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Collective and single-particle excitations in the photoyield spectrum of Al
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Using angle- and energy-resolved photoyield spectroscopy, we investigate the properties of the multipole
plasmon excitation. At higher energies, a systematic dependence of the photoyield on the photon angle of
incidence is observed and explained on the basis of classical Fresnel theory, indicating the possibility of
obtaining information about optical constants from such measurements. A feature above the multipole plasmon
is assigned to the excitation of a bulk plasmon by the photon fi8id163-182698)51132-0

Collective excitations are of fundamental importance forexperimental study of collective excitations on a metal sur-
understanding the response of a metal to an incident electréace using photons has been lacking. The advantage of using
magnetic field, and have attracted the attention of physicistshotons rather than electron-energy-loss spectrostoly,
over many year$.The collective excitations originate from (EELS is that the dominant monopole surface plasmon
the oscillatory modes of the surface electron density, whichhode is not excited by photons, and thus weaker surface
appear at the poles of the surface reponse function, anghodes(for example, the multiple modecan be observed.
causes an enhancement of the photoemission intensity. Thegfyreover, due to the finite detector aperture in EELS, the
excitations occur below the bulk plasmon frequenay,X g —0 multipole plasmon is mixed with the monopole plas-
where, due to the dynamic screening of the external field, thg,5q mode? In this paper, we report investigations of the
microscopic surface electric field varies rapidly and deViate?)hotoresponse in AL1) using AERPY spectroscopy. We

2ppre0|ab{3r/] fromf the tc):lassmal tFresneI f|ef(:Akt)ﬁve_ hf’ap i examine the different types of collective excitatidimeclud-
owever, the surtace becomes transparent o the inciaent r 1g multipole plasmon and threshold excitatiptisat are al-
diation and the Fresnel equations are expected to be valid.,

317,19 ; _
Evidence for an increase in the total photoyield befow, ready known to exist"*and present evidence for a collec

was observed on thick alkali metal films in the early work oft've excitation abovéiw, at 16 eV. Furthermore, a single-

Monin and Boutry®> An enhancement of surface photoyield particle gxcitation reIatgd feature apo@P disperses i
was also observed in MyALS In Be/ and Na layers on systematically as a function of photon incident angle, and is

Cu8 though most of the early studies suffered from problemXpPlained by Fresnel theory. The agreement between experi-
of surface roughness and the total yield measurement tecR?€nt and calculation suggests the possibility of obtaining
nique. The advantage of angle- and energy-resolved phdnformation about optical constants of surfaces using such
toyield (AERPY) over the total yield measurements is that it techniques.

does not have contribution from the inelastically scattered The measurements were carried out on the 1-m Seya-
secondary photoelectrons, which is difficult to analyze andNamioka and toroidal grating monochromat¢f GM4)

may also depend on surface quality and sample preparatidteamlines at the Berliner-Elektronone-Speicherring-
history. The first reliable study of collective excitations, us- Gesellschaft fu Synchrotronstrahlun¢BESSY) storage ring

ing the AERPY technique, was performed by Levinson,using a commercial angle-resolving electron spectrometer
Plummer, and Feibelman for @00).° They showed that (ADES400 from VG, U.K) at a base pressure of 6
there is a large increase in photoyield beley, with a peak  x 10 ! mbar. Electropolished Al11) crystals were

at a relative frequency of 0«8, .>'% The experimental result cleaned by repeated sputtering and heating cycles; a sharp
could only be explained by calculating the photoemission1x1) low-energy electron diffraction pattern was observed
maitrix element explicitly, taking into account the variation of fom the clean surface. The AERPY spectra were measured
the electric field at the surface, which is generally neglectedusing p-polarized light by recording the intensity at the

Different theoretical studiés**~*>concerning the nature of o mi jevel €;) in the energy- and angle-resolved mode, to
the collective modes have been performed to explain the eX:svoid  contribution  from  the inelastically  scattered

geSr(Lmer;tZII( ﬂztsabcgehe;égfor?é dptlgrgnr:]eurl’tiagg ';S:?aeéza?ésmc;%lectronég The data were collected in the normal emission
-Sp P 9 P P é]eometry as a function of the angle of incideriag defined

excitation. ; . .
Although in recent years there has been improvement ir\NIth respect to the sample normake inset of Fig. JL Both

the predictive capability of theory'-1° a comprehensive the sample and the analyzer were rotated by the same angle
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Pl pYETn J—— metals so far studied irrespective of their electron dertsity.
i 25 v Although the different theoretical calculations agree on this
pW aspect, the physical reason for this behavior is not fully
87 i understood.In the work by Levinson, Plummer, and Feibel-
it man on A[100,° the multipole plasmon peak appears
Pl '-,.(0p around 12.5 eV (0.83,) and the overall shape of the peak is
: 1

similar to the A[(111) surface. However, taking advantage of
the high quality of data it would be interesting to investigate

H -+ B
17 l the crystal face dependence of photoyield. A significant in-

-— >

Intensity (const. x electron/photon)

i e ] crease of intensity is observed in the experimental spectrum
0 ~ o below 7 eV, towards the work function cutoff. This is the
5 0 15 20 evidence for the collective threshold excitation phenomenon
Photon energy (eV) which has been predicted by TDLDA calculatidris.

