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Adsorbate-induced changes in the infrared reflectance and resistivity of metals
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We present an experimental test of a predicted relationship between adsorbate-induced changes in the
infrared reflectance and dc resistivity of a metal. We have measured the absolute change in reflectance
for O and CO on Cu(100) and for CO on Ni(100) over the frequency range 300-2000 cm ™! and com-
pared it with published resistivity changes for the corresponding thin-film systems. For the two adsor-
bates on Cu the results are consistent with a simple model based on scattering of conduction electrons by
the adsorbate. For CO on Ni, however, the reflectance change is much smaller than predicted.

There has been considerable recent interest in
adsorbate-induced changes in the broadband IR
reflectance of metals, stimulated by the observations of
Reutt, Chabal, and Christman! and Riffe, Hanssen, and
Sievers? for H on W(100) and Mo(100), and especially by
the measurements for CO on Cu(100) by Hirschmugl
et al.’ These reflectance changes are too large and of the
wrong sign to be explained simply by the dielectric prop-
erties of the adsorbate;* they must be caused by
adsorbate-induced changes in the electronic properties of
the metal. For W and Mo, the reflectance as a function
of frequency shows a definite minimum, which led to an
interpretation in terms of an adsorbate-induced surface
state. For CO on Cu(100), however, the spectral shape is
largely structureless except for an asymmetric antiab-
sorption resonance assigned to the dipole-forbidden hin-
dered rotation of CO.3

Persson has argued that the broadband reflectance
change and the antiabsorption feature, as well as damp-
ing of the hindered rotation and the adsorbate-induced
change in the resistivity of thin films, all rise from diffuse
elastic scattering of conduction electrons by the adsor-
bate.>~7 We show below, however, that the relationship
between reflectance and resistivity does not depend on
the other, more speculative aspects of the model. We
present an experimental test of this relationship by com-
paring our own reflectance measurements for CO on
Cu(100), O on Cu(100), and CO on Ni(100), over a broad
spectral range from 300 to 2000 cm ™!, with published
resistivity data for similar thin-film systems. For CO and
O on Cu, we find that the predicted relationship between
reflectance and resistivity is confirmed, within the accura-
cy of the resistivity data. For CO on Ni, however, we
find that the reflectance change is much smaller than ex-
pected.
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The reflectance experiments were performed using the
U41IR far-infrared beamline at the National Synchrotron
Light Source at Brookhaven National Laboratory. De-
tails of the optics have been presented elsewhere.® The
light was p polarized and incident at an angle of 85° to
the surface normal; these conditions are nearly optimal
for the observation of reflectance changes due either to
adsorbate vibrations or to changes in surface electronic
properties.® We used a Ge:Cu photoconductive detector
sensitive to frequencies above 300 cm~!. The Cu crystal
was cleaned using Ne-ion bombardment at 500 K fol-
lowed by annealing at 750 K, and the Ni crystal by a
combination of ion bombardment at 600 K, oxygen treat-
ments, and annealing to 1100 K. No surface impurity
showed an Auger peak larger than 0.3% of the Cu 920-
eV peak or 1.0% of the Ni 100-eV peak. For O on
Cu(100), the coverage was determined from the oxygen
Auger peak height, assuming a saturation coverage of
0.50 monolayer (ML) at room temperature.” For CO on
Cu(100) and Ni(100), the coverage was determined by
temperature-programmed desorption and low-energy
electron diffraction. The sample temperatures were 300
K for O on Cu(100) and CO on Ni(100), and 90 K for CO
on Cu(100).

Synchrotron radiation is ideal for the absolute mea-
surement of reflectance changes because the intensity is
not subject to thermal fluctuations, but strictly propor-
tional to the current in the stored electron beam. !9 Before
analysis, all spectra are normalized to the measured beam
current. Figure 1(a) shows the fractional reflectance
change AR, /R, for two successive spectra of a clean sur-
face; the deviations from zero indicate the level of sys-
tematic error arising from such sources as uncertainty in
the current and beam drift in the storage ring. Taking
these uncertainties into account, we can determine
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AR, /R, to an absolute accuracy of +0.2%.

