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Orientation of Co on Pt(111)and Ni(111) Surfaces from Angle-Resolved Photoemission*
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Angle-resolved photoemission spectra of the molecular obritals of chemisorbed CO on
Pt(111) and Ni(111) substrates show a strong angular variation of the peak intensity ratio.
Comparison with Davenport's Xn calculations establishes that CO stands up on these sub-
strates, with the carbon atom bonded to the substrate. The Pt 5d(t2&) orbitals are found
to be strongly involved in chemisorption bonding to CO.

The interaction of chemisorbed adsorbate mol-
ecules with catalytically active substrates has
formed the focus of much recent research activity
in surface physics. Because of the importance of
the CO/Pt and CO/Ni systems in heterogeneous
catalysis for synthesis of hydrocarbons, these
systems have served as prototypes for surface
studies. Until now, however, no firm evidence
has been presented regarding the orientation of
absorbate CO molecules on crystalline nickel or
platinum surfaces.

Davenport' presented SW Xe calculations of pho-
toelectron angular distributions from the molecu-
lar orbitals of oriented CO molecules and pointed
out that chemisorbed CO should display similar
angular distributions provided that the molecular
wave functions are not strongly perturbed by the
substrate. In this Letter, we report photoelec-
tron angular distributions from CO adsorbed on
both Pt(111) and Ni(111) surfaces. These data
provide the first definitive evidence that the CO
molecules "stand up" in both cases, with the car-
bon atoms bonded to the substrate. Furthermore,
the spectra clearly show that the t2g orbitals of
the Pt 5d band are strongly involved in the Pt-C
chemisorption bond. The experiments reported
here were carried out with conventional photo-
emission equipment (He lamp, cylindrical mirror
analyzer) and thus point out the potential of such
studies to determine bonding geometries. It is

clear that by making use of variable-energy,
highly polarized synchrotron radiation, such
studies become even more powerful.

Experiments were carried out using the hv
= 40.8 eV radiation emitted by a He II resonance
lamp. Single crystals of Pt and Ni were cut along
the (111)planes and cleaned in situ under ultra;
high-vacuum conditions. In the case of Pt, it was
necessary to alternate periods of Ar' bombard-
ment of the specimen at 950'C and oxidation in an
atmosphere of 10 ' Torr 0, at 850'C for two
weeks in order to remove calcium and carbon im-
purities diffusing to the crystal surface from the
bulk. Nickel was cleaned by repeated Ar' bom-
bardment and annealing. The photoemission
studies were conducted at a background pressure
of impurities (other than He) less than 8x10 "
Torr. In the angle-dependent studies, both the
unpolarized photon beam and the propagation di-
rection of the analyzed electrons were in a hori-
zontal plane, and the crystal could be rotated
about a vertical axis in the plane of the (111) sur-
face. Angle-resolved photoemission (ARP) was
facilitated by masking all but an 11 arc of a cy-
lindrical mirror analyzer, yielding an effective
angular resolution of (5+ 1) half-angle. ' Figure
1 shows the variation of the clean valence-band
spectra (solid line) and the corresponding spec-
tra after adsorption of -4 L CO (dotted line),
plotted against 0, the angle of rotation from the

1497



VVI, UMK 37, NUMBER 22 PHYSICAL REVIEW LETTERS 2g NuvF. MorR 1~$76

Pt-
Pt+CO B~

—l,O-(- -i

= 08-

06-

Oetector

(iii)
l

tioo)- od, o
oce i projection g Rototion

(iooj P t (lit)

projection ~oft",
&go

Itototion
oxls

i
'i ""'",""'' r ' ' t'"T'

l.3

b

08 t

0.6-

loa

O.Z- CO ot) Pt (ill)

hz =40.8eV

-30 () 30 ~I() 6() -PO ()

Photoemtssiott ortIIle OH

60

~J
5 lO l5 Er 5 l() l5

Binding energy (eV)

FIG. 1. Photoemission spectra of clean Ni(111) and

Pt(111) (solid lines) and Ni(111) +4 L CQ and Pt(111)
+4 I CO (dotted lines) at h&=40.8 eV as a function of
the angle ~ between the surface normal and the photo-
electron propagation direction. ~ is defined in Fig. 2(a).

