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THE MOLECULE-SUBSTRATE VIBRATION OF CO ON Ni(100) 

STUDIED BY INFRARED EMISSION SPECTROSCOPY 

S. Chiang,* R. G. Tobin, P. L. Richards, and P. A. Thiel** 
Department of Physics, University of California, Berkeley 

and Materials and Molecular Research Division, 
Lawrence Berkeley Laboratory 

Berkeley, California 9ij720 

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 characterized single crystal surface. 

At saturation coverage, the observed linewidth of the C-Ni mode of 

CO on Ni(100) is 15 cm- 1 • This result ~s in agreement with 

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

emission. 

PACS numbers: 68.45.-v 
~ 63;20~-e 
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The usefulness of vibrational spectroscopy in th~ 

identification of surface sp.ecies; the determination of adsorbate 

structures, and the study of dynamical processes has been 

thoroughly dem~nstrated.1 Although electron energy loss 

spectros'copy (EELS) has been a popular' technique bec.aus·e of its 
" 

inh~r~ntly high surface sensitivity and l~~ge spectral range, its 

relatl vely poor resolution of 30 to. 100 cm- 1 makes the mea:surement 

c. of linewid·ths and lin·eshapes ·extrem~lydifficult.2 Infr'ared 

spectroscopists find· it ea~y to. obtainre~61u~ion less than 5cci- 1 , 

b u th a v'e had to s t r ug g Ie for' ad e qua t·e se n 5 it iv i t Y . They h a v e 

general:ly been unable to obse.rve m,odesatfre:qu.e;ncl.es less than 

'" lOOOcm- 1 .3.· other te'chniques, such as' inelastic tunn·eling 

spectt'oscopy,4 s·urface Raman spect'ro.sc;opy',.5 and surface non-linear 

opticai techniqu~s,6 all have specific advantages and particu~ar 

limit.ations due to sample con!i.guratlon, sample temperature, or 

sensitivity. 

Infrared emis~io~ sp~ctroscopy o~fers certain advantages over 

other types of infrared surface spectroscOpy in sensitivity and 

versatility. F~r substrates that are not stro~gly absorbing, such 

as metals, it provides a reduction in background, compared to 

reflection-absorption spectroscopy. The method is equally 

applicable to smooth or rough surfaces, can ~e used with 

transparent substrates as well as metals, and can be used with 

high pressures and elevated sample temperatures. Several groups 

'"' , 
\ . 
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have previously used infrared emission to study adsorbed 

monolayers,7 but our expe~iment is the first to apply the 

technique to sub-monolayer coverages of adsorbates on well 

characterized single crystal metal surfaces in ultrahigh vacuum. 

Our apparatus is also the first to extend the infrared 

spectroscopy of single crystal surfaces into the frequency range 

of a few hundred cm- 1 , which contains important 

adsorbate-substrate modes. Sample configurations different from 

ours would be required or preferred in order to use emission 

spectroscopy to study systems other than metal surfaces in vacuum. 

The infrared emission apparatus that we have developed uses a 

liquid helium temperature grating spectrometer to mea~ure the 

radiation from a sample in thermal equilibrium near room 

temperature. Since a detailed description of the apparatus is to 

be published elsewhere,8 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 manipulator in an ultrahigh vacuum 

chamber, with a base pressure of 10- 10 torr, w~ich was equipped 

with conventional surface preparation and characterization 

facilities. It was cleaned by argon ion sputtering to remove 

.~ sulfur, by heating to 800 0 C for annealing, and by oxygen 

treatments to remove residual carbon. The best indicator of 
~ 

sample cleanlin~ss was the observation of a sharp c(2x2) low 
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energy elec~ron diffraction (LEED) pattern when the surface was 

sa-tura ted wi th CO. Dur ing infrar·ed measurements, the sample . 

temperature was held coristant within ±0.05 K at approximately 

310 K. 

Thermal radiationemi tted by' the s'amp'le is focused by a lens 

on·to the entrance slit of the spectrom,eter'.The light''!s 

collimated, diff·racted from a grating and, refocus·ed onto a 

Rockwell Si:Sb photoconductive detector. Liqu id nItrogen 

tem.per'ature·baffles' arourid the' samplep'rovide contra.stto observe 

the sample' emission, a,nd the spectro,met:er,is In'alntained·at '5'K 

to minimizl! infrared background radiatIon,. The present 

experimen,ts. are made in th,e dc' mode and are limited by slow 

drifts. Significant improvemeritstn stgnal~to~noise ratio, 

potentially by afa'c'tor of' 10';"1 CO,may be ac:hi,eved·' by ~mplementing 

an appropriate modulation. The d~tector nOise is negligible 

compared to the' statis.tlca.l fl.uctuations in the photon. stream of 

10 10 ph~tons/sec reaching the detector from the sample. 
. . 

