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Surface enhanced infrared absorption of CO on smooth iron
ultrathin films
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Abstract

We have developed preparation procedures which suppress island growth of Fe on MgO(00 1) in ultrahigh vacuum.
The resulting smooth Fe(00 1) films of few nanometer thickness have been exposed to CO. The infrared broadband
transmission at normal incidence strongly changes with CO exposure. At about 2050 cm™', i.e. in the stretching region
of CO on on-top sites, enhanced infrared absorption with a Fano-like line shape is observed. © 2001 Elsevier Science

B.V. All rights reserved.
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Adsorbates on metal-island films can show
surface enhanced Raman scattering (SERS) [1]
and surface enhanced infrared (IR) absorption
(SEIRA) [2-6]. Enhancement is supposed to be
due to field enhancement [7] and due to a chemical
effect. The chemical contribution partially origi-
nates from static charge transfer [8]. The results
presented here point to another important contri-
bution to the enhancement of oscillator strength,
which is the dynamic interaction of adsorbate vi-
brations with the electron-hole continuum from
the substrate. This kind of interaction corresponds
to the Fano effect [9], which leads to an asym-
metric line shape. Such shapes of vibrational lines
of adsorbates on metal crystals were reported for
the first time by Chabal [10]. Langreth [11,12] de-
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veloped a theory for the interpretation of the
Fano-like line shape of vibrations that interact
with the external field. However, even for adsor-
bate vibrations that do not interact with the ex-
ternal field, like the frustrated translation of CO
on copper in grazing-incidence reflection experi-
ments [13], asymmetric absorption lines were
measured. The respective theory by Persson [14]
assumes friction forces between adsorbates and
electrons.

The asymmetric SEIRA lines of CO on smooth
Fe(001)/MgO(001) we have measured will be
shown here and will be interpreted in the frame-
work of the non-adiabatic theory [11,12], i.e. an
interaction of the stretching vibration with the
external field is supposed. With this supposition
we account for the possibility that the CO mole-
cules are not really perpendicularly adsorbed with
respect to the macroscopic surface normal, e.g.
due to their mutual repulsion at higher coverages
[15].
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The in situ experiments are performed with the
help of a combination of a vacuum Fourier-
transform-IR spectrometer (Bruker IFS 66 v/S)
with midrange mercury—cadmium-telluride detec-
tor and of an ultrahigh vacuum (UHV) chamber
(base pressure < 2 x 1078 Pa). In detail, the ex-
perimental set-up has been described in Ref. [16].
This set-up allows IR transmission spectroscopy
during thin film growth under UHV conditions
and surface structure analysis by low energy elec-
tron diffraction (LEED). The metal film thick-
nesses are calculated from the deposition time and
the rate (typically 0.15 nm/min assuming Fe bulk
density), which is calibrated with a quartz micro-
balance. Substrate temperatures were measured by
a chromel-alumel thermocouple attached to the
sample holder. The MgO(001) substrates are
prepared in air by cleavage of 7 x 7 x 15 mm?
sized single crystals. After cleavage the substrates
were transferred to high vacuum within few min-
utes and were baked for 20 h at ~473 K. After
transfer to UHV they were degassed at ~723 K for
2 h. The surfaces of these MgO substrates appear
crystalline as judged from LEED (see Fig. 1a). The
smooth Fe films were prepared on them by sub-
sequent depositions at two different temperatures
[17]. For example, 3 nm thick film an initial layer
of 1.5 nm thickness was grown while the substrate
was held at room temperature. Then, the temper-
ature was raised to 670 K and Fe was deposited up
to the final thickness. In Fig. 1b the typical LEED
patterns of a film prepared in this special way are
shown. From these patterns, from a detailed IR
transmission analysis, and from ex situ atomic
force microscopy we deduce that the initially
rough film is smoothed by the second deposition
step at higher temperature [17]. This temperature
should not be too high to avoid break up of the
film. After Fe film preparation the samples were
cooled to about 100 K and exposed to CO (pu-
rity 99.997 vol%, pco ~ 2 x 107% Pa). During ex-
posure we measured the transmittance change of
the sample with a resolution of 4 cm™! (50 scans
per spectrum sampled in 14 s). The IR transmit-
tance spectra shown here (see Fig. 2) have been
measured at normal incidence. The transmittance
change saturates at CO exposures of about 4.5
L (1 L(Langmuir) = 1.333 x 10~* Pas) for the
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Fig. 1. LEED patterns at primary energy of 174 eV for (a) the
MgO substrate and (b) for the 3 nm Fe on this substrate.

