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Abstract

We have used a novel infrared emission technique to make the
first measurement of the linewidth of a molecule-substrate
vibrational mode on a‘well charaéterized singlg crystal surface..
At saturation coverage, the observed linewidth of the C-Ni mode of
CO on Ni(100) is 15 cm—l. This result is in agreement with

predictions for broadening due to de-excitation by two-phonon

emission.
PACS numbers: 68.45.-v

Present address: IBM Research Laboratory, 5600 Cottle Road, San

Jose, California 95193.



The usefulness of vibrational spectroécopy in the

identification of surface species, the determination of adsorbate

¢

Structures, and the study of dynamical processes has been

SF

thoroughly demonstr'at,ed.1 Although electron'energy loss
spectroscopy (EELS) has been a popular techhique because of its
inherently high surface sensitivity and large spectral range, its

1

relatively poor resolution of 30 to 100 cm_ makes the measurement

of linewidths and lineshapes eitremely diff‘icult.2 Infraﬁed
spectroscdpists find it easy to obtain résolutioﬁ less than 5 cm_T,
but have had to struggle forvadequate sensitivity. They have
generally been unable to observe modes at frequencies less than
1000 ém-1.3 Other techniques, such as inelastic tunneling

5

,spectroscopy,y surface Raman spectroscopy, and surface non-linear-

6 all have specific advantages and particular

optical techniques,
limitations due to sample configuration, sample temperature, or
sensitivity.

We show that infrared emission spectroscopy can resolve
adsorbate-substrate modes on single crystal surfaces both in the
frequency range of é few hundred cm-1, which contains important
adsorbate-substrate modes, and in the higher frequency range
characteristic of intramolecular modes. The technique is equally =
applicable to smooﬁh or rough surfaces, can be used with ,
transparent substrates as well as metals, and can be used with

high pressures and elevated sample temperatures. Our apparatus

was designed for the study of metal surfaces in vacuum; other
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types of system would require somewhat different experimental
equipment and procedures. Using the infrared emission technique,]
we have made the first measurement of the linewidth of a
molecule-substrate vibrétional mode on a well characterized singie
crystal surface.

The infrared emission technique which we have developed uses a
liquid helium temperétufe grating spectrometer to measure the
radiation from a sample in thermal equilibrium near room
temperature. Sinée a detailed description of the apparatus is to

be published elsewhere,’

we give only a brief summary of the
technique here. Figure 1 shows a diagram of the apparatus. The
Ni(100) sample, from the Materials Research Laboratory of Cornell
University, was mounted on a manipulatorvin an ultrahigh vacuum
chamber, with a base pressure of 10‘?0 torr, which was equipped
with conventional surface preparation and characterization
facilities. It was cleaned by argon ion sputtering to remove
sulfur, heating to 800° C for annealing, and oxygen treatments to
remove residual carbon; During infrared measuréments, the sample
temperature was held constant within +0.05 K at approximately

310 K.

Thermal radiation emitted by the sample is focused by a lens
onto the entrance slit of the spectrometer. The light 1is
collimated, diffracted from a grating and refocused onto a
Rockwell Si:Sb photoconductive detector. Liquid nitrogen

temperature baffles around the sample provide contrast to observe

the sample emissidn, and the spectrometer is maintained at 5 K



to minimize infrared baokgrounq radiation. Tﬁe present
experiments are made in the dc mode and are limited by slow
driftsi Significant imﬁrovements may be achieved by'implementingl
an appropriate médulationfv The detector noise is negligible
cbmpared to the statistical fluctuations in the‘photon stream of
10?0 photons/sec reaching the detector from the sample.

| A reference- spectrum éf the clean nickgl surface is first
measured by recording the detector signal’as a function of the
grating position, which is under computer control. After the
sample has been dosed with CO, its emission spectrum is measured
again. The ratio of the spectrup of Ni with CO to the réference
spectrum is computed to obtain the adsorbate spectruhf

Wavelengths are measured relative po-the 24th order diffraction.of
light from a He:Ne laser.