A reference spectrum of the clean nickel 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 spectrum of Ni with CO to the reference 

spectrum is computed to obtain the adsorbate spectrum. 

Wavelengths are measured relative to the 24th order diffraction of 

light from a He:Ne laser. 
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Figure 2, shows infrared emission spectra from a Ni(100) 

surface saturated with CO at room temperature, in the frequency 

range of the molecule-substrate mode. The two curves were 

measured with different sample preparation procedures. In both 

cases a sharp 1xl LEED pattern was observed before the sample 

was dosed with CO. Curve (a) was obtained from a disordered CO 

layer on a surface with significant residual contamination. The 

c(2x2) LEED pattern expecte~ for CO on clean Ni(100) was not 

seen. Infrared emission spectra mea~ured in the C-O stretch 

frequency range showed that for this surface the CO was in 

bridge-bonded as well as linearly bonded sites. 9 The data in 

curve (a) represent the average of 30 spectra from 5 §eparate 

experimental runs, with a total integration time per point of 30 

seconds. The peak frequency of ~75 ± 5 ~m-l is in go04 agreement 

with EELS results. 10 The line is well resolved; the observed 

linewidth (full width at half maximum),is 15 ± 1 cm- 1 , ,while the 

instrumental resolution is approximately 2.5 cm- 1 • The greater . 
uncertainty in the peak frequency is due to errors in the absolute 

calibration of the grating angle. 

Curve (b) was measured after refined cleaning procedures had 

improved the state of the surface. Although our available Auger 

system could not distinguish between the two,surfaces, thermal 

desorption spectroscopy showed that the surface used for curve (b) 

had significantly less surface carbon. A sharp c(2x2) LEED 

pattern was observed when a saturation dose of CO was added. 
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Sp'ec'tra from the C-O stretch range showed only linearly bonded CO 

as is expe'cted for the idealc(2x2) structure. The absence of the 

b'r i dge-bonded CO suggest,s that th i s surf ace was s i gni f i cantly 

c~eaner than those previously used for vibrat14nal studies of the ~ 

C,O/Ni (100) sy stem. ~ 0 • ~ ~The spec trum shown in curve (b) 

repr,ese;ntsa' singleexpe,r iment,al,run, and a tot,a! of 10 se'conds of 

integra,t ion, perpo;i n t ~ Thes1 grial- to.~n01 se ratio for curve (b )' is 

significantly less good than for curve (a,) •. The feature at 

490, cm- 1 in' curve (b·), for' example, is likely to be noise'. 
. . . . . 

The p,eakfrequ-enclesand' the iine'';lidthsor the' two spectra are 

the same, within e,xperimenta,l error." ,F'or the ordered c(2x2) 

,overlaye:r, [cur've (b)]; 'the peak frequ.encY is 4t6±5 cim~l, ,and the 

linewldth is 16±2 cm- 1 • The intensity of the line' is about a 

factor of' t';lO greater In curve (b) than that observed 1:n c,urve 

(a). 'The difference could arise from in'complete, surface coverage 

in the disordered case, Or from b'e,tter' sample posi tion~ng for the 

spectrum of the ordered over~aye~~ Using the theory des~ribed by 
" 

tbach,12 sultab~y adapted for ou~ experiment, and assuming a rigid 

surface, ';le calculate a screened effective cha~Be for the c(2x2) 

layer of e* - 0.17, in reasonable agreement ';lith Ibach's12,13 

published value or e* - 0.21. 

" t
' , 

v 

" 



- 7 -

The spectra in figure 2 represent the first measurements of 

the linewidth of the low frequency adsorbate-substrate mode of a 

molecular adsorbate on a well characterized single crystal metal 

surface. They strikingly demonstrate the ability of our infrared 

emission technique to bring high resolution and monolayer or 

sub-monolayer sensitivity to a wide range of vibrational 

frequencies. Previous measurements of such modes for molecular 

adsorbates have been made only with high surface area 

polycrystalline samples. 14 - 16 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 expl01ted the 

coincidence of the vibrational frequency with a CO 2 laser band. 17 

An internal reflection geometry, useful for transparent 

substrates, has been used to resolve the vibration of hydrogen on . 
single crystal silicon. 18 ,19 

