
PHYSICAL REVIE% B VOLUME 14, NUMBER 2 15 JULY 1976

Field-emission energy spectroscopy of the platinum-group metals~
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Energy-distribution functions have been measured for field-emission electron currents from the (100), (110),
(210), (211), and (311) faces of field-evaporated rhodium, iridium, and platinum emitters and from the (100)
and (111) faces of a Geld-evaporated palladium emitter. The structures contained in these energy spectra are
interpreted in terms of current contributions among overlapping sub-bands of calculated, electronic band
structure for the bulk metal. A systematic correlation between the calculated band-edge eigenvalues and the
details of the energy spectra is observed. It is concluded that the field-emission spectra for the platinum-group
metals contain many of the directional features of the electronic band structure for the bulk material. General
predominance of t2 bands relative to the I -centered bands characterizes the normalized field-emission spectra,
which are believed to contain directional, local density-of-states information. Adsorption of saturation layers
of hydrogen and nitrogen on the (100), (110), (210), and (111)faces of rhodium indicate suppression of the eg

bands relative to the t,g
bands for states in the surface-normal direction. Implications with reference to the

specific electron structure of the surfaces of platinum-group metals and the effects of chemisorption on the
surface electron structure are discussed.

I. INTRODUCTION

It is now apparent from the work of Penn and
Plummer' and from Politzer and Cutler' that the
local density of states, strongly weighted in the
surface-normal direction, is uniquely extractible
from experimental field-emission-energy-dis-
tribution (FEED) data. This "directionality" fea-
ture distinguishes field-emission spectroscopy
from other surface spectrographic techniques as
ion-neutralization spectroscopy, ultraviolet-photo-
emission spectroscopy etc. , which rely upon elec-
tronic transitions involving a nondirectional joint
density of states. ' ' Because the tunneling pro-
cess samples approximately the electronic prob-
ability density function at the classical turning
points, ' FEED spectroscopy is an effective probe"
of the electronic band structure at the imme-
diate metallic surface within a few eV spread
near the Fermi level. It should be noted that only
very careful deductions can be made with reference
to deducing the local density of states or the char-
acter of the wave functions at the surface. The
associated limitations particularly for tunneling
spectra from the high index planes is discussed
in some detail in Sec. V.

In a previous letter, ' we have indicated the suit-
ability of the fcc platinum-group metals for elec-
tronic band-structure studies by means of FEED
spectroscopy. According to recent relativistic
augmented-plane-wave band-structure calcula-
tions, ' the subband locations of the strongly hybrid-
ized d bands for these transition metals occur in
the vicinity of the Fermi level. Hence, the poten-
tial for a systematic study of d bands via FEED

spectroscopy is particularly favorable for the case
of the platinum-group metals. In this paper we
present the normalized field-emission spectra for
the clean, principal planes of all four (fcc) plat-
inum-group metals; rhodium, palladium, iridium
and platinum. With the availability of a, consistent
set of calculated electronic band structure, we are
able to interpret many of the salient structural
details contained in these FEED spectra and to
perfor m spectral decompositions in terms of the
relative contributions among overlapping subbands.
The platinum-group metals are well known for
their catalytic properties such as the hydrogen-
olysis and hydrogenation of organic compounds.

Attempts to understand these properties by a
variety of experimental methods, including sur-
face spectrographic techniques, are currently
underway. When examined from a subband point
of view, it is possible to gain further insight into
these processes by observing the effects of gaseous
adsorption upon the structural content of FEED
spectra. In this regard, we provide an illustra-
tion of this approach by using the results of hydro-
gen and nitrogen adsorption on selected planes of
rhodium. Not surprisingly, the crystallographic
dependence of these structural changes is seen to
be specific to the adsorbate and to the subbands.

Comparisons of experimental FEED studies on
copper, "tungsten, and molybdenum' "with ca.l-
culated, bulk band structure have been seriously
limited because of uncertainties both in the inter-
pretation of the spectra and in the reliability of the
band-structure calculations. More recent studies
on nickel" using an energy analyzer of limited
sensitivity failed to reveal indications of the d
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bands. Field-emission calculations resulting from
a variety of models"" " have indicated the pre-
dominance of the s-P bands in the general shape
of the experimental FEED curves. Spectral con-
tributions of the &-bands (in the tight-binding ap-
proximation) have been expected to be compara-
tively slight —as much as a factor of j.00 small-
er """" However, in the case of the strongly
hybridized d bands of the platinum-group metals,
the relative contributions of the overlapping sub-
bands to FEED spectra should reflect the strong
admixture of atomic s-P and d states. In terms
of the d-electron count, the fcc platinum-group
metals provide a natural sequence in which to in-
vestigate the relative 4 character of the subbands
from a consistent point of view. Perhaps, more
important is the possibility for extracting the sub-
band eigenvalues from the FEED spectra for these
materials.

Interpretation of experimental FEED spectra
in terms of subband effects requires at least a
qualitative appreciation for the approximate spec-
tral shapes which individual subband contributions
at the metallic surface might assume. To this end
the availability of reliable band-structure calcula-
tions is an indispensable advantage. Formal cal-
culations of FEED spectra along the lines of Po-
litzer and Cutler' on nickel and more x'ecently by
Nicolau and Modinos on tungsten, "which include
Block waves and individual d-band energy-sur-
face contours, represent substantial progress
toward quantitative comparisons with experimental
FEED spectra. In the absence of similar computa-
tions for the platinum-group metals, it is nonethe-
less possible to utilize the insights derived from
calculated bulk band structures in order to deduce
the subband contributions to FEED spectra, .

Our plan for this paper begins with our experi-
mental approach to FEED measurement in Sec. II.
An energy analyzer of novel design is described in
some detail. Theoretical considerations are de-
veloped heuristically (rather than in specially as-
signed sections). Section III summarizes the nor-
malized FEED spectra for the platinum-group
metals. In Sec. IV, we interpret these spectra
and perform selected spectral decompositions.
Finally, the manifestations of the directional,
local density of states, associated with individual
subbands, are examined in Sec. V; and the effects
of gaseous adsorption (hydrogen and nitrogen)
upon the normalized spectra for the low-index
planes of rhodium are indicated.

II. EXPERIMENTAL FEED MEASUREMENT

In this section, we outline the basic experimental
approach used to obtain results summarized and

discussed in the following sections. First, a de-
scription of the field-emission-microscope-en-
ergy-analyzer system is made. Second, the meth-
od for data acquisition and reduction is detailed.
Third, prepax'ation techniques for the emitter ma-
terials are indicated. Finally, theoretical con-
sidexations regarding the experimental FEED
spectra are then developed to clarify the under-
lying nature of the FEED measurement.

The field emission microscope, invented by
Muller, permits a great variety of ingenious mod-
ifications. Typically, one places an electrochem-
ically etched tip of very small radius (of order
1000 A) inside an anode deflection system, all of
which are maintained at low temperature within
an ultrahigh-vacuum chamber (10 "-10 '0 Torr).
Application of a high electric field (a few tenths
of a volt per angstrom) provides sufficient bar-
rier-penetration current to image the general,
crystallographic features of the emitter tip onto
a phosphor-coated screen. Because of the con-
servation of angular momentum, the observed
field-emission, intensity pattern reflects the local
field and woxk function changes along the tip sur-
face. Incorporation of an electrostatic anode-de-
flection system permits current from local regions
of the emitter surface to pass through a probe
hole for the purpose of total energy analysis. By
this technique, the experimentalist is able to mon-
itor local current variations as well as total cur-
rent changes with the emitter potential. Conse-
quently, it is possible to extract a crystallograph-
ically dependent, local work function. " Since sev-
eral crystallographic planes can be developed
simultaneously on a field emission tip, many crys-
tallographic faces ax e conveniently assessible for
investigation on the same experimental crystal
surface.

