real. electron emission from rough and smooth films:
Substitution of(35) into (A11) gives
p(zp) < R3
2 R 0

23 LAY
(s) = — (2p)
PR (Elw) < Uﬁ % PS

2 3

a
Ro

2Vg

R
L[| Re
Al mm

a

4

X > . (4

v

; VinVimi8(En—Ei—fh o)

The roughness features on the surface are sufficiently closely
X S(E(—E;—2hw)S(E—E;) ). (36)  spaced that electromagnetic resonances sustained by them
are strongly coupled. This problem has been solved for a

. - . cluster of polarizable particles with fractal character, for
The angular brackets if86) indicate averaging over the ran- which it was showt 13 that

domly rough surface, and summation over all roughness fea-

tures is implied. This includes the averaging over random (xH,~Q3 (42)
locations of the polarizable roughness features, which is de- X '

noted below ag---),, and over their sizes, &s--)g. Com-  whereQ is the quality factor of the resonance, which in the
bining (36) and (A5) and (A10) gives present case is the LSP resonance. The physical meaning of
this result is as follows. Strongly disordered collections of

P2P)(E w):<2_7722 2 +7TE Vim Vit interacting dipoles such as random fractal clusters of small
R ' vh fmt [ A mm 7\ VimVms polarizable particles possess dipolar eigenmodes which are
distributed over a wide spectral range. For fractals, these
) excitations have been shown to be localized and their spec-

X O(Em —Ei=1®) |(VimVm1) tral distribution to be inhomogeneously broadehe3

Hence, the averaged value of a physical quantity over the
X 8(Epm—E;—fiw)8(E—E;—2hw) fractal cluster is approximately given by its value for the
particles participating in the resonant eigenmode multiplied
by the fraction of the total number of particles which are in
resonance. For resonant partickess~ Q, which character-
izes the resonant enhancement of local fields due to the ex-
The first term in the square brackets refers to photoemissioaitation of the LSP. Since the fraction of the total number of
resulting from a two-step cascade process; while the secorphrticles which are resonant is small, the final enchancement
term relates to a two-photon simultaneous excitation process: Q! goes as the third power @, as in(42).

xa(E—Ef)>. (37)
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Rough films are often self-affifé® rather than self- sult in resonant nonvertical transitions. The second term in
similar. We will assume that the physics of electromagnetithe angular brackets if45), which normally exceeds the
excitation of self-similar fractal clusters outlined above isfirst, expresses the number of the indirect transitions, con-
also valid for self-affine systems so th@t2) is approxi- tributing to the excitation.
mately applicable. Thus, on contrast to surface-enhanced Raman scattering

For structures which scale, the distributipiRy) as a  (SERS where the enhancement is completely determined by
function of the size of the roughness features will be a powethe high local fields due to the LSP and is of the order of the

law within the size rang®min<Ro<Rmax: third power of the LSP resonance qualtfy’® photoemission
_a from rough films is determined not only by the high values
p(Ro)*Ry “. (43 of the local fields but also by their strong spatial dependence,

The indexa will depend on the fractal dimensiod. For which leads to indirect electron transitions. The enhancement
specific models of the fractal clusters there exist explicit ex—f"]lCtor for photoemlS_Slon, therefore, erends on the param-
pressions relatinge to D (see Appendix B eters of the system in a more complicated manner than that

; or SERS.
is ;;‘;ﬂ;?:g;@cé?\:g tg‘; LSP resonance for small featureg. We now cons?der the escape functidr(E) for rough_
films and show it to be different from the corresponding
Q~QuukRo/(Ry+1), (44) escape function for smooth filmg,g(E). In order for an
. . electron to escape the surface its ‘“vertical energy,”
wherel is the electron mean free path a@qg,, is the reso- EU=E0+,8k§, should be larger than the potential barrier

nance quality for the bu_lk. As the_ size of the particles de.'E,:+<I>. E, is a constant corresponding to the bottom of the
creases electron 'scatterlng at their boundary leads to an i nergy band for “hot electrons.” Elastic scattering of elec-
crease in relaxation rate and, as a result, to a decrease{

Q. For very small features, i.e., fRo<l, Q will be ap- fns from the boundaries of the roughness features provides

. . < . a mechanism for reorienting an electron’s motion in the
proximately proportional tdR,. Formula(44) is valid when 9

o . . proper direction so as to make it contribute to photoemission.
the excitation of the rogg_hness features_ IS homoggneous, ""r}his is particularly important in the threshold regitif the
when Ry<Rg. Contrariwise, we show in Appendix B that

; . . electron has total enerdgy>E+® but does not move in a
whenRo>R;, Q is small. Thus the maximum value Qf is favorable direction E,<Egr+®), and if the mean free path
reached a.Ro~. Rs. o of the electron in the roughness feature is sufficiently large,

