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The surface Fermi contours of Pt(111) have been determined with use of high-resolution
angle-resolved photoemission. There exist two surface resonances which produce distinct Fermi
contours. The first contour is an approximately hexagonal electron pocket centered in the surface
Brillouin zone and is very nearly degenerate with the edge of the projection of the sixth bulk
band. The other contour is a more diAuse triangular electron pocket centered at K, and is loosely
associated with a projected gap in the fifth bulk band. These results do not support the sugges-
tion that anomalies observed in measurements of the Pt(111) surface-phonon dispersion relations
might be caused by screening singularities associated with surface-localized states. Our contours
provide a guide for future phonon measurements searching for such anomalies.

With the availability of precise probes for measuring
surface-phonon dispersion relations, the possible existence
of two-dimensional (2D) phonon anomalies has gained
much attention lately. ' As demonstrated by Kohn,
anomalies (or nonanalyticities) in phonon dispersion rela-
tions can arise from near singularities in the generalized
electronic susceptibility. These are directly related to the
existence of a well-defined Fermi surface, and are located,
in the simplest case, at those wave-vector values which are
twice the Fermi wave vector. A generalization of this sim-
ple idea to systems with complex Fermi surfaces explains
the existence of Kohn anomalies in several bulk metals.
For example, the group-VIII metals platinum and palladi-
um exhibit pronounced kinks in the phonon dispersions
along the Z line of the bulk Brillouin zone which are asso-
ciated with transitions across the "jungle-gym" portion of
the Fermi surface formed by the fifth bulk band. Such
observations provide important information on nonadia-
batic electron-phonon coupling dynamics in metals. In
addition, the existence of these anomalies provides one
mechanism whereby a lattice might reconstruct to form a
larger, possibly incommensurate unit cell. ' ' Such phe-
nomena are at the heart of issues concerning a material's
stability, and are thus of particular interest within the sur-
face physics community since surface lattices often recon-
struct.

The lowered dimensionality of intrinsic surface electron
states favors production of screening singularities and
phonon anomalies, and thus possibly of surface recon-
struction. ' ' The existence of phonon anomalies on
Pt(111) produced by coupling to intrinsically 2D surface
states has been the subject of significant controversy re-
cently. Two groups, using inelastic helium scattering
spectroscopy, have proposed the existence of two anom-
alies in the surface-phonon dispersion relations along the

[110]direction at momenta of 0.8 and 1.2 A '. ' It was
suggested that at least one of these was caused by Fermi
contours of surface-localized states. ' However, a third
experiment did not observe these anomalies. Moreover, a
theoretical calculation carried out by Bortolani et al. ,

'

suggested that one of the proposed anomalies might be
mistaken, and that the other one might merely be a pro-
jection of the well-known bulk anomaly onto the surface.
An accurately measured 2D Fermi surface of the sur-
face-localized electronic states in Pt(111) surface should
provide some clarification of these issues. In this paper,
we report such a measurement using high-resolution
angular-resolved photoemission (ARP) spectroscopy. In
support of Bortolani's calculation, our results give no evi-
dence that either of the reported anomalies is associated
with surface-localized Fermi contours. On the other
hand, we do observe large-scale nesting at a well-defined
wave-vector larger in magnitude than measured in the
surface-phonon experiments. This result suggests further
phonon measurements on this surface might be in order.

Our ARP system, located at the National Synchrotron
Light Source at Brookhaven National Laboratory, has
been described in detail previously. "' The total instru-
mental energy and angular resolutions are typically less
than 120 meV and 1', respectively, at full width at half
maximum. A 99.999%-purity Pt(111) crystal 1 cm
diamx0. 5 mm thick was oriented to within 0.5 of the
[1111 bulk crystalline axis by Laue x-ray backrellection.
The surface was erst prepared by mechanical polishing
and chemical etching in hot aqua regia, and then inserted
into our vacuum system. After many cycles of heating to
1000 K in oxygen, or occasionally neon ion sputtering at
700 K, followed by annealing at 1200 K, an extremely
clean and well-ordered surface was prepared as deter-
mined by low-energy electron diA'raction and Auger elec-
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tron spectroscopy. The surface remained clean for typi-
cally 30-45 min at an operating pressure of (0.8-
1.2) x 10 ' Torr, as evidenced by the gradual disappear-
ance of some of the more contamination-sensitive features
in the photoemission spectrum. The residual surface con-
taminants (CO and H) were thermally desorbed by Ilash-
ing the crystal to 800-1200 K every 20-30 min.