In practice, considerable complexity is intro-
duced into the basic FEED measurement system in
order to facilitate pxecise measurements of emis-
sion spectra under a wide variety of experimental
conditions. Since single adsorption events can
seriously alter localized surface tunneling prop-
erties, the time intexval during which clean sur-
face conditions prevail is critically dependent
upon attainment of ultrahigh va.cuum levels. Field-
emission materials exhibit finite limits on the
current densities which can be obtained stably
prior to thermal breakdown, thermal diffusion,
or de sorption of c hemi sorbed gase s under study.
In view of the strong exponential dependence which
characterizes field-emission spectra, it becomes
essential to design instrumentation which can de-
tect very small currents sensitively over a wide
dynamic range. Typically, the combined effects
of the above factors limit statistically significant
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FEED measurements to an energy range of a few
eV below the Fermi level.

Central to the FEED measurement is the per-
formance of an energy analyzer. Basically, high-
energy resolution, fast instrument response time,
high current sensitivity, efficient detection, low
noise, and linear optics include most of the im-
portant considerations which must be contemplated
in the design of the instrumentation. Unfortunately,
there are only too few practical designs which
have been developed to meet these needs. Plum-
mer' has reviewed some instruments currently
in use. Of these designs, at present, only those
employing spherical deflection systems have ap-
proached desirable performance levels, but at
prohibitive cost for small laboratory use.

We have developed an electron energy analyzing
system incorporating an energy analyzer of novel
design. " Its performance compares favorably with
existing high performance spherical systems (dy-
namic range of six orders of magnitude, operating
voltage range 400-3000 V, and an energy xesolu-
tion of 15 to 70 meV'). its primary advantage is
gained through its compact cylindrical design which
lends itself to economical, uncomplicated fabrica-
tion and assembly. Pictured in Fig. 1, the grid-
cell energy analyzer is composed of three sections.
The electron beam fxom a local region on the
emitter emerges from the probe hole into a de-
celeration lens system of four electrodes in region

I. To avoid excessive spherical and chromatic
aberxations, the voltage ratios of these electrodes
are adjusted to provide two axial crossings for
which the first focal length is large compared with
the second. By placing the image plane (at the
second crossing) at a short distance from the sec-
ond focal plane, we are able to obtain tenfold angu-
lar magnification. Given a prescribed angular
magnification and kinetic energy reduction, the
diverging beam then continues through a double-
pass grid-cell system (region H) only if the elec-
tron kinetic energy lies within a narrow energy-
band pass. Characterized by low spherical aber-
ration, but high chromatic abex'ration, this dual
grid-cell lens" is composed of three apertured
electrodes (4, 6, and 8) of the same electro-
static potential and two electrodes (5 and 7)
each housing thin molybdenum foils on which a fine
mesh is photoetched in an annular region concen-
tric with the optical axis. By adjusting the poten-
tial of each annular grid in a manner which will
retard electrons to velocities corresponding to
several meV, we are able to achieve an energy
band pass of 15-75 meV. Electrons not having
sufficient kinetic energy are xeflected from the
grid region to the aperture walls, and electrons
having excessive kinetic energies are not able to
pass through all three apertures because of the
strong chromatic aberration attending off-axial
trajectories. Finally, the energy-analyzed beam
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enters the electron multiplier (region III) for sin-
gle electron detection via pulse counting techniques.
An energy spectrum is obtained by sweeping the
coxnmon level of the electrode potentials and stor-
ing the detected electron counts in a computerized
data acquisition system, represented in Fig. 2.

Aftex the spectral data have been acquired for a
freshly field-evaporated emitter (at liquid-nitro-
gen temperature) and corrected for systematic
errors, me then calculate normalized spectra
based upon the standard FEED expression, ' Z'(e),
mhich has been corrected for the energy-analyzer
resolution error:

z,'.(a)= f 1'(a)(:(a, a'')da' .

%'e have assumed the form of the instrument error
to be described by the normal distribution"

G(e, e') =exp{- [(e—e')/M2v]'}/ov 2w,

where the full-width-at-half-maximum points are
separated by 2.360', the resolution width. For
reasons which will be made clear, me have nor-
malized the experimental curves by using the
standard FEED current' form

4'(e) =Ae'i
, f(e),

where ~ is the normalized energy with xespect to
the Fermi level; f(e), the Fermi function; and
d, an energy parameter. Determination of d, A, O'

are obtained by judicious curve fitting to appro-
priate pieces of the experimental cuxves and by.
utilizing insights gained from calculated band
structure. The primary reasons for obtaining a
normalized field-emission spectral function

II'( e) =-8,'„p(e)/J",,(e)

are to remove the stxong exponential shape of the
experimental curve J„,(e), and to minimize the
contributions of temperature, field, and instru-
mental error to the distortions inherent in the
genexal form of the experimental curves.

Field evaporation of the emitter surfaces prior
to a data run is essential to ensure cleanliness of
the suxfaces and also to develop individual planes
into large nonequilibrium sizes in ordex to mini-
mize uncertainties resulting from planax edge-site
current. Field-emission imaging following each
transient evaporation is adequate to monitor indi-
vidual planar-size evolution for several lom-index
planes of the platinum-group metals.
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Electrochemical etching of the materials
(-99.99+% pure) was performed by the direct-
emersion method. For iridium, a 1N solution of
NaOH at 4.5 V ac provided adequate pre-etching.
However, subsequent reduction to a 0.2 N solution,
use of a capillary, and a voltage setting of 6.5 V ac
produced best results. Rhodium, palladium and
platinum, on the other hand, etched readily in a
molten salt bath of Nacl(15%) and NaNO, (85/p)
using 3.5-4.5 V dc. At 4.5 V dc, palladium sharp-
ened better in a nitric acid solution (three parts
water)

In general, we consider the FEED measurement
to involve the total energy distribution of field-
emission current, weighted over an extended re-
gion of the emitter surface. The detected current
is derived from the neighborhood of a geometric-
ally determined annulus at the tip's surface.

'The uncertainty principle, beam broadening,
edge-site atoms, asperities, defects, and ad-
sorbates can give rise to current originating
outside the annular zone. For this reason, large
planar regions are essential for one-dimensional
probing of the surface electronic band structure.
Otherwise, scattering of electronic states having
substantial transverse crystal-momentum may
significantly influence the value of the surface-
averaged current.

III. NORMALIZED FEED SPECTRA OF THE
PLATINUM-GROUP METALS

Discussion concerning the structural details con-
tained in experimental field-emission spectra is
aided greatly by reference to their associated nor-
malized FEED spectra in which the general expon-
ential shape is removed in some appropriate way.
Certain aspects of their construction, discussed
in the previous section, require a qualitative un-
derstanding of both the emission process and the
electronic band structure of the emitter. There-
fore, theoretical considerations of the energy dis-
tribution function for the field-emission current
will be treated in anticipation of the normalized
spectra of the platinum-group metals presented
later in this section.