Averaging in(41) over the polarlzab|l|t|§s .Of the rough- repeated bounces at the boundary of the feature will eventu-
ness fegturegsee(42)], and then over f[helr SI1Z€S assuming 4y resylt in an orientation favorable to escape. Thus reflec-
distribution (43), one concludes that it is the roughness feas;q g within the roughness feature offer a means for reorien-
tures with Ry~Rg which contribute predominantly to the

_ ; g - tation of the electron momentum so that ultimately
photoemission signal. The obtained enhancement of optic

o e JS>Ept+®.
excitations for rough films is For spherical particles it was foutfithat the escape func-

P<R2p> a\? 2Ve R.\3 tion T(RO) for elastic diffuse, as opposed to specular, reflec-
S .
P(SZp_) ”f(Rs)Q3( RS)(ES) [ﬁrmm+ =l | (45) tions has the form
where TR(E)=T{E)T(E){1-[1-T«(E)T{(E)}, (47)
1 (R where

f(R)=(R¥Y :—js Ro)R3d 46

(R =(Rofvir,= r (ROIR04Ro 49 T(E)=3/2(1/Rp)2(Ry /1) — 3+ exf — 2Ry /N[ 2(Ro /1)?
is the volume fraction filled by roughness structures with +4(Ry/1)+ 37}, (48)
sizes less than or equal B,. WhenR;~ R 2« this would
correspond to the volume fraction occupied by all of the T/ (E)=(I/2Rg)[ 1—exp( — 2Ry /1)1, (49)

surface features. To obta{d5) we assumed that we were in
the size limit where the mean free pathis larger than andTg(E) is the escape function for the smooth surfpsee
Rs,% so thatQ=R, for Ry<R. The volume fractiorf(R)  (24) and (25)]. WhenI>R,, T¥=1, i.e., TY) becomes in-
depends on the fractal dimension and can be expressed ardependent of energl. In the threshold regioffs<Tg and
lytically for specific models of rough surfacésppendix B.  thus this mechanism provides an additional enhancement of
In the above, we averaged independently over the randomphotoemission entirely through this geometrical factor.
positions of the polarizable roughness features and over their When the reflections at the boundary are specular rather
sizes. This is not valid in general, and should be considerethan diffuse, an electron can develop an orientation favorable
as an approximation which we believe to be adequate in théor escape only if the roughness feature is tapered. The effect
context of the estimates that are obtained below. of such a tapered geometry can be appreciated if one consid-
Formula(45) has a clear physical meaning. The producters an electron entering a cone with small apical afyléf
fQ> expresses the enhancement of the excitation due to thie initial incidence angle to the boundary is glancing
high local fields in the vicinity of roughness features. The(¢,~ 7/2) so thattE, <Eg+ ®, then aftem specular reflec-
small term @/Ry)2, which originates from the Fourier de- tions the angle of incidence becomeg=¢;—(n—1)0.
composition of the spatial termi 3 [Eq. (6)], gives the frac-  This formula remains valid until a critical, returning reflec-
tion of the spatial Fourier harmonics witkk~a~?! that re-  tion takes place whem, becomes negative. The smaller the
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angle ®, the closer this critical reflection approaches thegive films of about 150 nm thickness within 200 s. This was
normal. Thus the probability for electron escape is also inverified both interferometrically, by observing the appear-
creased as a result of specular reflections. ance of the first fringe in the reflected beam of the 308 nm
One should note that, in general, the electron mean fregutput of a XeCl excimer laser from the film, and gravimetri-
pathl occurring in formula(44) is different from that appear- cally, by measuring the amount of metal deposited onto a
ing in (47)—(49). In (44) | determines the quality of the plas- calibrated 5 MHz quartz microbalance.
mon resonance and, iS, therefore, sensitive to the Changing The temperature of the Cu substrate was controlled by
phase of the collective electron oscillations resulting fromconnecting the unit to a C|osed_cyc|e He refrigerator_ An in-
collisions. The value of in (47)—(49), on the other hand, is tervening sapphire plat®.5 mm thick was used to provide
determined by the cross section for collisions which result ingood thermal contact between the substrate and the refrigera-
a change in the electron energy. For the sake of simplicitfor, but with complete electrical isolation. The substrate
we use the same value fbiin the two instances. could be cooled to 30 K in a cool-down time of about 4 h.
The escape function for physically rough surfaces is unpuring operation of the refrigerator the chamber pressure
doubtedly very complicated. However, it is not unreasonableyropped to % 10! Torr due to cryopumping.
to assume that the elastic reflections at the boundaries of the The surface normal was coincident with the longitudinal
roughness features lead to an increased escape probability 4kis of an electron time-of-flight tub&.5 cm i.d. by 1 m
the threshold region, thereby weakening the energy depeffong). The mouth of the flight tube was 2 cm from the Cu
dence of the escape functidik(E). Likewise, we will as-  substrate. The flight tube was shielded from external mag-
sume that there is no need to average the escape probabilif¢tic fields with two layers ofu metal (Co-netic AA foil)
over the size of the roughness features. Although, in generajnat was routinely demagnetized in both the transverse and
the escape probability will depend on the linear dtge for  |ongitudinal directions using a smoothly decaying, alternat-
features withRy<Rg the escape probability is close to unity ing magnetic field. Although care was taken to eliminate any
and there is no need to average. stray electric fields in the region between the substrate and
Let us now consider the total photoelectric yield in thethe flight tube, that region remained magnetically unshielded.
threshold region. It is clear thatz(E) must equal zero at Dielectric surfaces in the vacuum chamber, such as viewport
E+fw’ =Eg+®. Therefore one can assume that for smallglass, were shielded with conductive mesh to eliminate
values of E+fiw’ —Eg—®) the first nonzero term of the charging problems. Considering the penetration of the

