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An angle-resolved high-resolution electron-energy-loss-spectroscopy study is reported of the
surface-plasmon spectrum on Ag(001) along different azimuths. A single loss energy is observed
whlch disperses linearly with exchanged momentum ¢ from 3.6910.01 eV with a slope of 1.5+0.1
eVA. The data were recorded for different impact energies and scattering angles. Within experi-
mental accuracy, no dependence of plasmon frequency and dispersion on the crystal azimuth was
observed. The peak width measures 95 meV at small wave vectors and broadens linearly with g;.

Beyond 0.10 A

! the width increases drastically because of the opening of efficient damping chan-

nels connected with interband transitions involving the d bands. Plasmon energy on Ag(100) agrees
with the value reported for Ag(111) by Suto et al. and by Contini and Layet, while the form of the
dispersion curves differs remarkably, being linear instead of quadratic as in the case of (111) and

(110) surfaces.

INTRODUCTION

In spite of the importance of the surface-electronic ex-
citation spectrum, little is known about surface-plasmon
energies and dispersion at metallic surfaces. Plasmon-
energy losses were studied for thin films by use of high-
energy electron scattering long ago, showing that surface
structures can be extremely sharp, as in the case of
silver> or simple metals.> Angle-resolved high-
resolution low-energy electron-energy-loss spectroscopy
(EELS) was applied only recently to this field: surface-
plasmon dispersion on silver was studied by Contini and
Layet* for Ag(111) and by Suto et al.® for Ag(111) and
Ag(110); simple-metal films were investigated by Tsuei
et al.° While for simple-metal surfaces a linear disper-
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FIG. 1. (a) Surface structure of Ag(100). The indicated direc-

tions are those in which the experiment was performed. (b)
Scattering geometry: reflection before loss and loss before
reflection amplitudes add up to the inelastic intensity. 6; and 6;
are incident and scattering angles. Reflection factors R; and R;
may differ both in amplitude and in phase.

sion was observed for small plasmon wave vector qg, in
accord with the predictions of the jellium model,
silver single crystals the dispersion was found to be quad-
ratic*> and the plasmon energy was found to depend on
the crystal face and, for Ag(110), also on azimuthal orien-
tation.> These results show the complexity of surface-
plasmon spectra of noble-metal surfaces and emphasize
the need for a widened experimental basis.

In this paper we report on an EELS study of Ag(001)
performed along both the high-symmetry directions
(100) and (110) and off {100) [see Fig. 1(a) for the sur-
face unit cell]. We find at vanishing g, a plasmon energy
of 3.69 eV and a dispersion independent of crystal direc-
tion. The dispersion behaves linearly in g;. In addition,
a study of plasmon width has been performed. The
plasmon loss was found to be a very narrow structure
near g,=0, which broadens lmearly w1th g, initially
slowly and then rapidly beyond 0.10 A~

The paper is organized as follows: FlI‘St, we describe
the experimental setup; then the experimental results are
presented. In the following two sections a broad discus-
sion of plasmon dispersion and damping is given.

EXPERIMENT

The experiment was performed in ultrahigh vacuum
(low-10"'"-mbar range) with a new apparatus which is
described elsewhere.” Here we will report only those de-
tails which are of importance for plasmon-dispersion
measurements. The sample is a silver single crystal
whose surface is aligned within 0.25° with the (001) plane.
Crystal temperature can be varied between 120 and 1000
K and is measured by Chromel-Alumel thermocouple.
The surface was cleaned in vacuum by cycles of Ne*
sputtering followed by annealing at 700 K. Care was tak-
en not to heat the sample above this temperature to avoid
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crystal evaporation and reconstruction. The quality of
the surface was checked by low-energy electron
diffraction (LEED) and Auger-electron spectroscopy
(AES). At the end of the cleaning procedure no peak due
to vibrational modes of adsorbed species was detected by
EELS. The azimuthal orientation of the crystal was
checked by LEED and could be set within 2° from the
desired direction. The EEL spectra were recorded with
our single-pass CDA 127° spectrometer, whose impact
energy can be selected between 1 and 300 eV. Scattering
and incidence angles, 6; and 6;, can be positioned be-
tween 40° and 90° with respect to the normal [see Fig.
2(b)], with the constraint that 6, —; = 80°. In the experi-
ment the energy resolution AE; of the primary beam was
lowered to 20 meV in order to improve the signal-to-
noise ratio for off-specular measurements.