In a real metallic crystal the electronic states
are described by infinite sets of Bloch waves"
which form standing waves because of the presence
of the surface barriers. Specifically, we may
choose the single-particle band picture in which
the electronic states are solutions of the one-elec-
tron Schrodinger equation for the nth band,

where Z is a complicated exchange and correlation
operator and V(~) is a periodic lattice potential

except in the surface region. The requirement
that the wave functions and their derivatives be
finite, single-valued, and continuous everywhere
results in exponentially decaying tails outside the
metallic surface. The Bloch states for metallic
crystals of finite size can also be included in solu-
tions involving band gaps where standing waves
are exponentially damped inwardly from the sur-
face, in which case the wave vector k is complex.
For our purposes, the important consideration is
that the standing-wave amplitudes be spatially
varying in the surface region. Since this positional
dependence is expected to influence the field-emis-
sion enexgy spectra, we discuss the concept,
termed "the local density of states. '* As defined
by Friedel, "the local density of states at some
position r is given by

where the probability density is summed upon all
metallic states m at energy e. Summation upon
the & function gives the usual spatially independent
density of states. Thus, the local density of states
expresses the probability per unit volume per unit
energy of finding an electron at energy c and at
point t. Application of this concept to d bands of
transition metals has indicated crystallographic
variations in the degree of energy-band compres-
sions. "'"

One of the potential applications of FEED con-
cerns the possible detection of these surface band-
structural features in terms of the local density
of states. Penn and Plummer' have reconsidered
the field-emission problem from the transfer Ham-
iltonian point of view in the WKB approximation.
Using a one-dimensional model, they show how the
local density of states can manifest itself in an ay-
yroximate fashion in FEED curves. Given that the
surface potential barrier is planar, the trans-
mitted electron is assumed to be a "bare" elec-
tron with a well-defined transverse momentum
which can be related to an approximate (WEB)
wave function at the classical turning point. The
result of their analysis takes the form

in which the factor C has slowly varying depen-
dence upon energy. For typical field-emission
operating conditions, the tunneling probability
function D(W„)is presumed'~'" to have a strong
exponential dependence upon the transverse com-
ponent of crystal momentum at the surface barrier
through the "normal" component of energy,
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~&{e)=~.e'"f(e)ld, (9)

in which Zo is the Fowler-Nordheim current and d

W~ = e —I'JPg ~j2m .

Consequently, only metallic states with small val-
ues of k& are expected to have appreciable con-
tribution to the current distribution function. How-
ever, Politzex and Cutler' have shown that this
deduction is not generally true for d-bands in real
metals for reasons having to do with the direc-
tional. ity of the atomic orbitals in the Bloch func-
tion. Comparing the current distribution function
of Eq. (7) with the local density-of-states function
of Eq. (6) leads to the conclusion that FEED mea-
surements can sample approximately the local
density of states„exponentially weighted in the
surface-nor mal direction at the classical turning
points. It is this "directionality" aspect of the
measurements which gives rise to the advantage of
FEED surface spectroscopy over other spectro-
scopic surface-sensitive techniques.

Application of Eq. {7)to real metals should not
be done without consideration of some additional
factors. First, the three-dimensional nature of
the surface barrier may result in spatial varia-
tions of ( g ~' and D(W~) along the surface to an
extent which can pose conceptual difficulties. '
The WEB wave function precludes the two-dimen-
sional Bloch formulation of FEED theory. ' "
Therefore, we must be content to use the surface-
averaged results for these quantities. Second, the
location and shape of the interior surface locus of
classical turning points are not independent of the
electron state or electron band. The one-electron
potential barrier can have dIfferent shapes and
thickness depending upon the type of atomic orbit-
als involved in the Block states. For example,
d bands might be expected to have classical turn-
ingpointsoccurring closer to the interior of the
metal, relative to the s-p bands. Third, ihe as-
sumption of specular reflection does not allow the
possibility for suxface scattering into the direc-
tion normal to the surface atomic layer from me-
tallic states having values of 4& close to the
reciprocal lattice vectors of the surface plane.
Finally, the tunneling probability function &(W )
may not be adequately described in the %KB ap-
proximation. '6' ~ Nevertheless, on large close-
packed planes of an emitter, the Penn-Plummer
expression for FEED current appears to be a use-
ful approximation.

Application of Eq. (7) to a Sommerfeld metal
leads to an expression equivalent to the standard
FEED equation originally developed by Young"
for a free-electron metal using an image potential
barrier

is an energy parameter relating to the work func-
tion and applied field. Since Eq. (9) describes the
general shape of the FEED curves, it is convenient
to express FEED current for a real metal in terms
of Young's" result; or

~'(e) =(J.ld) &'"f(e)&'(~), (10)

~ n(e, k,')
s~(e)

is the normalized spectra summed over the over-
lapping bands. Here, n(e, k') is the weighted local
density of states [see the summation in Eq. (7)] in
the k', direction for the jth subband; and nz(e) is
the weighted local density of states for a free-
electron metal.

Experimentally, the resolution error of the en-
ergy analyzing system alters the FEED spectra
represented by Eqs. (10) and (11). Thus, we have
elected to use an experimental, normalized FEED
spectra in which the measured current distribution
function, Z'(e), is normalized with respect to that
for a free-electron metal, corrected for resolution
broadening according to

The normal distribution function G(e, e') is given
in Eq. (2). Spectral data normalized in the above
manner, can thus be examined conveniently since
effective removal of the Fermi-function factor,
its distortion by the instrument error and the
exponential shapes with their field dependencies
are approximately achieved. For high-resolution
FEED measurement systems, the experimental
normalized spectra of Eq. (12) should reflect the
normalized, directional local density of states
expressed by Eq. (11).

Application of Eqs. (9)—(12) to experimental
FEED spectra, containing pronounced structural
details as in the case of the platinum-group metals,
can be somewhat uncertain unless the data extend
over an energy range sufficient to establish the
slope of the overriding s-P character of the ex-
perimental curves through the energy parameter
d. For the platinum-group metals, we can re-
solve this problem upon consideration of the sys-
tematic electronic band-structure calculations
performed by Andersen, ' using the a Priori rela-
tivistic augmented-plane-wave method. Andex-
sen's computational results for this grouping are
reproduced in Fig. 3 for the principal symmetry
points. Depending upon the crystallographic di-
rection and energy level, we observe that field-
emission current might originate from as many as
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four overlapping subbands over the energy range
assessible for FEED measurement (within -2.0 eV
of E~). Of particular interest are the edge loca-
tions of the various d bands within the measurable
energy range. The bands spanned by the lower and

upper T',, points are identified as the d bands and
are numbered in the order of increasing energy
near the degenerate I' points. For instance, the
F-centered bands of the e, group (denoted by the
upper I;,point) occur in the convenient range of
-1.4 to -0.9 eV for all four platinum-group metals.
In the special case of the close-packed planes on
iridium and platinum, we can expect to locate the
upper bound for the third d band (one of the three
t~-group bands).