decomposition offg(E) gives earth’s field(0.5 G into the unshielded region, we calculate
, that the slowest electron which can transverse the flight tube
TR(E)*(Etfo’'—Ep—®). (50 without grounding out against the walls has a kinetic energy

This result, in particular, follows fron{24) and (25) and of 0.5 eV; this establishes the minimum observable electron

(47)—(49). It is obvious that the linear dependence whichKinetic energy in our time-of-flight spectrometer. In order to
corresponds to the first-order term in an expansion in term§PServe near-threshold photoelectrons, a bias potential,
of the detuning E+%w’ —Ex—®) is valid in the threshold Vg=+2.00 V, was applied to the time-of-flight tube. In the
region for an arbitrary surface. For a small interval of energyoPserved spectra the low-energy cutoff is given by
near the threshold, one can always neglect the energy depehsr~Pat+ Ve, where dgp is the work function of the
dence ofP(E,w) and that of the transmission function. It smooth or rough surface where the electrons originate and

therefore follows fron(50) that the total yield is given by the Pa iS the work function of the energy-analyzer surfaces

following general expression in the threshold region: \f/ivhert(apthi)\//are detected; the high-energy cutoff is equal to 2
W—Pa B-
Er ) Photoelectrons were detected with standard, single-event
JO‘L . ,T(E)dEx(fiw’ — D)~ (51)  counting techniques. Electrons arriving at the end of the
pt®-to

flight tube exit the drift region through a grounded grid and

One arrives, accordingly, at the conclusion that the Fowlefre accelerated toward a microchannel plate detéGtalileo
expression is a more general law than noted previously. It iETD-2003 by an electrostatic potential of 300 V. The output
not restricted by the assumption of nonconservation of théS impedance matched to the $Dinput of a digital oscillo-
electron momentum under which it was originally scope(LeCroy 9400, which was interfaced to a personal
obtained®® Moreover, the Fowler law has little to do with the computer. Typical electron arrival rates of a few counts per
direct or indirect character of electron excitation. Rather, it issecond were used. Higher count rates resulted in space-
a consequence of the linear depende(&® of the escape charge-distorted spectra. Time-to-kinetic-energy conversion
function in the threshold region, which is valid generdfly. was achieved using a cubic weighting factor. No smoothing
was performed on any of the data presented here.

The laser system consists of a XeCl excimer laser pump-
ing a dye laser with frequency-doubling capabilityumon-

All experiments were carried out in an ultrahigh-vacuumics Ex-520, HD-300, HT-1000 Coumarin-500 dye&Exci-
chamber at base pressure 10 Torr. The chamber is ton) and a KB5 crystal provided radiation at 2.43 €10
pumped by a 110 I/s turbomolecular pump and a Ti sublimanm) and 4.85 eV(255 nn)j, respectively. The dye laser
tion pump (operating at 300 Kwith a conductance of 550 power was kept below 0. J/pulse for rough films, and
I/s. Ag films were deposited onto a polished Cu substratdelow 20uJ/pulse for smooth films to prevent space-charge
with an effusive beam of metal atonidg metal, 99.999%, effects®’ The second-harmonic light power was severely at-
Johnson Matthey Elegt.The deposition rate was adjusted to tenuated to give low electron count rates. The laser light

IV. EXPERIMENT
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impinged on the Cu substrate at a 35° incidence angle with
respect to the surface normal. The light passed through two 09800
high-extinction linear polarizers adjusted to provide a com- (a) . 40
mon state of polarization for both visible and uv laser beams. o
Then the beams were focused onto the substrate with a
simple fused silica len€ocal length 20 crh We measured a
near-Gaussian spatial profile at the focal point of 0.3 mm
half width at half maximum(HWHM). Based on a calcula-
tion using well-known optical constants for ARef. 39 the
penetration depth at 35° incidence angle is 124 A at 510 nm
and 140 A at 255 nm. Under these fluence conditions, we
calculate that local heating of the surface during the pulse
increases the temperature by only 10 K; annealing of the
prepared rough film was not observed even after extended
periods of irradiation. The temporal profile of the laser was
found to be Gaussian with 7.1 ns HWHM. This value, to-
gether with the time response of the detector and signal ana-
lyzer, added in quadrature, results in an overall time resolu-
tion of 19 ns. Using these parameters the experimental
energy resolution of our spectrometer is given by
AE=0.02F%2 (with E in units of eV).