The basic procedure for measuring the Fermi surface of
the surface-localized states has been used in several of our
previous studies. ' ' We simply extrapolate measured
surface-state (or resonance) dispersion curves to the Fer-
mi level to determine one point on the 2D Fermi contour.
For example, in Fig. 1 we present a series of the photo-
emission spectra for clean and hydrogen covered Pt(111).
These were taken along the T line (I -K or [110] direc-
tion) of the surface Brillouin zone (SBZ). The displayed
spectra were collected at photon energy of 24 eV over a
range of momenta parallel to the surface of 0.64 A
~ kII ~ 1.50 A '. The two peaks indicated by the dashed

guidelines are observed to be quenched or substantially re-
duced by hydrogen adsorption. They are not true surface
states, however, as both of these lie within the continuum
of the projection of Pt bulk bands onto the SBZ. They
are, therefore, accurately labeled surface resonances; this
point is discussed further below. The momenta at which
these peaks cross the Fermi level, k~~ =0.83 A ' and

k~I =1.20 A ', produce two points of the 2D Fermi sur-

face of Pt(111) in the (110) mirror symmetry plane. Ap-
plying the same procedure to other directions allows us to
determine other crossing points, and thereby to map out
the complete 2D Fermi contours throughout the SBZ.
The number of such crossings we need to produce a com-
plete Fermi contour is much reduced by taking advantage
of the rotational symmetry for this surface.

We acknowledge some ambiguity in determining the
precise wave vector at which a particular feature crosses
EF. However, the uncertainty is systematic so that the
shapes of the contours are accurate although the sizes
might be in error by as much as 0.02 A '. Our accuracy
in determining the Fermi wave vector (kF ) compares
favorably with that attained by assigning kF to the
momentum at which the ARP intensity at EF maxi-
mizes. ' The latter procedure is more time consuming
with our apparatus, but, in principle, leads to smaller sys-
tematic errors. The systematic error in our procedure was
found to be comparable to the random errors evident in
our measured contours.

Our results are summarized in Fig. 2, which shows the
2D Fermi contours of clean Pt(111) associated with the
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FIG. l. ARP spectra of Pt(111) at a photon energy of 24 eV,
collected with even polarization as a function of electron emis-
sion angle in the T mirror syrnrnetry plane. The spectra are la-
beled by the parallel momentum of electrons photoemitted from
the Fermi level. The dashed spectra shown for comparison at a
few momenta were collected from the hydrogen-saturated sur-
face.

FIG. 2. Experimental surface Fermi contours. Solid circles
are measured points, while open circles have been produced by
forcing the sixfold rotational symmetry expected for true sur-
face states. Shaded regions correspond to calculated projections
of the Fermi surfaces formed by bulk bands (a) 6 and (b) 5.
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two resonances discussed above. The shaded regions cor-
respond to the projection onto the (111)SBZ of the bulk
Fermi surfaces formed by (a) band 6 and (b) band 5.
These projections were calculated using a nonorthogonal
tight-binding interpolation scheme, ' and checked at
selected points against the bulk Fermi surface. ' In the
surface contours, two electron pockets exist. One is cen-
tered at I, and is shaped roughly like a hexagon. This
contour is associated with the peak which crosses Et:
closer to the zone center in Fig. 1. The other contour, lo-
cated around each corner point K of the surface Brillouin
zone, is shaped roughly like an equilateral triangle.

It is interesting to notice that the hexagonal pocket is
nearly degenerate with the edge of the projection of the
sixth bulk band [Fig. 2(a)]. This behavior has been quali-
tatively observed on tungsten and molybdenum sur-
faces, ' ' although in those cases the surface bands are
often true states. Like the sixth bulk band, the surface
band which forms the hexagonal pocket is observed to
have a fairly large and nearly isotropic Fermi velocity of
vt;-3 eV/A '. The measured Fermi wave vector does
not depend on photon energy and thus on the normal
momentum k&. The Fermi contour exhibits sixfold sym-
metry, as would be the case for a true state. In these
ways, the band which forins this contour behaves very
much like a true surface state. One can think of it as be-
ing a resonant enhancement of the sixth bulk band edge
near the surface plane. If the surface perturbation were
more severe, a true state would presumably split from the
continuum formed by the sixth bulk band. Given the ap-
parent surface localization, this contour could signifi-
cantly impact the electronic susceptibility near the sur-
face.