Momentum and energy conservation of the electrons
determine momentum transfer g, for each choice of in-
cident angle 6;, scattering angle 6, incident energy E,,
and energy loss E . according to the kinematical rela-
tion

q”:‘/szi/ﬁ(Sine,'_‘/I_Eloss/EiSines) . (l)

The dispersion curves were measured by fixing E; and 6,
and positioning 6; according to Eq. (1) as illustrated in
Fig. 1. The resolution in momentum space, Ag,, can be
obtained from Eq. 1 and reads

Aq, =V 2mE, /#i(cosf, +V 1 —E,. /E;cos6,)A0, . (2)

Equation (2) does not take into account the error on E;
since in the present experiment this contribution is negli-
gible. When the angular aperture of the dipole lobe,
B=E, /2E,, is larger than Af, (i.e., for E; > 120 eV),
AG, is the angular acceptance a of the EEL spectrometer.
a can be determined by measuring the full width at half
maximum (FWHM) of the angular distribution of the
specular peak. Since a=(A82+A6%)'/%, AG; ~ABH,, and
a=1.5% it follows that A9, =Af;~1°. As one can see
from Eq. (2), Ag, is lowest at low impact energy and
grazing incidence. Most of the measurements presented
in this paper were recorded in this limit. For higher im-
pact energies, B < A6, so that the dipole lobe is inside the
specular beam. In this case 8, =6, and Eq. (1) reduces to

q,=(V2mE, /#)Bsin6, , (3)
and, consequently, AqH reduces to

Ag,=(V2mE, /#)2 cosb, A6, , @)
where A6, is now the width of the dipole lobe S.
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FIG. 2. Set of measurements for E;=10.5 eV, 6, =86.2°, and
different 6;; 1.6° off (100). The g value is calculated according
to Eq. (1) for the plasmon loss and is given in A~

RESULTS

Three sets of data are shown in Figs. 2—4 that corre-
spond to runs performed at grazing incidence and at
different impact energies. The azimuthal orientation in
the measurements, as determined by LEED, reads 1.6° off
(100) (Fig. 2), 8.8° off (100) (Fig. 3), and 2° off (110)
(Fig. 4). Other data were recorded for E; ranging be-
tween 10 and 120 eV and 6, between 42° and 87° for the
same azimuthal directions. In all cases a single well-
defined energy-loss feature was observed. The spectra
were recorded at room temperature.

The raw data were digitalized and smoothed according
to the following equation:

Y(n)={4y(n)+2[y(n —1)+y(n +1)]+[y(n —2)+y(n +2)]} /10, (5)

where y is the intensity of the scattered electrons in the
nth channel. Linear regression on m points was then ap-
plied on the smoothed set of data Y to find the slope on
each point that was integrated to yield the solid curve.

f

The maximum of the peak was eventually determined by
a parabolic fit on m points. The choice of m depends on
the quality of the spectrum, and was typically 25.

As one can see from Figs. 2—4, plasmon energy shifts
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FIG. 3. Same as Fig. 1, but for E,=116.5 eV and 6, =85.2°;
8.8° off (100).
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FIG. 4. Collection of measurements taken in_specular for
different 6 and E;; 2° off (110); g is measured in AL
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FIG. 5. Energy-loss spectrum for E; =105 eV and 6,=44.7".
No losses are present apart from the plasmon.

linearly upwards with exchanged momentum, while peak
width broadens initially slowly and then more rapidly.
Data taken at high impact energy display only the
plasmon loss, as demonstrated in Fig. 5. In most spectra
the plasmon loss is evidently asymmetric because of the
presence of a high-energy tail, as in Fig. 5. The tail could
be associated with the onset of interband transitions or to
multipole plasmons, as recently suggested for simple met-
als.® Under particular experimental conditions, this tail
can be enhanced by rapid changes in inelastic cross sec-
tion,” as in Fig. 2.