Since our objective is to construct normalized
FEED spectra in order to make meaningful com-
parisons with band-structure curves (Fig. 3), we
focus our attention upon the energy region below
the F-centered bands(e&-l. 4 to -0.9 eV). Assuming

we can identify a portion of the experimental FEED
spectrum which is consistently structureless
[log»(- J) varies linearly with e], we are able to
ascribe a free-electron-like character to this re-
gion. Apparently, a1.1 of our experimental FEED
curves'9 for the platinum-group metals, without
exception, have been observed to have an approxi-
mately linear nature in this low-energy range for
the principal, crystallographic planes and direc-
tions investigated. Hence this constitutes a strong
base for this assumption. Accoxding to the dis-
persion curves of Fig. 3, this energy zone excludes
all but the overlapping second and third d bands.
However, from the broad shapes of these curves,
it is apparent that they are somewhat s-P-like'
within these midband zones and, therefore, are
expected to provide structureless, classical FEED
spectra. Hence, construction of the normalized
FEED spectra of Fig. 4 is based upon fitting the
corrected, standard FEED expressions of Eqs.
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(9)-(12) to this portion of the experimental curves.
Since the energy bands overlap the Fermi level,
the location of the latter (e„=0} in the normalized
spectra is estimated to be accuxate within ~0.05
eV.

In Fig. 4, we provide a eolleetion of the expexi-
mental, normalized FEED spectra for each of the
principal planes for all four metals of the fcc plat-
inum group with the exception of Pd(110), which
has not yet been obtained. Locations of various
energy eigenvalues associated with the subband

extrema' are inserted for comparisons with the
structural details. Et is significant that all of the
lower-energy boundaries for the structural prom-
inences fall within 0.1 eV of the calculated mini-
mum values of the I'-centered bands (denoted by
the upper F,+ point or by the double-letter nota-
tion). Exception to this rule is noted for Rh(100)
and Rh(110}because the bottom of the fourth d band
is estimated to be 0.3 eV higher than the obsexved
points of onset for the structural pxominences. In
making these comparisons, it is ixnportant to eon-
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sider our assumptions regarding the directional
character of the tunneling process and the s-P-like
behavior of the second and third d bands in their
midband regions below the upper l;+ point. Jus-
tifications for these are implicit in the discussions
of the following sections in which the significance
of these apparent correlations is considered.

IV. SPECTRAL DECOMPOSITION OF OVERLAPPING
d-SANDS

Several features of the normalized FEED spectra
of Fig. 4 require comment. The spectral shapes
fall into two groupings. In the first instance, we
observe rounded symmetrically formed "mounds"
(exemplified by rhodium} superposed on an other-
wise structureless curve. The widths of these
mounds have an approximate value of 1 eV. In the
second grouping, represented by iridium and plat-
inum data, these prominences are characterized
by strongly descending slopes near the Fermi level.
A third aspect of these structures, as in the case
of Pt(100}, Pt(110}, and Ir(111), is the phenomenon
of two or more parallel line segments. Finally,
there is an apparent narrowing or compression of
the mounds associated with the (110) planes rela-
tive to those of the (100) planes on both rhodium
and platinum. Although it is presently difficult
to provide detailed explanation for these effects,
the band-structure curves of Fig. 3 are found to
be a helpful guide in the interpretation of these
generalized structural features. Not only is it
possible to identify these structures with the over-
lapping subband current contributions but in some
instances, reasonable arguments can be made for
the decomposition of these spectral curves into
constituent subband contributions. In the follow-
ing discussion, we consider examples of these
decompositions, various features of the local den-
sity of states, and finally the "directionality" in-
herent in the spectral structure.

Evaluation of the band-structure contributions
in the normalized FEED spectra is complicated
by several competing processes. First, we do
not know the exact shape each subband current
contribution would take. We have already noted
that the free-electron-like segments of the sub-
band dispersion curves would provide structure-
less current contributions. However, where d-like
character of the subband segments predominate,
we must proceed with caution. Near the band edges
where the group velocity approaches zero, the
density of states is highest in the bulk material.
On the other hand, because of the way in which the
+-P bands hybridize with the d bands, these band
segments are often more d-like in nature. Thus,
the wave functions would be spatially more con-

fined to the surface atoms; consequently, the high
density of states might be largely countered by a
substantially reduced probability density at the
classical turning points. Other contributing fac-
tors having to do with band-edge compression, en-
ergy surface topology, and the bonding and anti-
bonding character of the electronic states at the
surface combine to modify the form of the current
contributions for the individual subbands. Although
a directional local density of states can be cal-
culated" ' "and deduced from band-structure
curves, construction of a directional local density
of states at the metallic surface is not achievable
with any accuracy. This is because detailed in-
formation regarding the wave functions for these
strongly hybridized states is not generally avail-
able nor is it specifically known at the classical
turning points. Calculations of d-band contribu-
tions for nickel' and tungsten' " represent an im-
portant initial step toward rectification of this
problem. Nonetheless, we can trace some qual-
itative features which can be anticipated in the
forms of normalized spectra for subbands of var-
ious characterizations.

For the free-electron-like subband, the normal-
ized FEED spectra according to Eqs. (9)-(12)
should be rectangular in shape as depicted in Fig.
5(a). If all overlapping subbands had s-p-like
character, then normalized FEED spectra would
be marked with steps interconnected by straight-
line segments as suggested in the curves for
Pt(100) and Pt(110) in Fig. 4. Actually, we can
expect rounding of the band edges for free-elec-
tron-like bands for energy surface topological
reasons. ' '" Stratton" has shown that the current
distribution function depends only upon the cross
section of the constant energy surface in the direc-
tion of emission but not upon the details of the
surface topology. In this extension of Young's de-
velopment, the standard equation (9) is modified
by the so-called band-structure term (assuming
conservation of transverse momentum). The re-
sulting normalized spectrum is expressed by

(13)

where E&(e, P) is the kinetic energy associated with
the extreme transverse component of crystal mo-
mentum traced along the perimeter of the pro-
jected constant energy surface onto the transverse
plane in k space. For small values of E,(e, p)
relative to the energy parameter d (typically
d=—0.1 to 0.3 eV), 8'(e) is diminished by the second
term in Eq. (13). This effect is illustrated by the
occurrence of band-edge compression in Fig. 5(a).

Viewing the d bands as resonant bands in the
tight-binding approximation, one might expect the



FIELD-EMISSIQN ENERGY SPECTRQSCQPY QF THE. . .

R{a)
l+

BAND EDGE
COMPRESS ION

SURFACE COMPRESSION

ULK ~
t

~ min

(a} FREE-ELECTRON SAND

max ~ min

( E }T IGHT-BINDING SAND

&max

R(e)
sp-LIKE

R(q)

d -LIKE HOLE
POCK
ATTEN

min

(c} HYBRIDIZED SUS-BAND

max m In g max

(4 ENERGY SURFACE TOPOLOGICAL
EFFECTS

CONCEPTUAL BA ND-STRUCT URE CONTR I BUT IONS
IN FEED SPECTRA

FIG. 5. Conceptual band-structure contributions in
FEED spectra.

normalized FEED spectrum to be peaked at the
band edges as indicated by the dashed curve in
Fig. 5(b). ln the bulk, the local density of states
neax the regions of small group velocity is gen-
erally a maximum. However, near the metallic
surface, the local density of states differs from its
shape' ' ' "" in the bulk fox' reasons having to do
with the suxface barriex and the reduced coordina-
tion number for the surface atomic layer. For d
bands in particular, the absence of nearest-neigh-
bor atoms diminishes the extent of wave-function
overlap with the surface atoms. Consequently,
the wave-function amplitude for a given bulk state
in a 4 band experiences considerable reduction at
the band-edge regions and a concomitant enhance-
ment near the midband. Thus, the normalized
spectra for pure d bands would correspond to the
solid curve in Fig. 5(b) in which this surface-re-
lated band-edge eompx ession is illustrated.