Spectra (b)-(d) of Fig. 1 show AR, /R, for CO and O
on Cu(100) and CO on Ni(100) over the frequency range
from 300 to 2000 cm™!. The spectral resolution was 6
cm ™! for O on Cu(100) and CO on Ni(100) and 16 cm™!
for CO on Cu(100); the data above 750 cm ™! have been
smoothed to a resolution of 23 cm™!. The noise at the
higher frequencies and the absence of data in certain re-
gions in spectra 1(a), 1(c), and 1(d) are due to the low
transmittance of the polyethylene windows, which were
selected to optimize sensitivity below 750 cm™~!. Cesium
iodide windows were used for spectrum 1(b). The data for
CO on Ni(100) are consistent with zero reflectance
change (the fact that AR,/R, does not extrapolate to
zero at zero frequency suggests that the apparent change
of —0.2% is due to systematic error). For 0.4 monolayer
(ML) CO on Cu(100), AR, /R, approaches zero at low
frequencies and reaches a constant value of —1.1+0.2%
above 1500 cm™!. (This is consistent with a value of
—1.910.1% recently measured at an incident angle of
87° by Borguet and Dai.!!) For 0.25 ML O on Cu(100),
the reflectance reaches a minimum of —1.1%0.2% near
1500 cm ™!, and increases slightly at higher frequencies.

Persson attributes the reflectance change for CO on
Cu(100) to diffuse scattering of conduction electrons by
the adsorbate, and suggests that the same mechanism ap-
plies to a broad range of adsorption systems.’ [Scattering
was also invoked? to explain surface absorption on
W(100), but was subsequently rejected on the basis of the
frequency dependence of the reflectance.!] It has been
known for many years that adsorbates increase the dc
resistivity p of thin metal films, 12=14 31d there have been
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FIG. 1. Adsorbate-induced reflectance change AR, /R, from
300 to 2000 cm ™~ !. The gaps in spectra (a), (c), and (d) and the
noise at high frequencies are due to absorption in the po-
lyethylene windows. Cesium iodide windows were used for
spectrum (b). The vertical scale is the same in all spectra. (a)
Cu(100) with no adsorbate, indicating the level of systematic er-
ror. (b) 0.4 ML CO on Ni(100) at 300 K. (c) 0.4 ML CO on
Cu(100) at 90 K. (d) 0.25 ML O on Cu(100) at 300 K.
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several earlier attempts to relate both optical and resis-
tivity measurements to scattering. > ~!” We derive here a
simple relationship between the IR reflectance and the dc
resistivity, for free-electron metals, using the ideas of Ref.
5. Our derivation makes no reference to Persson’s pro-
posed relationship® between the resistivity and the damp-
ing time of the adsorbate’s hindered translation, the va-
lidity of which is in question.!® We emphasize that the
relationship between resistivity and reflectance is very
general; its only connection to the proposed models®® of
frictional damping and antiabsorption resonances is that
they all invoke electron scattering. While its refutation
would call all the models into question, its confirmation
can neither confirm nor negate these ancillary theories.
The calculation of surface effects on reflectance re-
quires nonlocal corrections to the classical Fresnel formu-
las.'?0 The fractional change in the reflectance of p-
polarized light due to a change in surface properties can
be calculated using Feibelman’s d-parameter formalism:!°

AR,/R,=—(4w/c)[Im(d})]/cos6 , (1)

provided that |e| >>(1/cos?0)>>1, with € the complex
(local) dielectric function of the metal, 6 the angle of in-
cidence, w the frequency of the light, and

d,= [fz(aa”/az)dz}/f(aa”/az)dz . (2)

Here o is the complex conductivity parallel to the sur-
face for a uniform electric field, and z is the direction nor-
mal to the surface. (Because of strong refraction by the
metal, the E field inside the metal is nearly parallel to the
surface, even for p-polarized light at near-grazing in-
cidence.®) We assume® that Im(d,) is negligible com-
pared to Im(d). The problem of finding the reflectance
change therefore reduces to that of calculating o (z).

Deep inside the metal, the conductivity simply has its
bulk value 0. Near the surface, it is modified by the
presence of adsorbates. These changes affect the electron
current to a depth on the order of the electron elastic
mean free path Iz =vp7p (vp is the Fermi velocity and 74
the bulk scattering time). Persson® proposes a slab mod-
el, in which the conductivity has a constant value
o w)=0g(w)+Ac(w) from the surface to a depth /g,
and the bulk conductivity oz throughout the rest of the
solid. When d| is calculated from this model, using Eq.
(2), it follows that

AR,/R,=[(4wlp /c)/cosO]Im[Ac(w)/Tg(®)] . (3)

The conductivity of a film of thickness I in this model is
simply o, so if the adsorbate-induced change in conduc-
tivity of such a film is known, the reflectance change for
the same adsorbate on a bulk crystal can be calculated.