Photoelectron spectra of smooth Ag films were recorded o v -too
at room temperature immediately after deposition and at 30 KNS .
K after the 4 h cool-down time. During tki4 h period pho- l‘ P ‘o 7
toelectron spectra were recorded approximately every 30 min o
so that work function changes could be noted. Some smooth 10 A 5 ol 22
film surfaces were dosed with4® to reduceb g and thereby PHOTOELECTRON ENERGY (eV)
increase the range of the energy window within which the
photoelectric signal appears. Only the low-energy cutoff
shifts on dosing; the high-energy cutoff remains fixed, indi-, . 7 i
cating thatd , is not affected. Stepwise dosing with,B to (circles photoemission spectra fam) a smooth Ag film at room
a total d 5 L reduced the low-energy cutoff by 0.6 eV, temperamre(b) a smooth film at 3OK.dosed vitS L HZO.’ and(c)

. a rough film at 30 K. The dashed lines (b) and(c) indicate the
beyond which no further change was observegOHiloes ., form of the electron transmission functid(E). The scale on the
nqt have any e_IectronlcaIIy excited stat_es that are access'blﬁjht-hand side refers to the DOS product, discussed in the text, in
with our laser light, the nearest one being 7.5 eV above thgits of Ry 2 atom 2. The total photon energie’ = 2% w=4.85
ground state of the molecule. Photoelectron spectra of rougfy, The upper and lower energy cutoffs are determined by
Ag films were recorded at 30 K immediately after deposi—Eupper:(z)hw_(pAJrVB andE gye=Psr— Pa+ Vg . The differ-
tion. ing values ofE 4 (arrows are due to variations ibgg.

200

PHOTOELECTRIC INTENSITY (arb. units)

FIG. 2. Normalized two-photon(triangles and one-photon

plies that both one-photon and simultaneous two-photon
photoemission from smooth films are initiated by direct tran-
Normalized one-photon and two-photon spectra of asitions in the bulk.
smooth film at room temperature, of a smooth film at 30 K The above conclusion is not unexpected, at least not in the
dosed wih 5 L H,0, and of a rough film at 30 K are shown one-photon case, since no one-electron transitions are ob-
in Fig. 2. The one-photon and two-photon spectra are distinserved in the absorption spectrum of Ag below the plasma
guished by the shape of the points. For a smooth ffilg.  edge at approximately 3.8 €¥(The weak absorption of Ag
2(a)] the one- and two-photon spectra are identical to withinin the visible is due to collective excitations described by the
the signal-to-noise level. This observation is consistent wittDrude formula)l Photoemission induced by the excitation of
theory: for both two-photon and one-photon excitation inDrude electrons is known to be polarization sensitheen
smooth films, the probabilities of excitation as a function ofafter factoring out the small polarization dependence due to
energy[(20)—(22)] have a boxlike form. the differing Fresnel reflectivitié for s- and p-polarized
The EDC is determined by the product of the rectangulatight. We observe no such polarization dependence, corrobo-
P(E,w) function with theTg(E) function which is essen- rating further our conclusions that the transitions are direct.
tially triangular over the narrow energy range utilized in  The one-photon and two-photon spectra of a rough Ag
these experiments. The influenceTafE) is not apparent in  film, shown in Fig. Zc) are strikingly different from those of
Fig. 2(a) because of the very narrow range width of the specthe smooth films. The one-photon spectrum is largely trian-
trum. In Fig. Zb), where this range is extended through thegular in shape and resembles the smooth film EDC's, al-
lowering of ®g, T5(E) is shown as a dashed line. The over-though there is a small positive deviation from the triangular
all photoelectron spectrum fits this curve well, implying thatshape that is clearly evident. The two-photon spectrum is
the EDC is, indeed, a product of a boxll{E,w) and a distinctly rectangular; these results were reproduced with
triangularTg(E). The good agreement with theory also im- many films of varying thickness. The sharp increase within a