The d bands of the strongly hybridized transition
metals under consideration are neither purely d-
like nor purely S-P-l.ike. {onstruction of the
band structure of Fig. 3 may be regarded as being
compatible with the hybridization among three tM

orbitals (xy form), the two e, orbitals (x' —y'
form), and the s-p-band wave functions. Each of
the six subbands is an admixture of the various
orbitals whose composition varies widely along
each subband dispersion curve. Generally, the
spatial extent of the radial part of the d orbitals
becomes more confined" to the atomic coxes in
progressing from the bottom to the top of the d-

band range (interval from x, to x, is a useful mea-
sure of the d-band width). Consequently, the lower
portion of the d bands is regarded as having a
bonding eharaeter' wherein the electron probability
is large midway between adjacent bulk atoms. In
addition, the Bloch phase factor combines with the
orbital symmetxies so as to make the t~- and e,—

band segments bonding (antibonding) at lower
(upper) subband edges. Watson et a/. "have argued
that charge compression in forming the bulk metal
is relaxed at the surface because of the reduced
coordination numbex . Thus, the antibonding states
are forced to extend further out of the surface than
would be expected on the basis of t e free-atom
4 orbitals. This could explain why the narrower
I'-centered bands are readily observed in the
FEED spectra of the platinum-group metals. As
more d electrons per atom are encountered in the
sequence Ir, Rh, Pt, and Pd, there should be a
trend toward gx eater spatial emergence of the
orbitals at the surface for theantibonding segments.
Specifically, we may regard an individual subband
as having a mixed character in which the central
portions are more s-P-like relative to the band-
edge portions by reason of the hybridization.
Hence, the normalized spectra of these bands
would assume the intermediate shape shown in Fig.
5(c) In which a flat~ &-P like portion ls sandwiched
between two relatively d-like portions. In terms
of the local density of states, the competing factors
are the pxobability density versus the density of
states in determining the shape of the normalized
FEED spectra. Within the midband zone, the de-
gree of d-like admixture could also be reflected
in the relative magnitude of the individual subband
current contributions to the normalized FEED
spectra.

Portions of the eleetronie bands may involve
highly localized constant energy surfaces in k'

space. According to the band-stx'ucture term in
Eq. (13), the FEED spectra should demonstrate
strongly attenuated contributions from these so-
ealled hole-pocket zones. An illustration of this
topologically derived attenuation is sketched in
Fig. 5(d) for the upper band-edge region. This
might be predicted for the second and third d bands
of the platinum-group metals.

To explain some of the various structural shapes
contained in the normalized spectra, we recognize
the similarities between the above qualitative forms
and the results summarized in Fig. 4. The sim-
plest example is represented by the spectra for
Pt(100). Decomposition of the curve for Pt(100)
begins with the observation that it is composed of
three parallel line segments interconnected by
relatively abrupt transition segments which cor-
respond with the appxoximate band-edge locations
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of the calculated electronic subbands. If we as-
sume that the subbands are associated with the
form of Fig. 5(c) for hybridized bands, then we
can perform the decomposition suggested in Fig.
6 by using the additive property, assumed in Eqs.
(10) and (11), and the information contained in the
band-structure curves of Fig. 3. Beginning from
the F,+ point, we note the overlap of three subbands
over the central flat zone. Hence, we are able to
extract the composite of the fourth and fifth (I'-
centered) d bands, directly. Since the band struc-
ture suggests the continuance of the latter bands
well above the Fermi level and the second 4 band
terminates at X,+, the magnitude of the third d band

can be obtained by a simple subtxaction over the
flat zone nearest the Fermi level. Finally, the
level of the second & band is established, simila. rly,
over the flat zone below the T', + point. Except for
differences in their relative magnitudes, the sub-
band contributions are apparently derivable from
the simplest model of overlapping free-electron-
like bands. The high density of states near band-
edge zones appears to be compensated. In view

of the flat central peak, other forms for the con-
stituent curves seem to be less apparent. Re-
markably, at the X,+ eigenvalue of —0.31 eV, the
experimentally-deduced value of -0.35 eV is within
the resolution limit of the energy analyzer. Sim-
ilarly, for the F,+ point, the calculated value of
-1.40 eV is near the experimental value of —1.35
eV. Furthermore, the X6+ point seems to occur
very near to Fermi level (e =—+0.050 eV) as indi-
cated by calculation. Thus, these results for
Pt(100) apparently represents an instance in which
rather good quantitative agreement exists between
calculated energy-band structure and FEED spec-
tzal structure.

Although the band structure in the 6[100]and
Z[IIO] directions differ, they nonetheless termin-
ate at the same eigenvalues. Consequently, these
band-edge features should exhibit the same edge
locations in the FEED spectra. Indeed, compari-
son of the normalized curves in Fig. 4 reveals the
I;+, X,+, and X,+ band-edge locations to have nearly
identical experimental values for both of these
crystallographic directions in platinum. Perform-
ing the decompositions as indicated above, we ob-
tain the corresponding ~-band contributions illus-
trated in Fig. 'I for Pt(110). Although the ratio of
the second and third d-band contributions remains
unchanged at 1.61, we appear to have one-third
less contribution from the composite of the F-
centered bands relative to the Pt(100) result. It is
significant that the narrower l"-centered bands
(e~ group) contribute at substantially lower levels
relative to the lower-lying t~-group bands. This
suggests a relatively more d-like character for
the I'-centered bands. Note also that there is gen-
erally more gradual descent at the band edges in
Pt(110). This apparent enhancement of this band-
edge compression is consistent with the reduced
coordination number of Pt{110)relative to Pt(100)
and theoretical arguments"'"'"'" in support of
this result. The self-consistency is once again
demonstrated and extends systematically between
related symmetry directions. However, it is not
clear why the I;+ point rather than the I;+Xe+
minimum should be the relevant indicator for the
band-edge location of the I'-centered bands of plat-
inum except for the greater d-like character of the
fourth 4 band.

Consideration of the corresponding planes of
iridium reveals unexpected current reduction above
the onset of the F-centered bands {e&—1.0 eV).
We cannot postulate on the existence of a band edge
below the Fermi level since all four bands have
been detected at the Fermi level via de Haas-van
Alphen measurements" on Ir(100) and Ir(110).
However, we might fi;nd explanation for this ap-
parent discrepancy by taking note of Andersen's
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hole pocket. Our simple calculation is substan-
tially in agreement with the values extracted from
the normalized-spectra decompositions of Figs.
8 and 9 for Ir(100}and Ir(110), respectively. It
should be noted that this effective-mass approach
was employed previously by Cutler and Nagy" on
W(100). Hence, the second d band apparently ex-
periences upper-band-edge spectra, l attenuation by
reason of the highly directionally confined nature
of these hole-pocket zones in the manner indicated
by Fig. 5(d). On the other hand, upper-band-edge
attenuation does not appear to be as severe for the
X, (third d-band) hole pocket apparently because
of the larger cross-sectional area and effective
mass. Actually, we would need the effective-mass
values as a function of energy in ordex to fit the
attenuation factor to the herewith approximated
contribution for the second and third d bands.