It is appropriate to use a local description of the
metal’s dielectric response, provided that &>>vp/w,
where § is the classical skin depth; %6 that is, the electric
field should not vary appreciably over the distance trav-
eled by an electron during one cycle of the electric field.
For both Cu and Ni in the frequency range studied, the
local response is well described?!?? by the Drude mod-
el,?? in which the bulk conductivity is given by
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opl®)=ne’ry/m(1—iwty), @)

where n is the conduction-electron density and m is the
electron mass. The adsorbate can in principle affect both
n and 7 near the surface. We can expand Ao to first or-
der in the changes An and A in the electron density and
scattering time, respectively:

Ac(w)/oglw)=(An/ng)+[A7r/T75(1—iwTg)] . (5)

At zero frequency, both terms enter equally, but only the
term in A7 has an imaginary part that can give rise to a
reflectance change through Eq. (3). (A second-order term
in An A7 has been used to model absorption by a surface
state.?) More detailed treatments'®!”?? lead to essen-
tially the same conclusion.

If we assume>'?”!* that scattering dominates
(An/ng <<At/7p), then Ao(w) can be predicted from
the change in the dc resistivity p=1/0(»w=0) of a film of
thickness /5. For o >>1/75, we find that

Im[Ac(w)/op(w)]=—(1/wTp)[Apliz)/pg]l .  (6)

In fact, we can use the dc resistivity change for a film of
arbitrary thickness ¢, since it is well established experi-
mentally'>'* that Ap(t)<1/t. The reflectance change
can therefore be written

AR,  4ly  Ap(lp) 4

[tAp(D)] .

(7)

Only the term tAp refers to the thin-film sample; all of
the quantities in the prefactor relate to the bulk crystal.
The reflectance change is predicted to be independent of
frequency and proportional to tAp. A microscopic
scattering calculation by Watanabe and Hiratuka!® also
found AR, proportional to Ap.

For simplicity, we have derived this result assuming a
frequency-independent scattering time 75, but the same
equation is obtained if separate optical (7,,) and dc (74.)
times?? are used, provided that the adsorbate contribu-
tion to the scattering rate is frequency independent. It is
then the dc scattering time 74, that appears in the denom-
inator. But pgz7T4,=m/ne® is a constant that depends
only on the density of conduction electrons in the metal,
so we can rewrite Eq. (7):

ARP/RP=—(4ne2/mc)(1/cosi9)[tAp(t)] . (8)

R __chcos() PB

» cppTg cosl

This is similar to, but more general than Eq. (40) of Ref.
5. It can also be obtained by combining Egs. (41) and (49)
of Ref. 5, but the present derivation avoids any assump-
tion about the damping of adsorbate vibrations.

We attempt here to test Eq. (8), and by extension the
scattering hypothesis, by comparing our IR reflectances
with published data on thin-film resistivity changes. A
similar comparison, for a single adsorption system, was
used in Ref. 5 to lend support to the models proposed
there. It would of course be preferable to make simul-
taneous reflectance and resistivity measurements on
well-characterized films deposited in situ, but we were not
equipped to attempt this difficult measurement. In Table
I, we present the best available literature values for the
resistivity change tAp (see below), our measured
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TABLE 1. Adsorbate-induced changes AR, /R, in the reflectance of
p-polarized light at the adsorbate coverage n, indicated, measured ex-
perimentally (see Fig. 1) and calculated from Eq. (8) using the indicated
values of ¢Ap for thin films of thickness ¢, the electron density n given in
Table II, and an angle of incidence 6=85°. See the text for discussion of
the uncertainties in tAp.

n, (tAp) (AR, /R,)cqc (AR, /R, )eyp
System (10" cm™2) (107!2 Qcm?) (%) (%)
CO/Cu(100) 6.1 0.60? —2.2 —1.1£0.2
—1.1+0.1°
O/Cu(100) 3.8 0.42¢ —1.5 —1.1£0.2
0.70¢ —2.6
CO/Ni(100) 6.4 1.47¢ —5.8 —0.2+0.2
2See text.

bReference 11, corrected for the difference in incident angles.
°Reference 13.
dReference 23.
®Reference 24.

reflectance change ARP /Rp at the reflectance minimum,
and the reflectance change predicted from Eq. (8), using
the values of » listed in Table II.

