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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 94720

Abstract

We have used a novel infrared emissioﬁ technique io make the
first measurement of the linewidth of a molecule-substrate
vibrational mode on.a well characterized single crystai surface.
At saturation coverage, the observed linewidth of the C-Ni mode of
CO on Ni(100) is 15 cm‘?. This result is in agreement with
predictions for broadening due to de-extcitation by two-phonon

emission.

PACS numbers: 68.45,-v
63.20.-e
78.30. -

Present address: IBM Research Laboratory, 5600 Cottle Road, San
Jose, California 95193.

* % .
Present address: Department of Chemistry, Iowa State

University, Ames, Iowa 50011.



The usefulness of vibrational spectroscopy in the
identification of surface spgcies, the determination of adsorbate
structures, and the study of dynamical processes has been
fhofbughly dgmoh#trated.? Although electron ‘energy loss

'»spectrb§copy (EELS)7has been a popular;technique'because of its
 iﬁﬁérenti} high suffééensensitiv}tyfénd léﬁge speétral rahge; its
.re;étﬁvely'poor fes61uti6n of'30 to.1bO'cm‘? makes the ﬁeashrement
of linewidths ari_d”‘ 11 n;eshap es f'eix’,t:r' e.x.n-e'ly;_'d{iffficuitf. 2 Ini.f‘r:j.'.ar'ved :
‘Sﬁéctboéc;pistsvfind‘it'easy.té,obtainﬁreéélutionAless than Sme'?.

: fbgt”haV€ héd to $£ruggle fbr $dequaLevsenSitiyity, They have
'”éenefaLly*beenfunaﬁlento~obser&é_modes;at-fneﬁﬁéncies le$§.than
TOOC:CE*?;3~-OtHér techniques, such as: inelastic tunﬁeling-
SPéCFfOSCAPY;uféurface:Réman spéctnoﬁcﬁpi}s and:surface_npn—iinear-'

'Optféél.te@nniques,5,ali ha;é'specific advantage$ and pan;iculaf'
limitétidng;due to sample'cohfigurétion. sample temperature, or
sehSitivity; | ) N

Infrared emission spectroscopy offefs certain advantages over
other types of infrared surface spectfoscdpy in sensitivity and
versatility. For substrates that are not stroqgly absorbing, such
as metals, it provides a reduction in background, compared to
refléction-absorption spectroscopy. The method is equally
applicable to smooth or rough surfaces. can pe used wiﬁh ¢
transparent substrates as well as metals, and can be used with o

high pressures and elevated sample temperatures. Several groups



have previously used infrared emission to study adsorbed
monolayers.7 but our experiment is the first to apply the
technique to sub-monolayer coverages of adsorbates on well
characterized single crystal metal surfaces in ultrahigh Qacuum.
Qur aﬁparatus is also the first to extend the infrared
spectroscopy of single crystal surfaces into the frequency range
of a few hundred cm'?, which contains important
adsorbate-substrate modes. Sample configurétions different from
ours would be required or preferred in order to use emission
spectroscopy to study systems other than metal surfaces in vacuumf
The infrared emission apparatus that we have developed uses a
liquid helium temperature grating spectrometer to measure 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 diagrém of the apparatus. The
Ni(100) sample, from the Materials Rese?rch Laboratory of Cornell
Univgrsity, was mounted on a manipulator in an ultrahigh vacuum
chamber, with a base pressure of 10’10 torr, inch was equipped
with convent;onal surface preparation and characterization
facilities. It was cleaned by argon ion sputtering to remove
sulfur, by heating to 800° C for annealing, and by oxygen
treatments to remove residual carbon. The best indicator of

sample cleanline'ss was the observation of a sharp c(2x2) low



energy'électfon difffaction (LEED) pattern when the surface was
saturated with CO. During 1@frared measurements,'the sample
téhperature was held constant within #0.05 K at approximately
310 K. |
| fﬁermal radiation~emitted:by-the sample is -focused by a lens
1ontb'the en£rancé°s;itvof phefspectrometeru ‘The light'is
collima;ed, diffracted fropla grating anq;refocused onto a
: Rockweil Si:Sb:phdtoconduéti#e-détector;"LfQuid‘nitrogen 
"vtémberatdreﬁﬁéffIéS afdundJﬁhefSahple'brdVidGJCOnﬁrast-to observe
"the'sémpleiémiSSionyiandlthe spectnometerais.maintaihedfat~5'K
_t6 mihimLzéAinfrared_backgrgund’rad;atidn;' The present |
’expeﬁiménts.ahe maée fn ﬁhefdc*mbde’ahd”are'liﬁitédiby Slow
drifﬁs. 'SignifiCanﬁ fhpﬁbVéménté_in signal-to-noise ratio,
‘ potentially by a‘f&ctoﬁ of'ib?1001 may be achieved by implementing
an appropriate moduiation. The detector noise is negligible
‘compared to the statisxical.fluctﬁation; in ‘the photon stream of
?O?O'phbtons/sec reaching the détector_from the samplef