As in the cases for Pt(100) and Pt(110), we are
unable to resolve the overlapping l"-centered band
contributions to the spectral curves for Ir(100}
and Ir(110). Unlike the results for platinum in
which the I'-centered bands emerge at the I;+

{I8+Xe+) .

I'IG 7. Spectral decomposition of Pt{110). Dashed
curves represent a possible decomposition for the de-
signated 4 bands.

pAd

l.Q

E' =r(c —e ) sin'8 . (15)

Using experimental results from de Haas-van
Alphen measurements of Grodski and Dixon" in
which x =—0.22, 61 —= 4', and E& =—10.8 eV, we find
from Fig. 3 that R'(e~) —= 0.0'7. This is the frac-
tional amount to which the distribution function
would be lowered at the Fermi level for the X,

calculated Fermi surfaces for the X, and X, bands
(tM bands). In both the (100) and (110) directions,
these surfaces are closed hole pockets of small
cross-sectional area as can be deduced from the
Z' and Z segments of Fig. 3. For the X, band, the
circular cross section of the Fermi surface inter-
cepts a half-angle of only 4' with respect to the
origin. To estimate the FEED spectral current,
we may use Fischer's" simplification of the band-
structure term in Eq. (13) in the effective mass
appxoximation for a spherical energy surface

8'(e) =1 —e (14)

where for an effective-mass ratio x and half-angle
8, we have
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FIG. 9. Spectral decomposition of Ir (110). Dashed
curves represent a possible decomposition for the de-
signated d bands.

value, the onset for the structural prominence
occurs at the estimated I;+X,+ location. Thus,
there is some uncertainty regarding the identity
of the dominant, but unresolved subband and its
precise location. Another difference is the ap-
parent change in the relative contributions of the
resolved lower-lying bands in going from iridium
to platinum.

If hole-pocket attenuation is to be a valid ex-
planation for the declining, normalized spectral
curves of Ir(100) and Ir(110), then it should be
equally satisfactory in the interpretation of the
corresponding curves for other metals of the plat-
inum group. Application of the above effective-
mass method to the second d band of rhodium (X,)
leads to a larger' effective ma, ss (r = 0 4) and a- .
larger angle of inception (8=8') at the Fermi level.
The computed attenuation factor of 60% is in rea-
sonable agreement with the estimated experimental
value of VO/0. For platinum, we unfortunately do
not have an experimental or theoretical value of
the effective mass for either of the hole-pocket
bands since they are located at or just below the
Fermi level. But, with one less 6s electron and

two additional 5d electrons contributing to this
region, we might expect the effective mass to be
considerably larger than in the corresponding
eases of rhodium and iridium. This is true indeed
for palladium which has no 5s electron and nine
4d electrons to contribute to the much flatter d
bands. With this additional d-like character, it
becomes less obvious how one should proceed with
decomposition of the palladium data. Nonetheless,
using values' of 8 =—4', r -= 0.62, E~ = 7.6 eV, and
d=—0.135, we calculate a 75%% attenuation for the
X, band at e+. However, the ~„X„andX4
bands have upper-band locations which are very
close together, therefore, it is difficult to ascribe
a numerical value to the total band attenuation fac-
tor (at ez) which can be compared with the observed
attenuation factor of approximately 70%. As noted
above the upper band edges (Fig. 3) are compara-
tively flat. This might explain the rapid attenua-
tion rate near the Fermi level in the Pd(100) spec-
trum. In brief, use of the effective-mass method
for the hole-pocket bands indicates consistent re-
sults overall in the interpretation of the enhance-
ment factor curves for all of the four platinum-
group metals.

Although decompositions of the individual sub-
band eontxibutions to the normalized FEED spec-
tra is uncertain in some instances, there is useful
insight contained in the computed band structure
which assists construction of the constituent
curves. Since the density of states and effective
mass depend upon the reciprocal of the first and
second derlvatlve of tIle dispersion curves, re
speetively, we are able to deduce the approximate
forms for the individual subband contributions and
their approximate locations. Normalized spectral
curves of rhodium and palladium can be treated
in much the same way in which we have considered
iridium and platinum. Given the subtle differences
in the shapes of the subband dispersion curves, it
really should not be surprising that PEED spectra
indeed do assume distinctive characteristics
for each of the platinum-group metals. An inter-
esting extension of the present work should include
similar investigations for binary alloys of the plat-
inum-group metals.

As final examples of spectral deeompositions we
focus our attention on the curves for Ir(111) and
Pt(111). This direction is unique in that we are
able to separate the third d band (L6-) from the
composite of the F-centered band s. Consider fir st
the composite band structure for Ir(ill) in Fig. 10
along which only the arc segment CD need be esti-
mated (by extending the curve, DE', beyond the ob-
vious knee). The rising portion of the curve A&
consists of the band edges of the composite band
for which the I;+L,+ minimum of the fifth d band
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signated d bands.

FIG. 11. Spectral decomposition of Pt(111). Dashed
curves represent a possible decomposition for the de-
signated bands.

is measured to be —1.30 eV. This compares fav-
ox ably with Andersen's estimated value of —1.25
eV. Along the flat portion BC we observe the same
zero slope as for the s-P-like third d-band con-
tribution; however, the peak of the composite band
is only two-thirds the contribution from the 1.6-
band. Therefore, the relative contribution to the
FEED structure is dependent upon the character
of the individual subbands as expected. Nore sig-
nificant is the observation that the contributions of
the narrower, 1-centered bands (I,+,+ and I-,+)

a,re of the same order of magnitude as the broader
d band (I„-).From the shape of the composite
curve, it is apparent that the constituent subband
contributions cannot be resolved. Regarding the
I.,—band edge, Andersen's calculated value of
-0.54 eV is to be compared withthe experimentally
derived value of —0.30 eV.

Of the other platinum-group metals, only plat-
inum is calculated to have upper-band-edge loca-
tions occurringbelowthe Fermi level in the (111)
direction. Experimentally, this prediction appears
to be correct for both Rh(Ill) and Pd(ill). How-
ever, the normalized spectra for Pt(ill) suggest
the presence of band edge effects which are not
x'esolvable. Using Fig. 3 as a guide we find one

of many possible three-band deeompositions to
follow the suggestive pattern portrayed in Fig. 11.
To sketch these separated band contributions, we
have been forced to lower the I.,- band edge rela-
tive to the I.,+,+ peak which is presumed to be pre-
dominant relative to the narrowex 1.6+ band. %e
can not be certain of this more speculative decom-
position without some additional experimental
information involving perhaps a selective adsorp-
tion study. Therefore, the above interpretive de-
composition should mitigate concern for the con-
traction of the anticipated shoulder on the FEED
spectrum of Pt(111).

V. LOCAL DENSITY OF STATES

An important feature of the band decompositions
performed in the previous section involves the
shapes of the constituent curves for the cux x ent
contributions from the individual subbands. Re-
markably, in some instances, FEED spectral con-
tributions of these d bands can be described in
terms of the spectral shapes associated with s-P-
like bands. For example, there are three separate,
parallel line segments contained in the normalized
spectra for Pt(100) and Pt(110). Interpretation of
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these curves is straightforward if the spectral
shape of the individual subband contributions as-
sumes an s-p-like charactex'. Only the variations
in the relative magnitudes of the current contribu-
tions seem to identify the d-like nature of these
bands in these particular examples. This situation
is represented by Eq. (11) in which the direction-
ally weighted, local density of states is summed
upon all bands. Similar attempts '3 to ascribe
band-structure effects to tungsten spectra have
been encumbered by uncertainties in the calcu-
lated energy-band structure and the nature of the
energy bands.