FIG. 1. Angle- and energy-resolved photoyield spectrum of We ngw tutrl? o tfllt(_a dllsculssmn of the photo_l)_/;]eld n tthe
Al(111) measured by the intensity Bt in normal emission geom- reglon above the mu. Ipole plasmon response. 1he spectrum
etry with a=45°. w,,, and w,, correspond to multipole and plasmon " the frequency region above, shows two weak humps
frequencies, respectively. The measurement geometry is shown ffound 20.5(feature A and 16(feature B eV (shown by
the inset. arrows in Fig. ). The occurrence of these features is surpris-

ing, since according to LDA-based jellium calculations, the

in order to changey, so that the normal emission collection ©0t@l photoabsorption above, is feat_urelesé.S Data on
geometry is unchanged. The plane of incidence was the mirA! (100 by Levinson, Plummer, and Feibelman also exhibit a
ror symmetry plane of the crystal, either along thebroad feature arou_nd 20 e"VT hese features are not due to a
110 (T K) or 112 (I' M) directions. In order to improve Iarger_photoemlssmn matrix element for'certam. final states,
the quality of the data and to decrease the measuring timé? Which the states &g can couple(as in the final state
the intensity aE was measuared in the constant initial state’€sonances since they remain at the same energy position
(C|S) mode at typ|ca| b|nd|ng energies of 0.1 or 0.3 eV. for different initial StateS(between OtoleV blndlng en-
Photoemission spectra were also recorded to confirm the CI8/gy). Moreover, the shape of the final bands is such that
data. The data were normalized as described in Ref. 19. there are no direct transitions from the Fermi level in this
A representative AERPY spectrum for (AlL1), taken in  photon energy. In order to understand the origin of these
the CIS mode at 0.1 eV binding energy, is shown in Fig. 1features, AERPY spectr@pen circley have been recorded
The work function cutoff for the threshold of photoemissionas a function of angle of incidende) (20°< a=<55°) for
is observed at 4.5 eV. The peak at 13 eV is related to th@ormal emission collection geomet(§Fig. 2). It turns out
excitation of the multipole plasmon that enhances the photcothat the higher energy feature A shifts systematically to
emission signal. The multipole plasmon decays by transfedower energies with decreasing while feature B does not
ring its energy to electron-hole paf$A similar mechanism  shift. As indicated by arrows, at=>55° feature A is around
of plasmon decay has been suggested for Na clusters 88 eV and moves to 20.819.2 eV at a=45° (40°). At
Reinerset al.?* We have observed that there is an increase int=35° it appears around 18 eV and overlaps with feature B.
the intensity of the entire photoemission energy distributionAt «=25° the two features completely overlap, resulting in
curve in the multipole plasmon region. This indicates that thean enhanced and broadened peak, while=aR0° this peak
electron-hole transitions occur from the entire valence band)ecomes narrower. In contrast, the multipole plasmon at 13
The multipole peak has a triangular shdpel width at half eV does not shift with angle, its origin being due to nonlocal
maximum 3 eV with a sharp increase in intensity below effects that cannot be explained by Fresnel theory. The
hoy (at 15 eV for A) and a relatively gradual decrease shoulder appearing at 10.6 eV in this set of AERPY spectra
beyond the maximum. The large width of the multipole plas-is due to the excitation of the monopole surface plasmon that
mon in Al is in agreement with the total photoabsorptionappears aﬁwp/\/i (10.6 eV). A relatively rough surface can
calculations'® The present results and our recently provide the momentum for the monopole surface plasmons
published® data on alkali metal layers, indicate that theto be excited by the photons. The surface plasmon, which
width of the multipole plasmon increases with increasinghas been seen in earlier photoyield studiés,does not ap-
electron density. This trend agrees with the published thegpear in the data shown in Fig. 1 where a different crystal
retical result$:** The multipole plasmon appears at a relativewith a carefully electropolished surface was used. The weak
frequency ofw,=0.850, with respect to the bulk plasmon glitch at 24 eV (Fig. 2) is related to the Al p core-level
frequency. It should be noted that the time-dependent locaintensity, excited by the third-order light from the toroidal
density approximatiofTDLDA) jellium calculation, which  grating monochromator, moving throud; .
takes into account the exchange correlation potential, pre- In order to understand the changes in the AERPY spectra
dicts this value to be 08w, 1% The appearance of the mul- abovefiw,, we have calculated the electric field within the
tipole at somewhat higher frequency compared to the calcusurface, using the classical Fresnel equationg{polarized
lation indicates that the electron density is possibly lesdight.?®> The experimentally determined refractive index
polarizable on the AlL11) surface as compared to a jellium and the extinction coefficienk) (Refs. 26, and 27for Al
surfacet It is interesting to note that the multipole plasmon (shown in Fig. 3 were used as inputs to the calculation. The
appears at a similar relative frequen@yound 0.&,) forall ~ geometry of the experiment is such that the plane of inci-
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polarized light as a function of the angle of incidenge. The