A reference spectrum of the clean nickel surface is first
measured by recording the detector signal as aﬂfunction of the
grating position, which is under computer control. After the
samble has beén dosed with CO, its emission spectrum is measured
again. The ratio of the spectrum of Nivwith.CO to the referencé
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‘1x1 LEED pat;ern was observed before the sample
was dosed with CO. Curve (a) was obtained from a disordéred co
layer on a surface with significant residual contamination. The
c(2x2) LEED pattern expected fof CO on clean Ni(100) was not
seen. Infbéred emissionbspectra measured in the C=0 stretch
frequency range showed that for this sﬁrface ﬁhe CO was in
bfidge-bonded as well as linearly.bonded sites.9 The data in

curve (a) represent the average of 30 spectra from.5 separate:

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

seconds. The peak frequency of 475 + 5 cm~1 is in good agreement
with EELS results.?o 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‘?. 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-procedﬁres 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.



Sﬁébébamfrom the C=0 stretch range showed only linearly bonded CO
as-is'expebted forfﬁhe ideal[p(2x2) structure. . The absence of the
bridge-bonded CO suggestsbthat this surface was significantly:

‘cleaner than those prévious1y uéed_fdr vibrational studies of the

’ CO/NIQTOO)'system;?Qt??k The sﬁébtrum shown in-burVe'(b)

.representé-é’sihgle'bkperimeﬁﬁéi.run; and a total of 10 seconds of. -

integfatiqn;pér-point;, Thé:signal-to;ndisefratiobfor curve (b) is
| _’s.i.g'n'-if"ica‘ﬁ_t‘ly' less _'g-,ovod‘ than for curve (a). The feature at

) u90 ém5?gin}curve_(b)@'fdrvéxampléb is likely to be ndise:
“Thé-ﬂeék-fﬁéqﬁ@néiés éndfthé irheﬁidth§'bf'the~two spectfa afe
'.theAs;me, withinuéxperimeﬁtaI ebE§ﬁf,}FOPfthéﬁorderéd c(2x2) i
. ,defi§¥érQ fctbvefkb)j{'ihé'peak.fréq@ehci isﬁu76:5;¢m‘1,;and the
:lipéwiﬁth is.1512ﬁcm‘T. The intensity of fhe_line:iS about'a
factor of two greater iﬁ curve (b) than that'observed-£n curve
(a)t "The difference could arise from incomplete surface coverage
>invthé”disordered~case, or from better ;ample positioning_rbr the
sbeétrum‘of the ordered overlayer:. Usigk the theory described by
Ibach.,.?2 suitably adapted for oufbexperimeﬁt, and assuming a rigid
sUrface; we calculate a screened effective charge fbr the c(2x2) 

layer of e* = 0.17, in reasonable agreement with Ibach's?2'13

published value of e* = 0.21.
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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
emissfon 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 sufface area
polycrystalline samples.?"‘!6 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
coincidence of the vibrational frequency with a CO, jaser band.'’
An internal reflection geometry, usefulwfor transparent |
substrates, has been used to resolve thg.vibration of hydrogen on
single crystal silicon.?8'?9

Our instrument has also been used?:20 to obtain spectra with
excellent signal-to-noise ratio in the higher frequehcy range of
the carbon-oxygen stretching vibration of CO, at -~2000 cm‘?. It
easily measures signals from as little as 0.05 monolayer of CO in
one minute, with a resolution of 15 cm‘?. Improved resolution

would result in some loss in sensitivity.