None of the curves associated with the individual
band contributions are perfectly flat or rectax~ular
[Fig. 5(a)]. As in the case of Pt(111) and Ir(111),
the I'-centered bands display broadly curved band-
edge zones with relatively little extent of central
flat zones. In fact, every band edge is charac-
terized by a variety of gracefully descending curves
encompassing an energy xange greater than a few
tenths of an electron volt (considerably larger than
the energy analyzer resolution width or other sour-
ces of experimental uncertainty). Mention has al-
ready been made regarding upper band-edge com-
pression resulting from hole-pocket band-struc-
ture effects as evidenced by the second and third
d bands. This same attenuation phenomena applies
equally well to the lower band edge for the F-
centered energy surfaces (Duke and Fauchier"
have pointed out this effect). Although 8= &v in
Eq. (15), the effective energy ratio E'/d is no
longer large compared with unity in Eq. (14). In
Fig. 12, we have plotted the normalized energy
dependence of the attenuation factor in the free-
electron-mass approximation. Typical experi-
mental curves are included in order to illustrate
that the band-edge attenuation factor is by itself
insufficient to account for the extent of band-edge
compression. Insofar as the I"-centered bands
are overlapping and are not x educible to individual
subband contributions, it is possible for part of
the energy range for this contraction to arise from
adjacent band contributions. However, even this
staggered overlapping-band hypothesis falls short
of the experimentally observed energy range over
which this attenuation prevails. From the d-band
computations for fcc metals by Haydock and
Kelly, "the band-edge compression should extend
over an energy range of approximately 0.25 eV
relative to the bulk values. Their result is con-
sistent with our deduced values of 0.25-0.5 eV
from the decompositional results for both upper
and lower band-edge attenuation, excluding hole-
pocket attenuation effects. Thus, the difference
between the ideal and experimentally derived
curves in Fig. 12 might be a directionally weighted
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FIG. 12. Band-edge attenuation factor versus nor-
malized energy for ~-centered band edges. Experimen-
tal curves are compared with idealized curve S.

local density of states involving the probability
density factor in Eq. (11). Examples of this con-
cept can be viewed in Fig. 4 where the band edges
appearing in the curves for the (110)planes are
decidedly more gradual than for the symmetry-
related (100) planes. These observations are es-
sentially in agreement with the hypothesis" that
surface atoms of lower coordination number are
less coupled to the bulk d bands.

To explain the various structural shapes con-
tained in the normalized FEED spectra, we have
introduced a combination of contributions among
overlapping subbands of the bulk-band-structux e
and band-edge attenuation resulting from both
energy-sux face topology and surface-atom coor-
dination number. Undoubtedly, the variation in the
relative mixture of atomic states describing the
wave functions also provides another dimension
to the obsex'ved band-edge compression. Unfor-
tunately, for the transition metals, we do not
command quantitative knowledge of the directional,
local density of states. Detailed information xe-
garding the wave functions for these strongly hy-
bridized states is generally unavailable. Hence,
at present we are unable to make reliable es-
timates in this regard. In the case of Pd(100),
there appears to be an increasing (d-Ijke) current
emission fx"om the antibonding region as the X,
edge is approached (Fig. 4). Apparently, the
cancellation of the density of states factor is not
complete fox' these less -hybridized d-like bands.
Thus, the spectrum for Pd(100) seems to be one
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instance in which band-structures topological ef-
fects, reduced surface coordination number, and
the variable hybridization character along the
subband dispersion curves fail to offset the large
directional, local density of states associated with
subband-edge zones. This interpretation is con-
sistent with the strong antibonding character" of
the I;, segment in the second d-band for which the
spatial extent of the probability density would max-
imize near the X„.Thus, our interpretation of
the spectral shape is consistent with a more d-
like characteristic for this particular hole-pocket
band.

At first glance, one might be inclined to inter-
pret the various mounds appearing in Fig. 4 as
regions of high density of states since these zones
coincide substantially with the low group-velocity
portions of the bulk bands of Fig. 3. However, the
close agreement between calculated band-edge
locations and self-consistent manifestation of s -p-
like segments over significant portions of the
FEED spectra tend to preclude this alternate
view. Vfe can not be entirely certain that the pro-
posed decompositions of Figs. 6-11 represent the
most correct deconvolutions of the normalized
spectra. However, the self -consistency and rea-
sonableness of these decomposed curves appear
to have a basic validity in terms of the overall
character of the bulk band structure for these
strongly hybridized subbands.

Assuming that we are justified in identifying
individual band contributions with the structural
content of experimental FEED spectra, we might
then expect crystallographic planes in directions
differing from the principle planes to provide use-
ful band-structure information. However, the
spatial extent over which these planes can be made
atomically flat is just marginally adequate for
experimental probe-hole measurements, which
should be maintained free from undesirable plane-
edge current contributions. Since these plane-
edge locations can supply current from bulk states
other than those having crystal momentum prin-
cipally normal to the planar surface, experi-
mentally one finds that the FEED spectral details
are observed to distort or even to disappear in
some instances when the surface planes are not
made sufficiently large. Moreover, the actual
size of these planes is difficult to estimate from
the field-emission screen pattern. Thus, the rela-
tively smaller, open-face planes cannot be anti-
cipated to yield strongly-directional band-struc-
tural detail. In addition, symmetry group con-
siderations'" of the compositional mixtuxe of
wave functions can seriously alter the tunneling
probabilities relative to the predictions' based on
the %KB model.

Rhodium Iridium Platinum
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FIG. 13. Enhancement factors for selected clean
planes of rhodium, iridium, and pl, atinum.

In Fig. 13 is shown a collection of normalized
FEED spectra for several experimentally-acces-
sible planes of the platinum-group metals (except
for palladium). From the shapes of these curves,
the relative contributions of the I"-centered bands
are readily apparent. There do' not appear to be
any important differences among the curves for
the (110), (320), and (210) series with the excep-
tion of Rh(210). For the latter, we observe at-
tenuation of the I'-centered bands relative to the
lower-lying hole-pocket bands. Explanation for
this attenuation can be made in terms of the rapid-
ly decreasing, projected area of the constant
energy surface for the third 4 band as we progress
from the (110) to (210) direction (segment Z in
Fig. 3). For the cases of lr(210) and Pt(210), sus-
pected of having planes of insufficient size, edge
effects could easily introduce off -normal states
from the hole-pocket band since conservation of
the transverse component of crystal momentum
need not apply at these sites.

These is a trend toward decreasing contribution
from the I'-centered band region in the spectral
curves as we pass through the directional se-
quence: (111), (311), and (211). Until the topology
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of the energy surfaces can be described in more
detail for these directions, it is difficult to iden-
tify with confidence the primary factors influencing
this trend. If the Q segment of Fig. 3 is an indica-
tion of the topology in the (211) and (311) direction,
we then would expect rhodium to experience the
least attenuation in the upper-band-edge region
of the third d band and platinum to experience
the most. It is known from the topology of the
Fermi surface" that the XW, (fourth d band) sheet
8 an open-hole surface with voids in the (111)
direction for platinum and palladium. Thus, at-
tenuation in the data for the (211) and (311) faces
should be substantial for this I'-centered band in
platinum near the Fermi level. This might ex-
plain some of the observed attenuation in the I'-
band region for the spectral curves for Pt(311)
and Pt(211).