V. RESULTS AND DISCUSSION
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narrow energy interval~0.1 eV, at the left edge of the emission and to compare them with experimentally measured
spectrum corresponds to the range where the Fowler law igalues. Using literature values effor Ag,® and(23), (33),
valid (see below (The spectrum is found to be only weakly and (34), one obtaing(w’)~0.7, t(w)~0.9, L(w')~2.1,
dependent on the presence of adsorbate molecules anddad L®)(w)~180. From the Fresnel formul4$,one gets
independent of the light polarizatiorThese spectra can be a(w’)~0.4 anda?(w)~0.1 for p-polarized light and angle
understood by assuming that the one-photon response uf incidence® =45°. TakingE, to equal 0 in(31) and(32)
rough films is due largely to direct transitions while the two-[see the discussion following E(25)] and using the param-
photon response originates from LSP-mediated, indirect trareter valuesEc=5 eV, G=2.8x10° cm™1, 2V5=4.2 eV,
sitions. and ®=4.3 eV? one ultimately obtainsA;~7x10"3
The high local fields of the LSP’s also enhance the excielectron/photon e¥ and A,~2x10 3 electron cr
tation of electrons by direct transitions. The correspondings/photod eV2. This is in reasonable agreement with the ex-

probability of excitation is given by perimentally measured valuesA;=2.3x10"% and
2p) A,=1.1x10"%3° In view of the simplifications made in or-
R,directh(R JO3(R,). (52) der to obtain analytic expressions, and of the remaining un-
pep S S certainty regarding the form of the transmission and escape

functions, this level of agreement for so great a range of

Comparing(52) and (45) one finds processes is quite satisfactory and implies that the essential

PP R, 2v. (a2 physics is explained properly by our approach.
%~ 4 12 s1. (53 We showed previously that the electron excitation prob-
PRaree @ "lmmlRs ability P(E,0w) is determined by the product

The second term if53) may be larger than, of the order of, Pi(E)Dm(E+7iw) D(E+2%w) for sequential two-step ex-

or less than unity; however, the first term is always muchcitation andD;(E)[D n(E+%w)]°D(E+ 2fi w) for a simul-
larger than unity and thu&3) holds. This supports the con- taneous two-photon procefsee(39)]. The additional con-

clusion regarding the dominance of the LSP-induced indirectfibution from the intermediate density of states for the
transitions in the photoemission. simultaneous two-photon process reflects the interference

The enhancement factor for rough films can now be esticharacter of this excitation. Within the narrow energy inter-
mated. AssumindgRs~100 A (for bulk Ag, the penetration val studied here, the density of states for Ag is essentially
depth at 35° incidence is 124 A at 510 nm dred00 A5 independent of enerdy so that both products should
one finds from(44) that the quality factor for the LSP reso- ultimately lead to a rectangular-box-like dls_tr|but|on.
nance Q~ 24 so thaQ3~ 10", (For a disordered Ag film the If the two-photon simultaneous process dominates the
optical penetration depth may be larger; however, this doe§V0-Step  process, | therP*?(E,w) is proportional to
not alter our estimates seriouglythe lattice constara for ~ Di(E)[Dm(E+7%0)]"Dy(E+ 2% o). .

Agis 4 A, (Rs/a)3~10". Hence &/g /ATl ,, can have ap- The solid line in Fig. 2c) represents this product of the
proximate values in the range 2@ 10°, depending on the densities of sta(tze? for AA_&- One can see that the energy
value of the lifetime T,y ' Accordingly, Rs/a)® dependence oPg™(E,w) is negligible in this case.

=2Vg /Al mm in (45). Using these values, and(R) It was shown at the end of Sec. Il that the escape func-
~103-10 ! (see Appendix B for the rationalgn (45) one  tion appropriate for rough films is a weaker function of en-
obtains the following estimate for the enhancement of theerdy than the corresponding function for smooth films. In the

optical excitations in rough films: limit where the electron mean free path is much larger than
the size of the roughness features, the escape probability is
P(RZ”) expected to equal unity independent of energy. The fact that
@”102— 10*. (54)  the form of the EDC shown in Fig.() is rectangular rather

than triangular implies that in this case essentially all of the
The enhancement factd® for photoemission includes an photoelectrons originate from the roughness features.
additional contribution associated with the enhanced escape The nearly triangular one-photon response in Fig) 2
probability Tz from the roughness features as compared tdmplies that the surface features which are the main contribu-

its counterparfl s for smooth films. Thus, tors to one-photon photoemission are typically larger in size
PR than those which are the predominant contributors to the
G~(Tr/T) (PR IPSP). (55  LSP-mediated two-photon photoemission; this implies that