For réiétively high frequency intramolecular modes, such as
the carbon-oxygen vibration,of‘ad$orbed CO, the most plausible
'exﬁlan&tioﬁ for the observed linewidths seems: to-be the coupling
of the vibration to the electrons in the metal, via an S
;aQSOrbate;ihduced:reébﬂance 1h'the4den5ft§»df}sﬁateSJat the Fermi »'”ﬂ
Ieve1@21 BecauSé the'voiume‘oflmomentum space access1ble:to the
-"éléétronfhole‘pairss1svpfopbrtiqna1{ﬁogthé;ifbra;ibnal eherg&,‘and‘

:bédauSéjthe:absdnptibp'strengfhﬁis7be1£eveh,;oiyegreléﬁéd‘to~the

.degpée~QfJVﬁb;ational_GOUpiingitb;the'eieétfbngéés, itiis_expected'
'“’froﬁ thi§§mo&e1'that fhekbﬁrboh*méﬁai smretchingrvibration,,with;
1git$mfgwer‘f?e@uehpywand;inténsityQJwdﬁidﬂbésmpbh:nahrévén than the -
CQCvétretdhing-ﬁddeﬁ Th factf;hoVe§er;lﬁhe*hABes}have‘COmparable
"id£h3' Vhiéh suggests that other ﬁechanisms dominate the width of
‘the éarbon;metal vibration.

Three*othef.lihe—broadeﬁing processés mus£ be Considered,
Inhomégeneous'broadening cannot be absp@htely excluded. The.
measurement of the same linewidth for a well ordéred c(2x2)
overlayer as for a disordefed layer'minimizes.ppevlikelihood of
disorder-induced broadening, but a more direct demonstration ‘that
the linewidth is intrinsic~-for example by measuring the

temperature depéndence of the linewidth--is certainly important, T

and will be attempted. 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 frequéncy.22 Persson has

estimaﬁed that the broadening due to dephasing should be thirty
times smaller than that due to de-éxcitatidn by phonon emission,
for the C-Ni mode in question.23

Vibrational decay by the excitation of substrate phonons is
not'important for tﬁe Cc=0 stretéhing_vibbation,zn but it is
expected to be more important at lowér frequencies. Since the
maximum phonon frequency of bulk niékel25 is ~3OO cm‘?, the
~2000 cm™! intramolecuiaf mode must decaj via at least a
seven-phonon process. iThe 475 cm‘?'molecule—substrate méde,
however, can decay by the émissidn of only two phonons. Ariyasu,
et 31-,26 have cﬁlculated the linewidth due to the two-phonon
process;vfor the C-Ni mode of CO on Ni({OO).at 300 K, and fdund'a
value of 13.9 cm‘?. in excellent agreemght with our experimental
value. Their calculation also predicts a linear temperature
dependence for the linewidth above 300 K. We will test this
prediction in future experiments.

In summary, we have advanced the technique of infrared
emission spectroscopy rorvsurface'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 cm'?. We have made the first measurement of the
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~linewidth:%f ;hevmolecule-substrate vibrational mode of c(2x2) CO
on,ﬁi(100)..'The'observed liqewidth appears. to be explained by a
process of vibrational damping by two-phonon emission, in contrast
to’thg,electpbnic mechanism that seems. to dominate at higher
,freqﬁéﬁcies. _EXpériments to verify phé»¢ecay mechanism-éfévin
 brbére;é;  W§Jaﬁti§ipé€€)that £he'dat;'pges§nﬁeﬁ here;.and.future
:méaSureménts‘of adsbrbaié’éﬁbstrate i6dg$;'willfétrmulaﬁe further
 -fdiséﬁésiénﬁand“ﬁndérstanding of;§he-imporﬁéhtYDrdédenfhgf
’:ﬁechaniéms;inV6IVed. | .
7H;This‘wobklwas~SUppoﬁted by'thé Direcﬂor,'office:of Enefgy
'{"Résééreh{50ﬂfiqe>of Basic Ehehgy Seiéhces¢fMafériais-Seiences‘
:’7D£vi§rqdidﬁ&thera Sm{DepaPtmeniibﬁ?EnbrgyguhnermContcact-number

YD‘E-ACO'B-;7.6ISFOOO98 .
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Figure captions

1.

Optical layout of the infrared emission apparatus, with
LHe-cooled spectrometer on the left and ultrahigh vacuum
system on the right.

Infrared emisSion,spectra from a satufation coverage of CO on
Ni(iOO) at 310 K. The instrumental resolution was 2.5 ém‘?,
and a lineér baseline has been subtracted'from the curves.
Thé;solidﬂlines are obtained by cdmputer smoothing of the
dafafq (a) Spectrum of a disorderedvcoklayer on a partially
contaminated surface. (b) Spectrum of én»ordered-c(2x2) co

overlayer on a clean surface.
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