smooth iron films on MgO. From MgO cleavage
to CO exposure the experiments were repeated for
the individual iron thicknesses.

At room temperature the IR transmittance
(relative to the substrate transmittance) of the 3
nm smooth Fe film of Fig. 1b is about 0.5 for wave
numbers above 2000 cm~! which is similar to the
corresponding transmittance (=0.55) of 3 nm Fe
grown on UHV-cleaved MgO at room tempera-
ture. The IR-spectral slope indicates continuity of
the metal film as discussed in Ref. [17,18]. The
room-temperature spectrum can be numerically
reproduced with a Drude-like dielectric function
based on bulk data [19] with small modifications to
account for the size effects [18,20]. However, sur-
face relaxation is negligibly small for the smooth 3
nm thick film. Our calculation of relaxation rates
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Fig. 2. Normal incidence relative IR transmittance versus fre-
quency o (given in wave number units) of CO adsorbed at 100
K on 3 nm Fe(001) on MgO(001) for various exposures as
indicated. The spectra are shown as they were measured. The
horizontal lines mark a transmittance of 100% for the individ-
ual spectra.

from IR spectra is explained in more detail else-
where [18].

Exposure of CO at about 100 K leads to sig-
nificant base line changes and to the occurrence
of CO-stretch lines. Fig. 2 shows transmittance
spectra of CO/Fe/MgO(001) for CO exposures
from 0.3 L to about 4.5 L. The most surprising
feature is the considerable intensity of the ab-
sorption lines. The observed oscillator strength
contradicts the usual representation of CO ad-
sorbed perpendicularly to the surface, which is
assigned to vibrational frequencies above 2000
cm™! [21]. The frequency of the stronger trans-
mission minimum well matches the electron-en-
ergy-loss (EEL) data for CO on Fe(00 1) with the
frequency 2055 cm~! for CO on the on-top site at
saturation exposure [21]. The interpretation of the

broader feature <2000 cm™~! is unclear. With EEL
spectroscopy it could not be resolved. However,
the development of both peak positions with CO
exposure does not agree with the findings for CO
adsorption on the single crystal surfaces Fe(110)
and Fe(111) [22,23]. Possibly, the broad peak
<2000 cm~! belongs to CO on bridge sites, which
could be promoted by strain in the epitaxial
Fe(001) film. It is known that epitaxial iron films
on MgO(00 1) below 30 nm thickness have lattice
constants different to the bulk value [24]. CO
vibrational frequencies sensitively change with the
atomic structure parameters as it is shown for CO
on ultrathin Fe films on Cu(1 00) [25]. For Fe films
thicker than 6 nm we detect only the on-top peak
in the frequency region under investigation [26,27].
Concerning the total strength of the CO stretching
signal, it is important to note that we repeated the
experiments for 3 nm (and also for other thick-
nesses) and we always got the same spectra within
experimental errors [26]. Since each cleavage of
MgO should produce another step density on the
substrate surface we do not believe that the strong
CO signal is due to such steps. In addition, for Fe
films with tears that arise from an unfavourable
preparation step at too high temperatures the
signal strength is similar to that for the smooth
films [26]. Therefore we suppose that the main part
of the CO signal is due to CO on the film surface
which consists of (001) terraces [17]. This as-
sumption contradicts any influence of field en-
hancement. Since a reasonable amount of static
charge transfer also cannot explain the observed
signal strength it should be caused by non-adi-
abatic interaction which also fits the observed
asymmetric line shape and the baseline change.