FIG. 2. (a) Experimental arrangement of the photon
beam and detector with respect to the crystal normal.
~ is defined positive for clockwise rotation, negative
for counterclockwise rotation of the crystal normal with

respect to the fixed photoelectron propagation direction
into the analyzer. (b) Experimental orientation of the
crystals in the (111) plane. (c) Intensity ratio Iz/1& of
the two molecular orbital peaks A and 8 in Fig. 1 as a
function of ~, ~here ~ is defined in (a). (d) Calculated
intensity ratio 4(J/(1~+Go), scaled for best fit to exper-
iment, for three orientations of the CO molecule with

respect to the surface as a function of 6t, where 6 is
defined in (a).

crystal normal to the photoelectron k direction,
for both crystals. The spectra shown in Fig. 1
were recorded with an experimental resolution
of -0.2 eV.

The CQ molecular orbitals labeled A and B in
Fig. 1 are manifest as two peaks falling at -8.1-
and —10.8-eV binding energy below the Fermi lev-
el (E F) in Ni and at - 9.2 and -11.V eV in Pt, re-
spectively. The higher-binding-energy (En) peak
(8) has been assigned to the 4rr orbital of CO,
while the lower-Ee peak (A) is attributed to a com-
bination of the lm and 5o orbitals. ' In both cases,
the two peaks are of nearly equal intensity for k
near the surface normal, with the 8/A ratio de-
creasing as k is rotated toward the crystal sur-
face. In Fig. 2(c) we have plotted the intensity ra-
tio I~/I„of the two molecular orbitals A and 8 for
the case of CO on Ni(111) and CO on pt(111) as a
function of the angle (8) between the surface nor-
mal and photoelectron propagation direction. The
details of the crystalline orientation with respect
to the photon beam and the detector are shown in
Figs. 2(a) and 2(b). In Fig. 2(d) we have plotted
the angular dependence of the ratio 4v/(lir + 5@)

calculated from Davenport's angular distributions,
for three orientations of the CO molecule with re-

spect to the surface. The calculations have been
scaled for the best fit to the experimental curves.
%e believe that this is justified because Daven-
port's calculation does not predict the correct
Inagnitude for the total cross section of the 1m

and the 4a orbitals at hv =41 eV (see Fig. 2, Ref.
1). For this reason we compare our results only

to the angn/m' dePendenee of the ratio and not the

absolute magnitude.
In our calculation, we take the unpolarized in-

cident radiation to be composed of bvo orthogonal
linearly polarized components one of which is in
the plane containing the incoming photon beam
and the detector and the other is perpendicular
to this plane (A=Aii+A~). Since for unpolarized
light the two components All and A~ are lncohex'-
ent, the photoexcitation matrix element can be
written

J."l&flA plr&l'd~-l&flA» pl~&l'

+l&ffA. pl &l'.

The contributions from the two components to the
differential photoemission cross section were cal-
culated a.ccording to the following analytical ex-
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pression, '
do/dn =A (8) cos'8„+[&(8)+ C (8) cos2p]

&& sin'8„+ D(8) sing sin 8„cos8„, (2)

where 8„ is the polar angle of A]] or A~, respec-
tively, and 6 and y are the usual polar and azi-
muthal angles of photoemission with respect to
to the CO axis of the oriented molecule. '

Comparison of the experimental intensity ratio
I~/I„ for the adsorbate-substrate systems [Fig.
2(c)] with the scaled theoretical intensity ratio
4cr/(le+ 5o) for an oriented CO molecule [ Fig.
2(d)] strongly favors the configuration where CO
stands up, with the C bonded to the substrate.
Note in particular that the configuration with 0
bonded to the substrate can be excluded because
the 4o'/(1m+5') ratio vanishes for angles 8 ~20 .
The overall good agreement between the experi-
mental curves in Fig. 2(c) and the solid curve in
Fig. 2(d) is not expected to be perfect in detail,
mainly because the 5o orbital is expected to be
somewhat perturbed through its interaction with
the substrate. ' We feel that the present results,
besides determining the orientation of CO on
Ni(111) and Pt(111), also prove in general that
angle-resolved untraviolet photoemission can be
used to determine bonding geometries. One other
point which needs to be discussed is the differ-
ence in behavior of the ratio I~/I„with 8 for CO
on Ni(111) and for CO on Pt(111). This may be
due to a difference in the detailed nature of the
adsorbate-substrate bonding for the two systems
resulting in initial' and/or final' state effects
which determine the photoemission angular dis-
tributions. This point is currently under more
thorough investigation.