The triangular pocket near K exhibits markedly dif-
ferent behaviors from the first pocket. Like the fifth bulk
band, the surface band which gives rise to the triangular
pocket has a fairly small Fermi velocity (-1 eV/A ').
The associated ARP feature is never clearly resolved from
Et:, attaining a maximum binding energy at K of about
0.25 eV. Moreover, the Fermi wave vector depends upon
k &, and the pockets on opposite sides of the normal do not
exactly mirror one another, implying a deviation from
true sixfold symmetry. The triangular contours repro-
duced in Fig. 2 were forced to have sixfold symmetry and
should thus be taken to be indistinct. While much of the
resonant weight crosses Et: as indicated, the band actually
brackets E~ over the entire triangular pocket and even
somewhat beyond. This pocket is resonant with continu-
um formed by the fifth bulk band [Fig. 2(b)], surrounding
a small projected triangular gap at K. While the pocket
also fits nicely into the pseudo-triangular-shaped gaps in
the sixth bulk band projection [Fig. 2(a)], its behaviors in-
dicate that it is more closely associated with bulk states in
the fifth band.

Ignoring matrix element effects, the momenta where
the surface-phonon anomalies might occur on Pt(111) can
be predicted by the nesting of contours in the 2D Fermi
surface in Fig. 2. For example, the opposite sides of the
hexagonal contour are nearly flat and are necessarily
parallel to each other. Thus the joint density of states for
creating electron-hole pairs with a momentum exactly

spanning the two sides would be fairly large. In this way,
we can predict that a Kohn anomaly might exist at the
nested momentum vector of 2k' = 1.70 A ' or G i, —,Oi—2k' =2.83 A ' in the [110]direction. The precise mo-
menta of the anomalies might be shifted slightly if the
electron-phonon coupling matrix elements are substantial-
ly momentum dependent. ' The hexagonal contour is less
efficiently nested along the X line; we thus predict a much
smaller anomaly would be observed in that azimuth. Un-
fortunately, all the surface-phonon measurements were
terminated at momenta near the K point, k~~ =1.5 A
The anomaly predicted here, if it exists, was not measured
for this reason. We suggest that the phonon measure-
ments be extended to the second SBZ zone in the [110]
direction, with special attention paid to the vicinity of
kt =1.7 +

In the same direction, Kohn anomalies due to couplings
involving the triangular contours might also be predicted.
However, the indistinct nature of this contour implies that
the anomalies would be spread over a fairly broad range
of momenta. For example, if we recall that the band
brackets Ep inside the entire pocket, we see that phonon
wave vectors between 0.8 and 2.0 A ' along the T line
might be affected. Stated another way, one thinks of a
Kohn anomaly as being localized in momentum space,
whereas couplings involving this contour would be some-
what delocalized. Its impact might be manifested by
minor changes in force constants in the surface region,
thereby impacting the surface-phonon branches over a
large fraction of the SBZ.

The phonon measurements suggested that anomalies
occur at ki =0.8 and 1.2 A ' in the T azimuthal direc-
tion. The wave vector of our predicted anomaly arising
from the hexagonal contour is significantly larger than ei-
ther of these. It is unlikely that momentum-dependent
electron-phonon coupling matrix elements could account
for this large difference. Both suggested anomalies lie
within the range of momenta which might be aff'ected by
the triangular contour. However, our results do not sug-
gest anything special about these two momenta. Consid-
er, for example, the Oat faces of the triangular pocket.
Even though these are resonantly broadened by coupling
to bulk states, the "centroids" appear to be well-nested
and thus might lead to an anomaly. However, the cou-
pling momentum between these two is roughly 2.0 A
and is thus much larger than either suggested anomaly.
We thus see that our surface Fermi contours do not sup-
port an origin involving surface-localized states. This ob-
servation is generally in accord with the work of Bortolani
et al. '

Finally, it is interesting to consider the stability of the
Pt(111) surface with respect to the Fermi contours in Fig.
2. One might expect this surface to undergo a Peierls-
like, charge-density-wave reconstruction with a wave vec-
tor determined by the Oat faces of the hexagonal pocket.
Qualitatively, this orbit is strikingly similar to that calcu-
lated for a variety of quasi-2D transition metal com-
pounds which are observed to reconstruct. That Pt(111)
has not been observed to reconstruct at any temperature is
an interesting negative result. The propensity to undergo
a Peierls-like reconstruction is determined by a competi-
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tion between decreasing kinetic energy from production of
charge-density-wave gaps and increasing lattice strain en-
ergy associated with the periodic distortion, and by the
magnitude of the electron-phonon coupling matrix ele-
ments. The kinetic-energy decrease is determined in part
by the joint density of states at the nesting wave vector.
This is enhanced by the small curvature of the hexagonal
contour near the T line, but decreased by the fairly large
Fermi velocity and by any resonant broadening of the sur-
face band. The strain energy induced by any reconstruc-
tion would be fairly large, because the surface is a close-
packed hexagonal lattice and because the underlying lay-
ers would presumably retain the undistorted structure.

Apparently, this strain dominates and an unreconstructed
surface results.
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