The spectra reported in Fig. 2 show the plasmon peak
superimposed on a structured background, a feature com-
mon to most measurements recorded at low E;. We sug-
gest that this contribution is of dipolar origin and is asso-
ciated to electron-hole—pair excitations. Its intensity is
proportional to the elastic reflectivity R [see Fig. 1(b)],
which oscillates with impact energy; in addition, near
Rydberg resonances, R; or R, can vary abruptly over or-
ders of magnitude'” and can mimic energy-loss peaks.
An example of such structures is given in Fig. 6 by the
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FIG. 6. Energy-loss spectrum taken off specular showing
false energy-loss features. They arise from rapid variations of
the elastic reflection coefficient near Rydberg resonance condi-
tions. These features are, in fact, connected to reflectivity varia-
tions at E, — E,,;;, =9.05 and 8.92 eV.
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FIG. 7. Intensity vs impact energy for the (00) beam. The ex-
tremely sharp intensity variations at 9.45 eV are due to Rydberg
resonances.

apparent energy losses at 1.45 and 1.58 eV. These losses,
corresponding to absolute electron energies of 9.05 and
8.92 eV, are only related to a variation of elastic
reflectivity, as demonstrated in Fig. 7, where the sharp in-
tensity changes near 9.45 eV are due to Rydberg reso-
nances. The difference in energy between the structures
in Figs. 6 and 7 is caused by different scattering
geometries. Similar features were already observed on
Ni(110),!" and can be recognized by the fact that the ap-
parent loss energy depends on impinging energy. The re-
lation between R and E; becomes smoother at higher im-
pact energies, but in this case Ag; becomes prohibitively
large for plasmon-dispersion measurements.

DETERMINATION OF PLASMON
DISPERSION AND ENERGY

All measured plasmon energies are reported plotted
against exchanged momentum in Fig. 8 separated accord-
ing to azimuthal orientation along (a) (100), (b) off
(100}, and (c) {110). The g, corresponding to the mea-
sured frequency was determined according to Eq. (1).
The error bars indicate Ag, calculated by Eq. (2) or (4),
depending on E;. In order to avoid systematic errors in
angle determination, we carried out, where possible, mea-
surements at both positive and negative g;. The ¢, =0
position was then determined experimentally by analyz-
ing symmetry properties of the plasmon-dispersion curve
with respect to it. The maximum departure from the ex-
pected zero value was 0.007 A ™!, as reported in a previ-
ous paper.” In addition, loss-peak position can also be
shifted by strong variations in inelastic-scattering cross
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section, as also demonstrated in Ref. 9. The spread of
data points beyond g, =0.15 A~ !is caused by reflectivity
changes inside the width of the peaks which influence the
determination of the position of the maximum.

The sets of data have been fitted with
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FIG. 8. Collection of plasmon energies vs exchanged momen-
tum. (a) (100): O—E;=10.5-17 eV, 6,=75°-90% X —
E;=10.5-17 eV, 6,=45-60". (b) 8.8° off (100): 3:—
E;=385 or 76 eV, 0,=75-85 O—E,=116-127 eV,
6,=80°-85; O—E,=20 eV, 6,=75°-85";, X —E;=24 €V,
6,=45°-60°. (c) (110): X —E;=248 eV, 6,=41.6 X —
E,=217eV, 6,=69.4°; C—E;=36¢eV, 6,=73.2° 3c—E;=80
eV, 6,=68.4°;, X —E;=130 eV, 6,=69.4°. The result of the
best fit to the data is given by the solid lines. The parameters
are taken from Table I.
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TABLE 1. Values of parameters a and b of Eq. (6) obtained
by fitting the experimental dispersion curves along the (100)
and (110) directions. Best fit is performed by y? minimization.
[The lines obtained with the best-fit values reported in this table
are shown in Figs. 8(a) ({100)), 8(b) (8.8° off {(100)), 8(c)
({110)), and 9 ({100) and 8.8° off (100)).]