Accordingly, we will compare the experimental
relative transmittance at normal incidence after
CO exposure to spectra calculated with Fano-like
susceptibility

2(@) = 1osc(®) + 1pre(®) (1)

that corresponds to the generalized susceptibility
function (with the resonant background) intro-
duced by Langreth [11] for one adsorbed molecule.
One kind of oscillator contributes with
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is the ionic plasma frequency with the dynamic
effective charge Z that could be changed by non-
adiabatic intensity borrowing. The circular fre-
quency is denoted by w, wt is the phase delay of
the electronic contribution to the dynamic charge
due to the non-adiabatic interaction, y is the line
width of the Lorentzian at =0, and w, is the
resonance frequency. The other parameters of the
ionic plasma frequency are the surface density n,
of adsorbates, the thickness d, of the adsorbate
layer, and the reduced mass m.q of the vibrational
mode (here: C-O stretching). The background
susceptibility is

Tt (AZ .
TG (@) = w%P; (7 + 1wr) (4)

with the electronic contribution AZ to the total
dynamic effective charge Z. Im(josc + xpkg) has a
Fano line shape.

The two oscillators of the experimental spectra
are described with two contributions of type (1)
and were added to a non-resonant background of
about 1. These susceptibilities are used as inputs
for the CO layer (with d, = 0.24 nm, i.e. twice the
C-O distance) in the layer stack CO/Fe/MgO the
transmittance spectra of which is calculated with
the software package scouT [27]. The iron film
dielectric function is supposed as Drude-like with a
total relaxation rate

W, = W + 5602, (5)

with @, corresponding to 25 cm~' at 100 K '
before exposure and w, + Aw, after exposure, re-
spectively. Eq. (5) considers the frequency depen-
dence of the relaxation rate at higher energies [18].
The room temperature bulk data [19] give 6 cor-

' wy at 100 K was estimated from the dc resistivities of iron
at 273 K and at 77 K [28], and from w, at 300 K [16].

responding to 3.2 x 10~* cm, however, at 100 K it
should be lower. According to our findings for Fe
grown on UHV-cleaved MgO [18] the plasma
frequency wgp for continuous iron films is used to
be equal to fwp with § = 1.26 as the limit for high
thickness. The plasma frequency wp(w) is derived
from the iron bulk data [18,20]. Any charge
transfer due to adsorption would lead to a change
APwp of the film plasma frequency wgp.

The MgO thickness was 3 mm for the experi-
ment of the Figs. 2 and 3. The input dielec-
tric function for the MgO consists of a relative

T T T T T T

T T T T

1.000 ’{ =
0.998 - a) |
—o—b)

1.000

relative transmittance

0.998
o [ d)
—o—g) -
" " " " 1 1 1 1 1 1 1 1 2 2
1500 2000 2500 3000
o [em’]

Fig. 3. Normal incidence relative IR transmittance spectra of
CO on 3 nm Fe(001) on MgO(001) at 100 K at saturation
exposure of 4.5 L compared to calculations: (a) experimental
curve for saturation exposure (200 scans), (b—e) calculations
with various slight changes of iron film properties, (b) iron
film parameters unchanged by the adsorbate and 6 = 2 x 107
cm, (¢) Aw. corresponds to 14 cm™', AB = —0.0025, and
5 =2x 107 cm, (d) Aw, corresponds to 14 cm™!, A = —0.001,
and 6=32x10"* cm, (¢) Aw, corresponds to 12 cm™!,
AB = —0.0038, and 6 = 1 x 10~* cm. For other parameters see
text.
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dielectric constant of 2.84 for the background, the
one-phonon absorption at 405 cm™', and multi-
phonon contributions described by three weak
Brendel oscillators [26]. It successfully fits the
MgO transmittance and gives reasonable results
for the reflectance.