The 4 bands of Pt rise sharply to a peak very
near F.F, then show a broad structure extending
for about 7 eV. We have calculated the band
structure of Pt using Smith's' parametrization of
the Hodges-Ehrenreich-Lang tight-binding inter-
polation scheme. Figure 3 shows the calculated
total valence-band (VB) density of states and its
decomposition into the t, g

and e
g

components.
The first VB peak near EF is seen to arise in
large measure from t, &

orbitals, which, because
of high surface sensitivity of the photoemission
spectra. at ~v=40 8 eV 'o should mainly be locat
ed on surface Pt atoms " The dramatic decrease
in the intensity of this peak on chemisorption of
CO, which is evident in most of the Pt spectra,
in Fig. 1, indicates the involvement of surface
t, z

orbitals in the chemisorption bond(s). A sim-
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FIG. 3. Total valence-band (VB) density of states and
the t&& and e& projections for Pt 5& calculated in a tight"
binding interpolation scheme as discussed in the text.
The density-of-states histograms were convoluted with
a Gaussian of full width at half-maximum=0. 5 eV.

ilar effect has also been observed at higher pho-
ton energies. "

Neither the location of CO on the substrate nor
the exact nature of the CO-substrate bond is yet
established. We tend to favor a model in which
the C atom lies immediately above a Pt atom,
with coordinate covalent (v) bonding by the car-
bon lone-pair electrons, stabilized through baek-
bonding of t,

&
orbitals with the CO m* orbita1s. "

This is consistent with the spectra, particularly
with depletion of the surface t,

&
bands, and it is

also appealing on chemical grounds (bond-length
considerations, for example). Further experi-
mental evidence will be needed, however, before
the absolute conformation of the ehemisorbed CO-
substrate complex is established with certainty.
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An experimental study of electrical transport phenomena in TTF-TCNQ in the low-tem-
perature (T &4.2 K) dielectric regime is reported. The current-voltage curves are non-

linear with conductance increasing with increasing voltage. The observed nonlinearity is
insensitive to radiation-induced defects at the fraction of a percent level. The data are
discussed in terms of electric field depinning of the incommensurate charge-density wave

with a critical electric field of approximately 1.5&10 V/cm.

Extensive studies of the electrical conductivity
of TTF-TCNQ have generally focused on two tem-
perature ranges~he one-dimensional metal re-
gime at T ) 58 K' ' and the region 38 K& T & 58
K' 9 in which a series of three electronic struc-
tural transitions have been observed. "" In the
dielectric regime below 38 K, the charge-density
waves (CDW) are pinned by interchain coupling
resulting in a three-dimensional superlattice with

a, =4a, b, = 3.4b, and c,=c (where a, b, and c are
the lattice parameters of the undistorted struc-
ture). '0"'~" However, the unusually large low-

frequency dielectric constant" and the related
low resonance frequency" for the coherent pinned

phase mode imply relatively weak pinning forces.
The question which we have approached experi-
mentally is whether the application of an electric
field at low temperatures (T «38 K) can cause
the weakly pinned CDW condensate to depin (par-
tially) and thereby become conducting. We re-
port" in this Letter the results of an experimen-
tal study of nonlinear transport phenomena in
TTF-TCNQ at low temperatures.

All measurements of the current-voltage char-
acteristics were carried out on single crystals of
TTF-TCNQ with use of the standard four-probe
arrangement, with the sample immersed in the
liquid-helium bath. Low current levels ((1 pA)
were supplied by a simple dividing network using

a battery source and were measured with a Kieth-
ley 160B multimeter. At higher current levels,
measurements were carried out in both controlled-
current and controlled-voltage configurations with
either an electronic measurements C612 constant
current supply or a Hewlett-Packard dc power
supply in series with a battery. In all cases, the
voltage across the sample was measured using a
Kiethley 6108 electrometer as a high-impedance
buffer (gain of one) connected to a Keithley 160
multimeter.

Figure 1 shows the I-l' curves of a crystal of
TTF-TCNQ measured along the principal conduc-
ting b axis. The I-U curves are nonlinear, with
the dynamic conductance, dI/dV, increasing with
increasing voltage. As the temperature is low-
ered, the low-field conductance decreases, but
the degree of nonlinearity increases dramatically.
The I-V curves qualitatively appear to be ap-
proaching an off-on situation at T= 0 K where cur-
rent is not generated until a "critical" electric
field is reached. The degree of nonlinearity is
illustrated in detail in the full logarithmic plot.
The results shown in Fig. 1 represent current
levels as low as 10 "A and power inputs as low
as 10 "W. The solid line represents ohmic be-
havior and is shown for comparison. At the low-
est temperatures, the I-V characteristics of TTF-
TCNQ are nonlinear over the entire range meas-
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