_ _ elastic reflections at the boundaries of the roughness features
The maximum value ofg~1 is reached wher>R,. JT are not important in one-photon photoemission. This is con-
that case, the factoiTg/Ts) is approximately equal td g sistent with the conclusions developed above that LSP exci-
which can be much larger than unity in the threshold rangetation, and hence LSP-mediated two-photon photoemission,
Assuming [Tr/Tg) to lie in the range 10-19°° one ulti-  griginate predominantly in features witRo~R.. In con-
mately obtains fron{54) and(55) trast, for one-photon excitation withw’ =4.85 eV, LSP’s
are not excited and photoemission resulting from excitation
G~10-10°. (56) Lo o
of electrons within roughness features of sRes simply
The experimentally observed enhancement of 2000—300proportional to the volume fractionf(R)~(R/Ry)3™ ¢,
previously reported by Gdies within this range. which increases with increasing size of the feature. Accord-
We are now in the position to calculate photoemissioningly, one expects the main contribution to one-photon pho-
cross sections for both one- and two-photon-excited phototoemission to be due to structures with sizes comparable to
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or larger than the mean free pdthreducing the importance

of the effect of reflections at the features’ boundaries. The
corresponding escape function and the EDC should, and do,
resemble the analogous quantities for smooth films but the
EDC has a small, positive deviation.

The LSP excitation in rough films is only observed with
visible photons. This is consistent with the report of an
anomalous visible absorption in roughened ‘482 which
has been ascribed to surface plasmon excitafidffs.

The photoemission spectra of the rough films are not af-
fected by the polarization of the laser, apart from the trivial
Fresnel reflectivity effect. This is entirely consistent with
LSP excitation in surface roughness features and is well
known in other phenomena, for example, SERS.

The difference between the two spectra of Fi@) 2night
also be explained in terms of roughness-induced surface
states. However, surface states are expected to be strongly
polarization dependent and very sensitive to surface
contamination>“° neither is observed here. Furthermore,
electron energy loss studfésand inverse photoemission
measurements comparing rough and smtofly show no obl v 1 v 1 4141y
evidence of surface states. Both studies suggest that the bulk el8 222 2.24
electronic structure of rough and smooth Ag films is very PHOTON ENERGY (eV)
similar. Our results support that conclusion. .

We have previously reported two-photon-induced photo- FIG. 3. Fowler plots for rough and smooth Ag filrtsxjuare root

emission spectra excited with a XeCl excimer laser©f the quantum yield as a function of photon enerfy (A) one-
(ho=4 eV).*® Excitation with photons of that energy al- photon andB) two-photon photoemission. The shaded areg8jn

lowed us to investigate a wider energy interval of photoelec-Contaln hundreds of points. Note that the smooth-film datéBin

trons. (No bias potential was needed for those experim)ants.:]:::albtiinsﬁ) X%anded by an order of magnitude to quantitatively
At photon energies far beyond the LSP resonances the exci- pe-
tation should occur via direct transitions. Consequently, elec-
tron excitation is expected to occur in the same energy interenergy conservation. This is equal to 2)—®gr where
val for both rough and smooth films. The majority of ®sr is the work function of the smooth or rough surface.
photoelectrons registered in that experiment had energies bé&he other is the value cAE=Eg—E,, as defined previ-
tween 1.3 and 3.3 eV so that the corresponding energy intepusly. WhemMAE<(2)hw— P it is AE which restricts the
val of excited electrons iAE=2 eV for both rough and width. Otherwise(2)iw—®gr does. The former quantity
smooth films. This is in good agreement with the value for(AE) was previously estimated to be0.7 eV It is clear
Er— Emin calculated using21) together with the values for from Fig. 2 that its actual value is somewhat larger than this,
the other parameters used above. The low-level backgrourgb that the widths of the photoemission spectra of silver
of photoelectrons extending to energies lower than 1.3 e\éxcited with visible light are limited by the condition
reported in Ref. 45 is due to secondary electrons emitte@)iw—®Pgsr. The variation of the low-energy cutoffs in
from the time-of-flight tube. The EDC’s obtained in that Fig. 2 is, therefore, almost entirely determined by the differ-
experimerf® had neither rectangular nor triangular forms.ing values of the work functions of the surfaces involved.
This is not in contradiction with the present theory, which The smooth film has the largest value ®fand the water-
only applies in the near-threshold region which for Ag is covered smooth film the lowest. In contrast to this, when
restricted to total photon energies below 5 eV. However, thesilver is excited with two 4.0 eV photons, the photoemission
theory is more robust regarding the energy intervalspectral width was limited b¥:—E,,. (The width would
Er—Enmin in which electrons are excitable. In this respect,have been of the order of 3.8 eV had energy conservation
the theory applies up to a total photon energy of approxibeen the limiting factoy.
mately 8 eV, and, indeed, it appears to account successfully Figure 3 indicates that one-photon photoemission from
for the experimentally observed width of the EDC obtainedrough films is only slightly enhanced over that of a smooth
with (twice) 4 eV, two-photon excitation. film when the LSP is not excited. This small enhancement
The lower EDC cutoff energies are indicated by verticalcan be easily accounted for in terms of the increased surface
arrows in Figs. 2a), 2(b), and Zc). The upper energy cutoff area for the rough film. In contrast, LSP-mediated two-
comes at approximately the same energp2(2 V) for all of ~ photon photoemission from rough films is larger by some
the spectra shown in Fig. 2, as it should, since it depend#ree orders of magnitude than that from smooth films. This
only on constant instrumental parameters. The width of amccords well with the theory presented above.
observed photoelectron spectrum is sometimes smaller than The discussion regarding the applicability of the Fowler
Er—E min [cf. Fig. 2a)]. In fact, it is determined by the formula, which was an amplification of material reported in
smaller of two quantities. One is the difference between thdRef. 31, is also confirmed experimentally. Figure 3 presents
maximum and the minimum electron energies required byFowler plots for one-photornfiw’ =4.5 eV) and two-photon
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(hw=2.2 eV) photoemission from cold-depositddough 2 ViV Vi Vime