Direction a (eV) b (eVA) X’

{100) 3.69+0.01 1.4+0.1 4.0Xx107?
8.8° off (100) 3.68+0.02 1.6+0.1 4.3X1072
(110) 3.67£0.01 1.6£0.1 2.9X%1072
(100) and 8.8° off (100) 3.69+0.01 1.5+0.1 6.7X107?

E,=a+tbg, (6)
and

E;,=a +bq“+cqﬁ , (7)

taking into account the different errors on the experimen-
tal points. The best-fit—parameter values and uncertain-
ties have been computed by minimizing the y? values by
using the MINUIT computing routine. These parameters,
together with the y? values, are reported in Tables I and
II. As one can see, the quadratic contribution is negligi-
ble and the linear coefficient is compatible for all direc-
tions studied. In Fig. 9, data taken along (100) and 8.8°
off (100) are reported. Data along {(110) are systemati-
cally lower in energy by 20 meV with respect to (100),
although this discrepancy is at the limit of present experi-
mental accuracy. Similar azimuthal dependence was ob-
served by Petri et al.'? for bulk plasmons of Al and attri-
buted to electron-correlation effects.

The plasmon energy on Ag(001) coincides at vanishing
g, with the value reported for Ag(111).%> The disagree-
ment with high-energy inelastic-scattering data (3.63 eV
for silver foils!) can probably be explained by a small
amount of roughness present in films, which can cause a
shift of the plasmon to lower frequencies.!*> Moreover,
we find a steep linear dispersion in contrast to the quad-
ratic behavior reported for (111) (Refs. 4 and 5) and (110)
(Ref. 5) surfaces. The present data coincide for large ¢ |
with the dispersion reported by Zacharias and Kliever!
for thin silver films, which was attributed to the bulk
plasmon. A comparison between (111), (100), and (110)
surfaces is presented in Fig. 10. The crystal-face depen-
dence of plasmon energy and dispersion is not surprising
for a noble metal such as Ag because the electronic spec-
trum in the bulk and at the surface differs from face to
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FIG. 9. Collection of plasmon energies vs g for data taken
along (100) and 8.8° off {100). The solid line indicates the best
fit with the parameters of Eq. (6) as reported in Table I.

face,! and interband transitions therefore contribute

differently to the surface dielectric response. We have no
physical explanation for the quadratic and linear behav-
ior of plasmon dispersion on the different crystallograph-
ic faces of silver. A face anisotropy in surface-plasmon
dispersion has also been reported for Al by inelastic low-
energy electron diffraction (ILEED) measurements by
Duke et al.'® The experimental uncertainty of ILEED
is, however, too large to allow one to draw reliable con-
clusions.

According to the jellium model, the dispersion relation
of the surface plasmon at small wave vector should be
linear in g and have a slope proportional to the position
of the centroid of the induced charge d(w) with respect
to the edge of jellium:'" 13

Esp(q)=Eg(0)[1—1d(w,)q,to(g])], (8)

where Egp(0) is the surface-plasmon frequency at g, =0.
d (w,) being a positive quantity the Bohm-Pines random-
phase-approximation (RPA) formulation, leads to a nega-
tive plasmon dispersion. The jellium model is, however,
not applicable to noble metals. We can therefore only
speculate that the positive slope is indicative of an excess
of electrons at the surface. Such an excess would indicate
a relaxation of the outer interlayer spacing. A small re-
laxation is not in conflict with the measured phonon spec-
trum.> !

