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Observation of the First-Order Stark Effect of Co on Ni(110)

D. K. Lambert
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(Received 14 March 1983)

The first-order Stark effect is observed for CO adsorbed on Ni(110)., The Stark tuning
rate is (1.1+0.4)x 10" em™!/(V/cm). The present measurement agrees with a model
calculation, By electric field modulation of the resonant vibrational frequency of adsorbed
molecules, the derivative vibrational spectrum can be measured. The spectra of CO on
Ni(110) obtained are consistent with published electron-energy-loss spectra. The new
technique is zero background, surface selective, and can be used in UHV or atmospheric
pressure. -

PACS numbers: 78.65.Jd, 33.55.+¢ 82.80.Di

Vibrational spectra of molecules adsorbed on
surfaces are an important source of chemical in-
formation about the adsorbed species. I have
demonstrated a new infrared technique for ob-
taining such spectra, which I call electroreflec-
tance vibrational spectroscopy (EVS). Spectra
are obtained by applying a large ac electric field
to the surface and measuring the synchronous
modulation of reflectivity, as the optical frequen-
cy is tuned through the vibrational absorption of
the molecules. The observed spectra are due to
the first-order Stark effect of CO adsorbed on
Ni(110). This is the first measurement of the
change in vibrational frequency of adsorbed mole-
cules caused by an applied electric field. There-
fore, in addition to providing a potentially useful
new tool for surface studies, EVS also involves
new physics.

Many techniques for measuring the vibrational

spectra of adsorbed molecules have been reported.

These include electron-energy-loss spectroscopy
(EELS),! a number of infrared techniques,? Raman
spectroscopy,® and several nonlinear optical tech-
niques.? The EVS technique described here is
operationally similar to another recently reported
electroreflectance technique in which the poten-
tial across the dipole layer at a solid to electro-
lyte interface is modulated.? The physical pro-
cess giving rise to a signal in that case is be-
lieved to be a change in the electrochemical state
of the surface.

Some of the characteristics that make EVS at-
tractive are surface selectivity, the ability to
study surfaces in UHV conditions or exposed to
gas at atmospheric pressure, extremely high
resolution, and good sensitivity——especially to
fine structure since it is a derivative technique.
An important characteristic of EVS is that it is
a zero-background measurement.

Adsorbed molecules are oriented relative to
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the surface normal. As a consequence of the loss
of full rotational symmetry, the vibrational ab-
sorption of an infrared-active adsorbed molecule
is predicted® to exhibit a first-order Stark effect
with applied electric field. Gas-phase molecules,
on the other hand, exhibit only a second-order
Stark effect except in special cases of degener-
acy.” To estimate the first-order Stark tuning
rate we consider the classical model of diatomic
molecule adsorbed along the normal of a rigid
surface, I make the simplifying assumptions that
the electric field acting on the molecule is uni-
form and that the molecule does not interact with
the surface. Let U(x) and M(x) be the potential
function and dipole moment function, respective-
ly, in terms of the relative coordinate x. The
Hamiltonian of the vibrating molecule is

H=p>/2+U~M *E. (1)

Here u is the reduced mass of the molecule. We
expand U(x) and M(x) as power series in x:

Ux) =Uy+a, x> +ax®+... 2)
M(x)=My+ Mx+ Myx*+... .

Solving for the change in vibration frequency w
as a function of E one finds

dw/dE = wEM,a, - a,M,)/a,’. (3)

The quantities a,, a,, M,, and M, are available
from the literature for a number of gas-phase
molecules.® In particular, for CO a Stark tuning
rate of 8,6 X107 cm ™ /(V/cm) is found,

Given the Stark tuning rate, the excess absorp-
tion A(v) of the surface caused by the presence of
adsorbed molecules, and the applied electric field
AE, then the EVS signal S(v) is

X dA dw
;S(V) = E E
Hence, in this simplified model, the EVS signal

AE. (4
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FIG, 1. Block diagram of measurement system.

Computer

should be proportional to the derivative of the
infrared absorption spectra. In the real case,
dw/dE is expected to vary with adsorption site,
as does w, and so S(v) and A(v) are no longer
exactly related by Eq. (4).

The measurements were carried out using the
system shown in Fig. 1. The optical source was
a stripe-geometry double-heterostructure diode
laser grown by molecular-beam epitaxy on a
PbTe substrate with Pb oo E0; 0015T€0.00105€0.0081
active region, tuned by laser current and heat-
sink temperature. The laser was stepped through
a set of predetermined operating conditions, tem-
perature between 70 and 100 K, that resulted in
single-mode output. The power at the detector
ranged between 19 and 81 uW. The rms intensity
noise at 100 kHz, normalized by intensity, ranged
between 4.0 x10 % and 1,510 7 Hz /2, Light
from the laser was focused at an 84,5° angle of
incidence on the sample and was polarized with
electric field in the plane of incidence. The re-
flected light was focused onto a photoconductive
HgCdTe infrared detector having sufficient area
to avoid saturation for the laser intensities used.

The Ni(110) crystal was mounted on a manipulat-
or in a UHV system with 4 x10™° Torr base pres-
sure. Cycles of ion bombardment, oxygen dosing,
and heating to 800 °C were used to prepare a clean
surface as measured in sifu by an Auger spectrom-
eter. During EVS measurements the 7.2 X11-mm?®
sample was positioned 0.4 mm away from a 9.5-
mm-diam spherical electrode to which 2,4 X102
V :ms at 100 kHz was applied.