and warm-deposite¢smooth films® The quadratic depen- FffPffZgRez TP PP

dence on the energy excess between the photon energy and LU

the work function is found to hold very well within the nar- 4 VimVint VimVmi
row energy intervak~0.1 eV near the photoemission thresh- + ﬁzpmmRe{ % Pt }RE{EI Pim }

old, for one- and two-photon excitation and for both rough

and smooth films. This implies that the Fowler relation is (A2)
independent of the character of the electron excitation, whickyhere

is direct in the case of smooth films and also in the case of

rough films excited with photons with energies lying beyond Pin=Alnti[ho—EL+E],

the LSP resonance band, and indirect for rough films excited

within the LSP band. This experimental observation supports Pni=Al nit+i[hio—Ei+Eq], (A3)
the conclusion that the Fowler law is valid to a more general

extent! than that expressed in its original formulatith. Pi=Al +i[2ho—E{+E].

To conclude, we have presented an approximate theory Gf s g nscripts, m, andf refer to initial, intermediate, and
photoemission pertinent to near-threshold excitation follow-ﬁna| states with energie€, <Er, Er<E,<E, , and
= ’ m IR

ing one- and two-photon absorption by rough and smootl ~E respectively E- is the Fermi level ener and
films. The rough films are assumed to be adequately de=~ ~tp' 'CSPECUVEY.Er | | level energy,
scribed by a self-affine structure. The theory was tested bfL, i the lowest energy in the second conduction band. The
recording the time-of-flight photoemission spectra of roughdiagonal matrix elemeni;; represents the probability of ob-
and smooth Ag films prepared under UHV conditions. TheServing an electron in state and the terni’s;p¢; represents
basic ideas of the theory are as follows. Photoemission takd§e corresponding steady-state probability per unit time of
place via direct optical transitions except under circum-€xcitation into state.

stances where LSP modes are activated. Strongly enhanced The electron energy distributidd*”(E, ) per unit time
photoemission is then dominated by excitation from the@nd unit volume following two-photon excitation is defined
near-zone fields around surface roughness features, and tfig

escape of hot electrons takes place with little dependence on

electron energy. The breaking of translational invariance al- P@P)(E,w)=v"1>, [peS(E—Ey), (A4)
lowing these indirect transitions to occur results from the f

rapidly varying spatial dependence of the intense local fieldgnerey is the sample volume. Substitutiig2) into (A4),
accompanying the LSP excitation. The experimental resultgne obtains

are in good qualitative agreement with the theory. Addition-

ally, estimates of the photoemission cross sections based on P2PI(E, w)=P(E,0)+ P (E,w), (A5)

the theory are in fair accord with measurements.
where

4 1 VinVmi VimV
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The termP(©), which is proportional to the lifetim& 1, in
the intermediate state, expresses the contribution of two se-
_ _ ) ~ quential(cascadgexcitations to the photoemission; the term
‘The equation of motion of the one-electron density matrixp(s) on the other hand, describes the contribution of simul-
p is given by taneous, i.e., truly two-photon excitation processes.
The relaxation constantE are much smaller than the
) characteristic frequencw. This allows us to replace the
(drdt+I')p=—ila[H,p], (A1) resonant factors Re;; '] by & functions; hence

APPENDIX A

G . (212G VimVimil®
where the full HamiltoniaH is a sum of the Hamiltonian of PO(E,w)= z > #T S(En—Ei—fo)
the system in the absence of radiatibty, and the pertur- VR imf mm
bationV, andT is the relaxation operator. Solving the sys- X 8(E{—E—hw)S(E—E;) (A8)

tem of equations for matrix elemengs,, (n,n’=i,m,f) to
fourth order in the steady regime, one finds that and
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2

vh

> R

imm’ f

PO, )= %Vimvmfvfm'vm’i} in a “landscape” consisting of islands and coastlines. The