The infrared emission spectrum bf a saturation coverage of CO
on Ni(100), in the frequency range of the molecule-substrate mode,
is shown in Figure 2. The data represent the average of 30
spectra from 5'separate experimental runs. The total integration
time at each point was 30 seconds. The peak frequency of "~
47245 cm“?, and the intensity of the observed mode are
consistent with previous EELS results.8 The line is well
resolved; the observed linewidth (full width at half maximum) is
15+1 cm‘?, while the instrumental resolution is approximately

2.5 cm'?. From this'spectrum, we compute an effective charge for

LT



the C-M stretch of e*=0.11, which agrees well with Ibach's?
published value of 0;15. Since ordered low energy electron
diffraction (LEED) patterns were not obtained in this exberiment,
there is a possibility of broadening due to disorder.. However, a
preliminary experiment with a clear, well-developed c(2x2)
overlayer shows a similar linewidth of 16+2 cm°1.

This spectrum represents the first measurement of the
linewidth of the low frequency adsorbate-substrate mocde of a
molecular adsorbate on a well characterized single crystal metal
surface. It strikingly demonstrates the ability of our infrared
emission technique to bring high resolution and moholayer or
sub-monolayer sensitivity to a wide range of vibrational
frequencies. Previous measgreménts of such modes for molecular

v

adsorbates have been made only with high surface area

10-12

polycrystalline samples. The only infrared measurements

of adsorbate-substrate modes on single crystal surfaces have used

atomic hydrogen, which has a high vibrational frequency, and have
relied on special properties of the experimental system in order
to obtain adequate sensitivity. The vibration of hydrogen on

tungsten(100) was measured with a technique that exploited the

13

coincidence of the vibrational frequency with a CO, laser band.
An internal reflection geometry, useful for transparent
substrates, has been used to resolve the vibration of hydrogen on

single crystal silicon. 415



Our instrumént.has also been used to obtain spectra with
excellent signal-to-noise ratio in the higher frequency range of
the carbon-oxygen stretching vibration of C0O, at -~-2000 cm”?. It
easily measures signais from as little as 0.05 monolayer of CO in -
one minute.16’17 i_- | - : - o . A

For relatively high frequency intramolecular modes, such‘aé
the carbon-oxygen vibratidn of adsorbed CO, the moét plausible
- explanation for ;he observed linweidths seems to be the coupling
of the vibration ﬁd the electrons in the metal,VVia én
adsorbate-induced resonance in the density of states at the Fermi
leve1.78 Because the volume of momentum space accessible to the
electron-hole pairs is proportional to the vibrational energy, and
because the -absorption strength is believed to be related to the
degree of vibratiomal coupling to the electron gas, it is expected
from this model that the carbon-metal stretching vibration, with
its lower frequencyvand intensity, would be much narrower than the
C=0 stretching mode. In fact, however, the modes have comparable
widths, which suggests that other mechanisms dominate the width of
the carbon-metal vibration.

Three other line-broadening processes must be considered.
Inhomogeneous broadening cannot be absolutely excluded. Since our
preliminary data on an.ordered overlayer show a line of similar
width to that seen for a disordered layer, however, it seems
unlikely that inhomogeneity could entirely account for the breadth

of the C-Ni line.



,_‘i

A second possibility is that the linewidth is dominated by the
dephasing process, in which variations in the phase of vibration}
of an excited molecule, due to elastic collisions with phonons,

19 Persson has

broaden the line without shifting its frequency.
estimated that the broadening due to dephasing should be forty
times smaller than that due to de-excitation by phonon emission,
for the C-Ni mode in question.20
Vibrational decay by the excitation of substrate phonons is
not important for the C=0 stretching vibration,21 but it is
expected to be more important at loweér frequencies. Since the
maximum phonon frequency of bulk nickel is ~300 cm—?»,22 the
-2000 cm'? intramolecular mode_must decay via at least a
seven-phonon brbcess. The 472 cm_1 molecule-substrate mode,
however, can decay by the emission of only two phonons. Ariyasu,
et 33.,23 have calculated the linewidth due to the two-phonon
process, for the C-Ni mode of CO on Ni(100) at 300 K, and found a
value of 13.9 cm_j, in excellent agreement with our experiment;l
value. Their calculation also predicts a linear temperature

dependence for the linweidth above 300 K. We will test this

prediction in future experiments.