Our instrument has also been used9,20 to obtain spectra with 
d 

excellent signal-to-noise ratio in the higher frequency range of 

the carbon-oxygen stretching vibration of CO, at -2000 cm- 1 . It 

easily measures signals from as little as 0.05 monolayer of CO in 

one minute, with a resolution of 15 cm- 1 • Improved resolution 

would result in some loss in sensitivity. 
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For relatively high frequency intramolecular'modes, such as 

the carbon-oxy~en vibration of adsorbed CO, the most plausible 

explanation for the observed linewidths seems t,o' be the ,coupling 

of the vibration to the electro:ns in' the metal, via an 

adsorba te'-'ind'uced resonance In the 'densl:ty of, sta tesa t the Fermi 

level. 21 Because the volume of mome'ntumspac'e, access i til e' to the 

e'le'ctron-'hole pairs is proportional, to",th,ev ibra,tional energy, and 

becau,se the absorption st'rength iSb:elteved to' be rel>ated, to the 

d,eg~ee of vibrational coupling- tot-he e:lectr6n, gas', it is' expected' 

C ... O s·tretchingmode. 'I.nfact, however ,the modes' h,ave comparable 

Widths,which suggests that other mechanisms d'o'mina:te the' width of 

,the carbon-metal vibration. 

Th'ree other line-broadening proces"ses must be consi.dered. 

Inho,mogeneou,s broadening cannot be absol,utely excl uded. The, . 
measurement of the same linewidth for a well ordered c(2x2) 

ove'rlayer as for a disorder'ed layer' minimizes t.!'le likelihood of 

disorder-induced broad~ning, but a more direct demonstration that 

the linewidth is intrinsic--for example by measuring the 

temperature dep~ndence of the linewidth--is ~ertainly important, 

and will be attempted. v 



. .v 
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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, 

broaden the line without shifting its frequency.22 Persson has 

estimated that the broadening due to dephasing should be thirty 

times smaller than that due to de-excitation by phonon emission, 

for the C - N i mod e i n .q u est ion. 23 

Vibrational decay by the excitation of substrate phonons is 

not important for the C=O stretching vibration,24 but it is 

expected to be more important at lower frequencies. Since the 

maximum phonon frequency of bulk nickel 25 is -3~0 cm-~, the 

-2000 cm- 1 intramolecular mode must decay via at leas~ a 

severt-phonon process. The 475 cm- 1 molecule-substrate mode, 

however, can decay by the emission of only two phonons •. Ariyasu, 

~ al.,26 have calculated the linewidth due to the two-phonon 

process, for the C-Ni mode of CO on Ni(lOO) at 300 K, and found a 

value of 13.9 cm- 1 , in excellent agreement with our experimental , 

value. Their calculation also predicts a linear temperature 

dependence for the linewidth above 300 K. We wJlI test this 

prediction in future experimenta. 

In summary, we have advanced the technique of infrared 

emission spectroscopy for surface vibrational studies by applying 

it to adsorbates on well characterized single crystal metal 

surfaces, and by extending it into the important frequency range 

of a few hundred em- 1 • We have made the first measurement of the 
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-, 

linewidth'o'f .the molecule-substrate vlbrCitionalmode of c(2)(.2) C.O 

on Ni(lOO). The observed linevidth appears to be explained by a 

process of vibrational damping by two-phonon emission, .in contrast 

to the electronic mechanism that seems to dominate at higher 

fr-eque·ric.ies. Experiments t.o verify the decay me.chanism are in 
,";,. -, •• ' ¥ 

pr.ogr'ess. We anticipatet-hat the data presented here, and future-

m.eas.urements o-f adsorbate .... substrate m'od-es, wilT stimulate further 

·dis~~ssion and understanding _or~he important,broadeniri~ 

:inechanisms i nvol ved. 

Th.is workwass.lipported by the Dir-ector, 'Office of Energy 

Res~ar'ch-,Of·f.ice of Basic Enel"gy: SCiences,_Materl·als Scie,nce.s 

.;- . Dl,v 1'8 ion:' of·the"U:. S-•. Departmen,t 0.(' Energy .. un'd!er' .C-ont:r:act nUmbe;r 

DE-AC03-7&SF00098. 
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Figure captions 

1. Optical layout of the infrared emission apparatus, with 

LHe-cooledspectrometer on the left and ultrahigh vacuum 

system on the right. , 
2. Infrared emission spectra fr6m a saturation coverage of CO on 

Ni(10~) at 310 K. The instrumental resolution was 2.5 cm- 1 , 

and a linear baseline has been subtracted from the curves. 

The, sol i d lines are o-btalned by computer smoothing of the 

data~' (a) Spectrum of a disordered CO layer on a partially 

corttaminatedsurface. (b) Spe~trum of an ordered c(2x2) CO 

overlayer on a clean surface. 
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