TABLE II. Values of parameters a, b, and ¢ of Eq. (7) obtained by fitting the experimental dispersion
curves along (100) and 110) directions. Best fit is performed by ¥’ minimization.

Direction a (ev) b (eVA) ¢ (eVA2) x:
(100) 3.6910.01 1.410.1 0.06+0.44 4.6X1072
8.8° off (100) 3.73+0.02 0.840.2 2.8+0.9 43X107?
(110) 3.68+0.01 1.340.2 1.3£1.0 1.0x1072
(100) and 8.8° off (100) 3.6940.01 1.410.1 0.5+0.6 6.4x1072
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FIG. 10. Comparison between our results for Ag(001) and
those of Suto et al. for Ag(111) and Ag(011) (Ref. 5). The trian-
gles indicate volume plasmon losses according to Zacharias and
Kliever (Ref. 14).

PLASMON DAMPING

The FWHM of the energy-loss peaks, AE, , is depict-
ed in Fig. 11 plotted against g;. The error bar refers to
Ag, calculated using Eq. (2) or (4). The FWHM grows
slowly for small g, ando increases drastically beyond a
critical value ¢, ~0.10 A ™! with a linear behavior in q,
both below and above g .. No difference was noticed be-
tween the explored crystallographic directions; the data
are therefore reported all together. Fitting the points
below and above g, separately, with

AE =4 +BqH ’ 9)

one_obtains 4 =0.092+0.005 eV and B =1.00%0.10
eVA (¥?=0.43) below 0.10 A™!, and 4 = —0.26+0.05
eV and B =4.4+0.3 eVA (¥=0.29) above 0.10 A"
The crossing between the two lines occurs at
¢,.=0.10£0.02 A~ !, The corresponding critical value
in energy, E,,, can be calculated from g . values using
the linear relation found for plasmon dispersion and
reads 3.84+0.03 eV. E determines the threshold of
the opening of efficient damping channels connected to
interband transitions. According to theoretical calcula-
tions of Eckhardt et al.,? for bulk silver the onset of
strong transitions involving the d bands should lie at 3.72
eV instead of 3.84 eV, as we find.

The quadratic dependence of the surface-plasmon
linewidth was observed by Tsuei et al. for potassium
films, and was also reported for bulk plasmons.?"'?> The
present surface is therefore the first system on which a
linear dependence of AE,  versus g has been observed.
It is interesting to note that jellium theory, although not
suited for noble metals, predicts a linear dependence of
AE,, versus g, because of damping associated with

loss width FWHM (eV)

FIG. 11. (a) Collection of plasmon widths vs momentum. (b)
Same as (a) for the data below 0.1 A~!. The lines are best-fit
curves, as discussed in the text.

electron-hole—pair excitations.?> Theory predicts, how-
ever, a vanishing width at q, =0, in contrast to the
present experiment.

At vanishing ¢, the plasmon loss is extremely narrow.
The value of AE pl> the width of the plasmon loss, can be
extracted by deconvoluting the experimental data of Fig.
11. The experimental width AE is, in fact, given by

AE, =(AE%+AEZL )V, (10)

exp

where AE,,, is the experimental resolution, which can
be determined, by use of Eq. (6), from Ag and the experi-
mental uncertainty of the impact energy AE;. As an ex-
ample, for E; =16 eV, 0, =81.6°, and 0; =60°, one obtains
AE,,, =52 meV, which is due to the Ag| uncertainty for
48 meV and to AE; for 20 meV. In this case, since
AE =110 meV, AE;; =95 meV. This value is compa-
rable with that reported for bulk plasmons on silver,? 75
meV.

CONCLUSIONS

In conclusion, we have performed measurements of
surface-plasmon dispersion for Ag(100) along different



crystallographic directions. The data differ remarkably
from those reported for thin films' and for the other low-
Miller-index surfaces of silver.>* In particular, we find a
linear dispersion, in contrast to the quadratic one report-
ed for (111) and (110) surfaces. A linear dependence was
also found for plasmon damping, at least below 0.10 A~!.
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