spectra are shifted with respect to each other, and the zero of eaffrmulation. o
The calculated angle of incidence for the onset of total

spectrum is indicated on the left vertical a>d£§. (solid line) andE§

Eﬁ (hv) exhibits a broad peak for=55°, which becomes

narrower and shifts systematically to lower energies with de-

creasinga. The Ef, component exhibits a steplike feature at
the same frequency Wheh‘%2 exhibits a peak, and has no

counterpart in the experimental spectra. In Fig. 3 we com-

pare the position of feature A with that Efﬁ and the agree-

ment is found to be excellent. The intensity measured in the

AERPY spectrum is due to photoemission from statesat

which is governed by the photoemission matrix element,

[(f|A-p+p-Ali)]?, whereA is the vector potentialp is the
electron momentum, anjd) and|f) are the initial and final
states, respectively. On increase of the electric fidtd) (

within the surface, the matrix element and hence the pho-
toyield is enhanced. For this reason, the dispersion of feature
A and the peak of the normal component of the Fresnel field
are in good agreemer(Fig. 3), signaling the success of
Fresnel theory to explain this single-particle excitation re-
lated feature. A dip at 15 eV appears in all the spectra be-
cause atiwp (=15 eV for Al) the surface becomes transpar-
ent to the incident photons. The total photoabsorption at
fiw,, according to the theoretical formulatiohds zero.
However, the experimental spectrum shows a finite intensity
at the dip which increases for decreasiagiue to the dis-
persion of feature A towards lower energy. Thus, the finite
FIG. 2. Angle- and energy-resolved photoyield spectra Ofin_tensity at the dip occurs in part due to phot_oemission frpm
Al(11) measured at normal emission collection geometry \pith  Within the surface, and the disagreement with theory arises
because only surface photoabsorption is considered in the

(dashed lingare the calculated perpendicular and parallel compodnternal reflectiona+ = sin”*(n)], is shown as a function of
nents of the Fresnel fields inside the surface, normalized to thehoton energy in Fig. 3. For example, @t 30, total internal
incident field. The calculated curves are shifted with respect to theeflection occurs fofi w<<17.6 eV. The extinction coefficient
experimental spectra for ease of comparison, and the zero is showk) is small compared to the refractive index in the energy

on the right vertical axis. The arrows show the dispersion of featureange of interestFig. 3). In such a situation, the maximum
of E2 as function ofe occurs aroundy;. The variation of
andk with photon energy shifts this maximum as well@as
dence is a mirror symmetry plane of the crystal; for normalin a similar way. Thus, the variation of the maximum of
emission, the final state is symmetric. Thus, considering th&€2(% ) with «, exhibits a similar variation as that of; as
symmetry (A;) of the initial state atEg, photoelectrons a function of photon energyig. 3. So, the dispersion of
from the Al(111) surface are excited only by the normal feature A is correlated ta(% w). An important outcome of
(E,) component of the-polarized light. Figure 2 shows the this observation is that, for surfaces with an unknown refrac-
tive index, photoyield data could be used to obtain such in-
formation. The shape of thE§ peak is similar to that of
feature A, which could also be used to extractthe depen-
dence of the optical constant; however, a possible variation
of the photoemission matrix element needs to be considered.
Moreover, the presence of direct transitions, final state reso-
nances, or collective excitations would complicate the analy-

A.

calculatedE§ (norma) and Ef, (paralle) components of the
electric field as functions of photon energy for different
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FIG. 3. Comparison of the energy position of featurdfiled
circle) with the peak position of calculatel? (solid line) and the
angle of incidence for the onset of total internal reflectiof{hv)
(dashed ling Refractive indexn) and extinction coefficientk) of
Al refer to the right vertical axis.

sis.
Feature B, which appears at 1404, (16 eV), does not

disperse with angle, unlike feature A. The behavior is similar
to features related to collective excitatiopiz, the multipole
plasmon that do not dispersaE§ does not show any en-
hancement in that regiofFig. 2), which means that feature

B cannot be explained by classical Fresnel fields. The total
photoabsorption calculations by Feibelman using the LDA-
based random phase approximation techrfignéeed show

a hump betweenw, and 1.20,. This feature is observed
only when the microscopic variation of the field is taken into

account, as in the case of the multipole plasmandicating
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that the origin of feature B is related to a collective excita-peak ovserved at 16 eV finds a natural explanation in terms
tion. We have found a similar feature for thick K layers of photon induced excitation of longitudinal bulk plasmons
grown on Al111).2*% The spectra exhibits a dip at 3.8 eV With q>0. To our knowledge, this is the first experimental
(hw,=3.8 eV for K) with a feature appearing at 4 eV, observation of such a coupling in a metal surface. Detailed
which is at a similar relative frequency of 105, as in Al. cglculatlons might prqwde an explanation for the shape of
When an electromagnetic wave wige w,, is incident, lon- this feature as a function of frequency.
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