For O on Cu and CO on Ni, explicit plots of tA
versus coverage n, are available in the literature. 32324
For CO on Cu, the shape of the coverage dependence
Ap(n,) is quite reproducible, '>1>17 while tAp at satura-
tion varies considerably. Wissmann?”?® reports an aver-
age saturation value of tAp (for ~50 measurements) of
1.5X 10712 Q cm? for films annealed at 60°C, while a
series of films annealed at room temperature gave values
ranging from 1.1 to 2.6 X107 2 Q cm? !> The effect of
annealing temperatures higher than 60 °C is unknown, as
the films develop cracks.?® To arrive at the value of Ap
listed in Table I, we have scaled the coverage-dependence
curves by Wissmann’s average saturation value. Variable
sample preparation and uncertainties about thickness and
surface structure make all the values of tAp reliable only
within about a factor 2, as the listed values for O on Cu
suggest. Uncertainty also arises from the crystallograph-
ic orientation of the surfaces; the films are polycrystal-
line, but are believed to be predominantly of [111] orien-
tation, 12 while (100) crystals were used for the reflectance
measurements. This difference in orientation could affect
the strength of electron scattering by the adsorbates.

For the two adsorbates on Cu, both zAp and AR, /R,
are the same within experimental error. These results
must be regarded as consistent with the model, even

TABLE II. Bulk material parameters for Cu and Ni. Values
for n and vy are calculated assuming one conduction electron
per atom (Refs. 25 and 26). The (optical) scattering time 75 and
skin depth & are taken from Drude parameters given by Ordal
et al. (Ref. 21); the (optical) electron mean free path is given by
lp=vpry. Frequencies in s~ ! have been divided by 2mc to con-

vert tocm ™ !,

n 75! v /8 I} 8
Metal (1022 cm™?) (cm™}) (cm™!) (A) (A)
Cu 8.5 73 310 1140 270
Ni 9.2 350 210 240 400
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though the measured reflectance change is roughly a fac-
tor 2 smaller than predicted. A discrepancy of this size
could be due to the simplicity of the model or to uncer-
tainty in t Ap.

For CO on Ni, however, the predicted ARP /R, is
nearly a factor 30 greater than the observed value. Un-
certainty in n, inadequacy of the slab model, and devia-
tions from the Drude approximation are not likely to ac-
count for such a large discrepancy—particularly since
the agreement is much better for Cu. The disagreement
cannot be assigned to a failure of the approximations
leading to Eq. (8), even though the derivation requires
©>>75! and vy /8, conditions that are only marginally
met in our experiment. At 1000 cm™ !, w8 /vp=3 for Cu,
and w7 =3 for Ni (see Table II). The fractional correc-
tion to Eq. (8) due to these effects, however, is at most
only ~10% [see Eq. (5) and Ref. 7]; these errors are
much smaller than the uncertainty in ¢ Ap, and are rough-
ly the same for Cu and Ni. For Ni, unlike Cu, I <§; ac-
cording to Ref. 5, this would render the d-parameter for-
malism invalid. But the formalism in fact requires only
|| <<8, where Iz '=(w+i/75)/vp.?® For Ni above
1000 cm™!, Ip=vp/w, so this requirement simply
reduces to the locality condition w>>vy/8 discussed
above. To a good approximation, then, Eq. (8) should ap-
ply to both metals for frequencies above 1000 cm 1.

It is possible that the reported tAp for CO on Ni is
overestimated, for example, because the film was of
nonuniform thickness; there are apparently no more re-
cent experiments with which to compare. The discrepan-
cy between theory and experiment is so large, however,
that it suggests that for this system either scattering is not
the dominant cause of the change in resistivity or the
theory relating reflectance and resistivity is seriously in-
complete. Changes in n have been invoked to explain
thin-film resistivity changes due to surfaces, defects, and
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adsorbates, !>°° and oxygen incorporated at grain boun-

daries in thin Cu films has been shown?° to reduce »n; such
a mechanism could in principle account for the small
reflectance change. It seems premature, however, to
speculate extensively on the origin of the discrepancy un-
til more experimental data are available.

We have reported new measurements of changes in the
broadband IR reflectance for CO and O on Cu(100) and
CO on Ni(100), and compared them with the changes
predicted from published thin-film resistivity measure-
ments, using a simple model based on the scattering of
conduction electrons by the adsorbates. For the adsor-
bates on Cu, the results are consistent with the model,
but a large and unexplained discrepancy was found for
CO on Ni. Uncertainties in the resistivity data, and
doubts about the comparability of the thin-film and
single-crystal surfaces, however, prevent a definitive and
quantitative test. There is a clear need for more experi-
mental work. Reflectance and resistivity measurements
should ©be performed simultaneously on well-
characterized samples, such as epitaxial films.
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