Spectra were taken by integrating the electrore-
flectance signal for 4.5 sec at each point. The
lasing frequency and intensity were also meas-
ured. The measurement system will be described
in greater detail in a later publication.
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FIG. 2. EVS spectra of (a) clean Ni(110) surface at
300 K and (b) same surface dosed with 1 L of CO. Also,
(c) comparison of the CO infrared absorption obtained
by integrating the EVS spectra with a portion of an EELS
spectra of Ni(110) dosed with 0.9 L of CO at 300 K from
Ref, 12. A linear baseline of —1.53x 1075 ¢m for the
clean surface and 1,91 x10~% ¢m for the CO-dosed sur-
face have been subtracted from the integrated EVS
spectrum,
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An example of the spectra obtained for a clean
Ni(110) surface at 300 K and the same surface
dosed with 1 L, [1 L. (langmuir)=10"® Torr sec]
of CO are shown in Fig. 2. The normalized EVS
signal plotted, AI/I, is the rms signal voltage
divided by the detector voltage corresponding to
the laser intensity., The rms electric field at the
sample surface for these spectra was 6,029
X 10* V/ecm. The EVS signal was verified to be
linear in the applied voltage to better than 2%.

An Auger spectrum of the Ni surface taken
shortly before the EVS spectra showed only S
impurity above the noise. With use of a 2-keV
primary electron beam at normal incidence the
ratio of the derivative 152-eV S peak to the deriv-
ative 848-eV Ni peak was 0.23. On the basis of
the relative cross section® of S and Ni at 3 keV,
the fraction of S in the sampling volume is esti-
mated to be 8%, Subsequent studies showed that
increasing the ratio of the S to Ni Auger peaks
from 0.70 to 1.21 was correlated with a 6~cm ™
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increase in the upper-frequency peak in the inte-
grated EVS spectra.

The Ni(110)-CO system has been studied with
use of many different techniques. These include
infrared spectroscopy,®'° low-energy electron
diffraction,™ EELS,'2*% and photoemission.'? In
Fig. 2(c), I have plotted the infrared absorption
calculated by integrating the EVS spectra, as
indicated by Eq. (4), using the calculated Stark
tuning rate, I also plot a portion of an EELS
spectra from Ref, 12 in which Ni(110) at 300 K
was dosed with 0.9 L of CO. The integrated EVS
spectrum of the Ni(110) surface dosed with 1 L
of CO at 300 K shows two peaks, at 1894.4 and
2006.4 cm™!, In comparison, EELS spectra taken
under the same conditions with much lower reso-
lution also show two peaks—one variously esti-
mated at 1904 to 1910 em™?, the other at 2010 to
2016 cm™ % An infrared spectrum taken under the
same conditions is shown in Ref. 9. Two peaks
are also seen in that case, at 1925 cm™ ! and 2111
cm™!, The infrared spectra were taken in a dif-
fusion-pumped vacuum system that did not include
an Auger spectrometer.”® It is quite possible that
sufficient C and S impurities would be present on
the surface under these conditions to cause the
observed difference in vibrational frequency from
the EVS and EELS measurements. Infrared spec-
tra reported subsequently by the same group un-
der similar conditions,’ when presumably more
effort was taken to clean the surface, did show
lower vibrational frequencies for the peaks.

The Stark tuning rate is obtained by comparing
the integrated infrared absorption from Fig. 2(c),
1.50+0.38 cm™ ! at 84.5°, with that from Fig, 14
of Ref. 9, 0.77 cm™! at 80°. The infrared absorp-
tion of CO on Ni at 80° is a factor'® 0.66 times
that at 84.5°. The resulting Stark tuning rate for
CO on Ni(110) is 1,1x10"® cm~!/(V/cm). The er-
rors are mainly systematic resulting from un-
certainty in the electrode-to-sample spacing and
differences between the present surface and that
studied in Ref. 9. Estimating the integrated in-
frared absorption obtained from Ref. 9 to be ac-
curate to 30%, the uncertainty in the Stark tuning
rate is +4.0x10"7 em~Y/(V/cm).

The agreement observed between the present
measurement and the model calculation comes in
spite of oversimplifications in the model. The
assumption that the gas-phase curves of M (x) and
U(x) are unchanged for the adsorbed molecule is
known to be inaccurate. For CO absorbed on met-
als it is generally observed'” that M, increases
with respect to the gas phase by about a factor 2.
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The integrated infrared absorption from Ref. 9
implies an increase by a factor 2.2 in our case.
Significant changes in a, and M, can be expected
as well. The model also ignores surface-state
electrostatic screening. With use of the screen-
ing charge distribution®® of Lang and Kohn, to-
gether with the bond lengths of CO on metals dis-
cussed® by Efrima and Metiu, the electric field
reduction is estimated to be in the 9% to 18%
range. A full quantum-mechanical calculation
is needed to elucidate these effects further.

In summary, I have observed the first-order
Stark effect of CO on Ni(110) at 300 K. The
measured Stark tuning rate, (1.1+0,4) x10-°
cm™'/(V/cm), agrees with a model calculation.
The Stark effect can be used to obtain derivative
vibrational spectra of adsorbed molecules with
use of a tunable laser. This new technique, EVS,
is surface selective, zero background, offers
resolution limited only by the sampling interval,
and can be used either in UHV or atmospheric
pressure,
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