In Fig. 3 the experimental relative transmittance
for saturation exposure is compared to calculated
relative spectra for various slight changes of the
iron film conductivity. The CO parameters used in
each case for the first and for the second oscillator
are o, corresponding to 2062 and 2005 cm™!, y
corresponding to 33 and 150 cm™!, wyt (the so-
called asymmetry parameter) equal to 0.64 and
0.6, respectively. The observed size of the signal
demands a large ionic plasma frequency. We
started with a o value that follows from Z =
0.42¢ (e is the elementary charge) and from », for
each oscillator corresponding to one CO per sur-
face Fe atom. By the way, the value 0.42¢ well fits
CO-stretch peak areas of CO on NaCl. Multipli-
cation of w}, by a factor of 14 and of 18 for the
first and for the second oscillator, respectively,
gives the correct signal strength (see Fig. 3). The
enhancement of w}, means that the total dynamic
effective charge is increased and that AZ is at least
le (=(v/14 — 1) x 0.42¢). We have to add that the
saturation coverage of CO on Fe(001) at about
100 K is not well known. Our calculations with
two oscillators correspond to two CO per surface
Fe.

However, we also have to think over that our
CO-oscillator input wpp does not take into account
the direction of the vibrational dipole with respect
to the external field. The full wp value means di-
poles parallel to the surface, which is not reason-
able for w, above 2000 cm~!. Therefore, the real
enhancement is much higher than 14 or 18, re-
spectively, and the electronic contribution AZ is
comparable to the total dynamic charge Z (as
supposed in our calculation of the background).
Despite the large number of parameters, their
different influence on the whole spectrum fixes the
results within reasonable intervals. For example
the asymmetry parameter of about 0.6 (£10%)
gives both the right line shape and a reasonable
baseline (see Fig. 3, case b) and it is similar to
other findings [3-6,10]. Neglecting the broad os-

cillator at 2005 cm™! leads to the same asymmetry
of the sharp oscillator that we assign to the stretch
vibration of CO on on-top sites on Fe(00 1).

Very slight changes of the two Fe-film conduc-
tivity parameters w, and f due to CO exposure
allow to reproduce the experimental background
better (see Fig. 3, case c¢). The change of the scat-
tering rate Aw, = 14 cm™' corresponds to a de-
crease of 0.8% of the specularity parameter in the
classical size effect [18] and A = —0.0025 means a
charge transfer of 3.5 x 1075 electrons per surface
atom. Because of the experimental errors of our
experiment, any further interpretation of these
small values of Aw, and Af makes no sense, es-
pecially, since the correct frequency dependence of
the relaxation rate of iron is not known for 100 K.
Our calculations with different d-values (see Fig. 3,
cases c—¢) show that I x 107 < § < 2.5 x 10~* cm
(for ® in wave numbers) gives a good baseline
match. The interval also seems to be reasonable
with respect to the higher room temperature J-
value.

For an evaluation of our model calculations we
would like to mention, that with an analogous
calculation method (and Z = 0.42¢) we have re-
produced non-enhanced stretch features in IR re-
flection at grazing incidence for CO on thick (e.g.
16 nm) Fe on MgO [26].

We have shown for the first time that SEIRA
also works on smooth metal films. The underlying
mechanism for the enhancement should be the
non-adiabatic interaction of adsorbate vibrations
with electronic excitations. As an example we have
compared the experimental transmittance of CO
on a 3 nm film to calculations that are based on a
Fano-like susceptibility. With reasonable parame-
ters the experimental data can be reproduced if
a large dynamic charge transfer of much more
than le and an asymmetry parameter of about 0.6
are supposed. More exact values need improved
information about the adsorbate geometry on
iron.
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