Our clean surface results appear to establish
the directional character of the band contributions
in the FEED spectrum. Furthermore, the band-
edge locations are substantially in agreement with
theoretical band-structure calculations, once the
shapes of the subband contributions are recognized
in the normalized spectral data. Other expex'i-
mental techniques yield complimentary informa-
tion. The electron spectroscopy for chemical
analysis results of Baer" have shown the general
d-band locations and widths through the bulk den-
sity of states with a resolution of 0.5 eV (large
compared with our FEED experimental value).
Grodski and Dixon's" de Haas-van Alphen effect
determination of orbits and effective-mass values
at the Fermi level have supported Andersen's band-
structure computations for iridium. In ultraviolet
photoemission investigations, spectra for all four
platinum-group metals have been reported for
polycrystalline films by Smith" and have shown
correlation with the band-structural details except
for the location of the bands relative to the Fermi
level. Our results appear to disagree with Smith's
downward adjustment of the band-edge locations
relative to the Fermi level except for rhodium in
which the I'-centered bands appear to be -1.3 eV
below Andersen's calculated value. As ultraviolet
photoemission results for single-crystal faces
become available, it will be interesting to make
comparisons with the present work. Unfortunately,
only polycrystalline work"'" " is presently re-
ported in the literature for the platinum-gxoup
metals. X-ray photoemission spectroscopy '
and ref lectivity' measurements have provided
complementary joint density of states informa-
tion.

Recent photoemission studies on Ir(100) by
Brod6n and Hhodin" have indicated a surface reso-
nance at -1.0 eV which appears to attenuate with

surface reconstruction. However, no evidence for
the surface resonance ox reconstruction is sug-
gested in the corresponding FEED spectrum since
nitrogen and hydrogen adsorption does not alter
the spectral details" significantly. Since FEED
data are obtained by using field-evaporated tips
maintained at liquid-nitrogen temperature, it is
possible that spontaneous reconstruction is in-
hibited at these lorn temperatures. Unfortunately,
momentary heating of the tip to an elevated tem-
perature in order to induce reconstruction creates
difficulty with the maintenance of clean surface
conditions.

Close inspection of the normalized spectra of
Figs. 4 and l3 reveals an overall predominance
of t„bandsrelative to the e, (I'-centered) bands.
Since the latter bands are generally narrower
and, therefore, can be expected to exhibit more
d-like properties, their relative local density of
states at the classical turning points are anticipa-
ted to be substantially less. However, the re-
markable aspect of the spectra is that there is
relatively small variation in the relative subband,
current contributions among the mell-developed,
low -index planes. This observation reinforces
the hybridized character of these d bands since
their FEED spectra seem to reveal an inter-
mediate situation for the s-p or 4 mix of the tunneling
mave functions. Given the predominance of the t~
bands at the metallic surface, their role in the
chemisorption process can also be anticipated to
be prominent. In Fig. j.4, the normalized FEED
spectra for the hydrogen and nitrogen covered
surfaces (to an equivalent monolayer) are com-
pared with the curves for the principalcleansur-
face planes of rhodium. Notably, manifestations
of the I'-centered bands are conspicuously absent
from the curves for the low-index planes. In fact,
the spectrum for the adsorbate-covered Rh(ill)
surface has the shape one mould expect for the
t, bands alone. Hence, the wave functions at the
modified classical turning points for the adsorp-
tion results seem to be composed principally of
t~-band states. Interpretation of this band selec-
tivity mill be discussed in a subsequent paper '
in which is presented generalized adsorption stu-
dies of the platinum-group metals. Essentially,
the case for rhodium suggests the enhancement
of the t„states at the adlayex with an associated
attenuation of the e states. Factors such as the
wave function symmetries of both the adsorbate
and the substrate must be taken into account if the
sharp band-edge attenuation in the spectra for the
hydrogen-covered Rh(100) and Rh(210) surfaces
is to be understood. " The chemisorption proces-
ses are not limited to k states directed in the sur-
face normal direction; however, normalized
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FIG. 14. Enhancement factors for hydrogen and nitro-
gen absorption on the low-index planes of rhodium.

FEED spectra reQect those states which parti-
cipate in the surface-normal direction. In the
particular case of rhodium, it would appear that
the I;, states at normal incidence participate
strongly in the chemisorption of hydrogen and ni-
trogen on the low-index planes.

VI. SUMMARY AND CONCLUSIDN

Field-emission energy spectra have been mea-
sured for probe-hole currents from the principal
field-evaporated planes of all four fcc metals of
the platinum group. A systematic correlation is
observed between subband-edge locations x esulting
from calculated electronic band structure and ex-
perimentally deduced locations based upon a self-
consistent interpretation of normalized FEED
spectra for the clean atomically flat surfaces of
these metals. The band-edge minima for the 1"-
centered (e ) bands near I'„appear to be situated
within 0.1 eV of the calculated values of O. K. An-
dersen. Exception is noted for rhodium for which
the experimentally determined minima lie at lower
levels by a factor of approximately 0.3 eV. Loca-
tion of the hole-pocket band edge (X„)is in close
agreement with calculated eigenvalues (e = -0.136,
-0.31, and -0.31 eV, respectively) for Pd(100),

Pt(100), and Pt(110). Similarly, the+, eigen-
value (e = -0.05 eV) coincides with the pronounced,
spectral attenuation effects for Pt(100) and Pt(110).
Finally, the upper-edge location of a spectral
prominence in the data for Ir(111) is situated near
the computed value for I, (c = -0.54 eV).

Using the electronic band structure as a guide,
we have performed some suggested decomposi-
tions of the normalized FEED spectra into con-
tributions among the overlapping subbands. The
starting point in these reductions is an assump-
tion regarding the s-p-like character of the
strongly hybridized, t~ bands over their middle
energy range. Perhaps the most interesting aspect
of the decomposed curves is the shape of the in-
dividual subband current contributions. Kith the
exception of Pd(100), the normalized spectral
curves for the individual bands are interpreted to
be remarkably free from the anticipated high den-
sity-of-states peaks near the subband edge loca-
tions. Causes fox this band-edge attenuation are
ascribed to a combination of contributing effects
which include (i) the energy surface topology, (ii)
the hybridized natuxe of the subbands and energy
surfaces, (iii) band-edge compression resulting
from reduced coordination number of surface
atoms, and (iv) the presumption that a direction-
ally weighted, local density of states is measured
at the classical turning points. For the band-edge
regions of these hybridized bands, the tunneling
probability would be reduced sharply because of
the increased thickness of the surface potential
barrier for the puxe 4-like states. Overall, the
uniqueness of the spectral curves for each surface
plane of the emittexs strongly suggests the direc-
tional character of the local density of states,
sampled in FEED spectra. The t~ bands seem to
predominate in the normalized spectral curves
for the low-index planes.

Adsorption of saturation layers of hydrogen and
nitrogen on the (100), (110), (210), and (111) faces
of rhodium provide significantly altered normalized
spectra. These spectral differences are inter-
preted in terms of enhanced current contributions
among band segments of the t~ symmetry group
relative to the e symmetry group.
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