In summary; we have developed the technique of infrared
emission specprbscopy'fbr'the observation of vibrational modes of
adsorbates on métal substrates . We héve made the first
measurement of the iinewidth,ofvthe molecule-substrate vibrational
mode of CO.onvNi(10d), The observed linewidﬁh appears to;be
explained by a prdcess of vibrational damping by two-phonoﬁ
emission, in coﬁtrast to the electronic mechanism that seems to
dominate at higher frequencies. We anticipate that these data and
future measurements of adsorbate-substrate modes will stimulate
further discussion of the important broadening mechanisms
involved.

This work wés supported by the Director, Office of Energy
 Research, Office of Basic Ehergy Sciences,AMaterials Sciences
Division of the U; S. Department of Energy under Contract nuhber

DE-AC03-76SF00098.

4



REFERENCES

R. F. Willis, ed., Vibrational Spectroscopy of Adsorbates
(Springer-Verlag, Berlin, 1980).

H. Ibach and D. L. Mills, Electron Energy Loss Spectroscopy

and Surface Vibrations (Academic Press, New York, 1982).

A list of papers in this field is given by J. Darville, J.
Electron. Spectr. & Rel. Phenom. 30, 247 (1983).

Paul K. Hansma, ed., Tunneling Spectroscopy--Capabilities,

Applications, and New Techniques (Plenum Press, New York,

1982).

R. K. Chang and T. E. Furtak, eds., Surface Enhanced Raman

Scattering (Plenum Press, New York, 1981).

C. K. Chen, A. R. DeCastro, Y. R. Shen, and F. DeMartin, Phys.
Rev. Lett. 43, 946 (1979); C. K. Chen, T. F. Heinz, D. Ricard,
and Y. R. Shen, Phys. Rev. Lett. 46, 1010 (1981); B. F. Levin,

Cf’V..Shank, and J. P. Heritage, IEEE J. Quantum Electron. 15,
jujB (j979); G. L. Eesley, IEEE J. Quantum Electron._ 17, 1285
(1981).

S. Chiang, Rf G. Tobin, and P. L. Richardé, to be published.
S. Andersson, Sol. St. Commun._ 21, 75 (1977); J. C. Bertolini
and Bf Tardy, Surf. Sci._102, 131 (1981).

H. Ibach, Surf. Sci. 66, 56 (1977).



_,10 -

10. R. P. Eischens and W. A. Pliskin, Adv. Catal._lg; 1 (1958)..

1. C. W. Garland, R. C. Lord, and P. F. Troiano, J. Phys. Chem._ 69,
1188 (1965). |

12. H. C. Eckstrom, G. G. Possley, S. E. Hannam, and W. H. Smith, - y
J. Chem. Phys. 52, 5u35 (1970). _ | |

13. Y. J. Chabal and.A; J. Sievers, Phys. Rev. Lettf_ﬂﬂ, guy
(1980).

14. G. E. Becker and G. W. Gobéli,,J.'Chem. Phys._38, 2942 (1963).

15. Y. J. Chabal, Phys. Rev. Lett. 50, 1850 (1983)7

16. S. Chiang, R. G. Tobin, and P. L. Richards, J. Electronf
Spectr. and Rel. Phenom._ 29, 113 (1983).

17. R. G. Tobin, S. Chiang, P. A. Thiel, and P. L. Richards, to be
published.

18. B. N. J. Persson and M. Persson, Sol. St. Cbmmun._ié, 175
(1980).

19. Thomas F. George, Jui-teng Lin, Kai-Shue Lam, and Cheng-hui
Chang, Optiec. Engin._19, 100 (1980).

20. B. N. J. Persson, private communication.

21. Horia Metiu and William E. Palke, J. Chem. Phys._ég, 2574

(1978).

-5

22. R. J. Birgeneau, J. Cordes, G. Dolling, and A. D. B. Woods,

L

Phys. Rev. 136, A1359 (1964).
23. J. C. Ariyasu, D. L. Mills, K. G. Lloyd, and J. C. Hemminger,

to be published.



Figure captions

1. Optical layout of the infrared emission apparatus, with

7 .
LHe-cooled spectrometer on the left and ultrahigh vacuum
4 system on the right.

2. Infrared emission spectrum of the C-Ni stretch mode of satu-

ration coverage of CO on Ni(100). The instrumental

resolution was 2.5 cm—l.
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