P P fractal dimension of these coastlineshis=2—H=1.5264'
im* 't Therefore modeling the problem of the interaction of light
X 8(Es—E;—2hw)S(E—E;). (A9)  With a self-affine fractal object in terms of a system in which
) ) light interacts with islands of dimensidR is not an unrea-
Since Ep=Ej+fiw and, accordingly, E;—En—fi®  gonapble approach. These islands satisfy the Korcak

=E;—E;—2hw, one can rewritdA8) as distribution®
(277)2 |Vimvmf|2
(c) = —_E — —
POE,0)= 772 r OEn—Ei-fo) Nr(A>a)~a D7, (B2)
X 8(Ei—Ei—2hw)S(E—Ey). (A10)  whereNr(A>a) is the number of islands having a projected

areaA greater than a prescribed valaeMandelbrot showed
that (B2) is valid for arbitrary fractional Brownian surfaces.
Since the linear size along theandy axes is, on average,

SinceE;+ 2/ w=E; it also follows thatP ¢~ P}, so that
(A9) becomes

o ViVl 2 the same, one can rewritB2) in terms of linear sizeR:
PO(E,w)= v—ﬁ; % —p— | O(Ei—E~2ho)
m
Rm X
X S(E—Ey). (A11) Nr(R> R0)=f ¥ p(Ry)dRy<R; C. (B3)
Ro

Note that since there is no resonance with virtual interme-
diate states for direct two-photon excitatio®~—%®), ¢ o|lows from (43) and (B3) that « introduced in(43) can
we have not replaced the tef,.| in (A9) and(A11) with be expressed in terms & as
8 functions. ExpressionA10) and(A11) form the basis of
the analysis for photoemission from rough and smooth films.
a=D+1. (B4)

APPENDIX'B In particular,a=D4=2.5 for the regular Brownian surface.

For certain specific disordered systems the functions Islands with transverse dimensioRg significantly larger
p(Ro) andf(Ry) [(43) and (46)] and many of the other ex- thanRs can be approximately regarded as high-aspect-ratio,
pressions discussed above maybe expressible in closed for@blate spheroids. Sind@,>Rs, only the axially symmetri-

It is instructive to consider one of these in some detail sincéal dipole mode is excited in this case. The resonant fre-
it will provide a better sense of the acceptability of the vari-quency of this mode for an oblate spheroid is shifted to
ous approximations made. For a Brownian surf§cany shorter wavelengths and for metals has a low optical quality
vertical section through the surface generates a curve chaf resonance @~1).*® Since the efficiency of two-photon
acteristic of Brownian motion. The surfagéx,y) satisfies excitation is proportional t®° [see(45)] it is clear that the
the scaling relation contribution of oblate islands with transverse sg> R, to

the excitation can be neglected.

On the other hand, it follows front41)—(45) and (B4)
that the probability of two-photon excitation, as given by
for any value of\, and codimensioid=3—D. The fractal (41), is a rapidly increasing function of the si&,, when
dimension D for the Brownian surface iDs=2.5 and Ry<R,. Therefore, in accordance wif45), one concludes
H=0.5. The scaling relatiofB1) applies to a fractal surface that the contribution of prolate spheroids wiy<R, can
which is self-affine rather than self-similar. also be neglected, so that the major contribution to the LSP-

For every pair of points’ andr” on the Brownian sur- mediated two-photon electron excitation is due to roughness
face[Z(r')—Z(r")]?«r?" wherer is the distance between features of sizeR,~Rs, approximately equal in all three
the points. Mandelbrot used this formula to generalize thelimensions.

Brownian surface wittH=0.5 to a fractional Brownian sur- An approximate expression for the volume fraction
face by assuming th&t can have an arbitrary value between f(R;) of a Brownian surface can also be derived. For real
0 and 1® This allows one to define self-affine fractal sur- rough surfaces there is a correlation radigs within which
faces with an arbitrary fractal dimensi@,=3—H ranging the scaling property occurs. For larger dimensions the rough
between 2 and 3. Fractional Brownian surfaces are reminissurface can be considered as trivial mixture of clusters of
cent of a natural landscape. sizeR,; embedded in a medium. Accordingly, usi@g) and

To some extent, one may envision the interaction of thg46), one obtains
light with the rough surface as the excitation of “islands”
with average height of the order &;. Since the light pen-
etrates the rough sample in an exponentially decreasing fash-
ion characterized by a penetration depth, the problem corre-
sponds approximately to one in which light interacts withFor a Brownian surface witlR,~1 um and Rg~10% A,
disordered material above a base plane. The intersection 6{Rs)~10". For smaller values oD and R.~10 um,
this base plane with the fractal surface defined above resulf{Rs) can be as small as 16.

ZOMANY)=AMZ(x,y) (B1)

f(R9)~(RIRZRS)(R. /Ry 1~ (Rs/R.)*" . (B5)
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