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Angle-resolved photoelectron spectra, utilizing polarized synchrotron radiation, from Ni(100)
reveal a narrow surface-sensitive peak at the Fermi energy. This structure exists near the

surface-Brillouin-zone edges in both the [10] and [11]directions. The symmetry o'f this state is

odd (even) with respect to the (100) f(110)] mirror plane. Projections of the bulk bands onto

the surface Brillouin zone show that these surface-sensitive energy levels exist in regions of the

surface Brillouin zone where there are gaps in only one spin band, The very narrow energy

width of these states indicates that they are surface states and consequently magnetic.

I. INTRODUCTION

The history of surface states or resonances on me-
tal surfaces is brief. The first observation of a metal-
lic surface state was by Swanson and Crouser in a
field-emission energy distribution from W(100) in

1966.' They interpreted the structure in their spectra
as due to the bulk band structure. It was not until
1970 that these measurements were redone and inter-
preted as a surface state in a spin-orbit gap in W. '
The claim that the structure observed in the field-
emission spectrum was due to a surface state was
based upon the extreme sensitivity of this feature to
surface contamination.

The theoretical concept of surface states on metals
was introduced in a paper by Pendry and Forstmann"
in 1970. They showed that surface states can exist in
the hybridization gap of the s and d bands of d-band
metals, like Ni and Cu. The important observation
in this paper was that surface states can exist in par-
tial gaps (gaps which are of a given symmetry and

may exist in only specific portions of the surface Bril-
louin zone). This theoretical paper furnished the im-

petus for the experimental interpretation of the
W(100) data. '

Many new metallic surface states have been docu-
mented experimentally since the early field-emission
observations on W(100). Most of these observations
were made using photoelectron spectroscopy (pri-
marily angle resolved). Three surface-state bands are
now known to exist on W(100) and Mo(100).' The
original intepretation of a surface state in the spin-
orbit gap has been proven incorrect by photoemission
symmetry measurements, ' but all three surface-state
bands now seem to be theoretically understood. ' A
surface state has been found in the neck of Cu, Ag,
and Au on the (111)face. s Theory reproduces the
experimental observations. Also the experimental'
and theoretical" results for the surface state on

Al(100) are in excellent agreement. Himpsel and
Eastman recently reported the existence of a non-
magnetic A, -symmetry surface st'ate on the (111)
face of Ni. " We report in this paper evidence for
surface states on Ni(100), which exist near the
surface-Brillouin-zone (SBZ) edges at the Fermi en-
ergy, Their symmetry is such that if they are surface
states they must be magnetic.

The observation of magnetic surface states on the
(100) face of Ni near the Fermi energy has special
importance due to the photoelectron spin-polarization
reversal observed near threshold on Ni(100). ' Eib
and Alvardo" found that the polarization of pho-
toemitted electrons from Ni(100) was negative at
threshold but changed sign 0.1 eV above threshold. "
Dempsey, Grise, and Kleinman' have proposed that
this effect can be explained by the presence of a sur-
face state in the majority bands slightly below the
Fermi energy located in the center of the surface
Brillouin zone. Himpsel et al. ' argue from their
determination of the exchange splitting in Ni that one
does not need a surface state to explain the spin po-
larization, because the majority spin gap at the I
point of the surface Brillouin zone (SBZ) is —0.1 eV
A recent spin-polarized photoemission calculation for
Ni(100) by Moore and Pendry'6 shows good agree-
ment with the experiment of Eib and Alvardo. " In
this calculation the exchange splitting is taken to be
0.33 eV, "and there is no surface-state contribution.

This paper is organized into the following sections.
Section II will describe the experimental procedure
used in this work. Section III presents the data and
interpretation for the observed structure in the
angle-resolved photoelectron spectra which satisfy all
of the criteria we establish for identifying surface
states. We require: (i) The structure in the photoelec-
tron energy distribution be sensitive to the surface
conditions (perfection and cleanliness); (ii) The
structure at a fixed value of parallel momentum (with
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respect to surface) have no dispersion as the perpen-
dicular component of the momentum is changed; and
(iii) The energy and parallel momentum of the struc-
ture be such that it lies within a gap of the bulk band
structure projected onto the surface Brillouin zone.

Section IV will discuss structure observed in the
photoelectron spectra which is surface sensitive but
can not be attributed to a surface state because all of
the above tests are not satisfied. CRYSTA

iNCiDENT LIGHT

A))

II. EXPERIMENTAL. PROCEDURE

All of these measurements were made at the 240
MeV storage ring at the Synchrotron Radiation
Center of the Physical Sciences Laboratory of the
University of Wisconsin, using an angle-resolved
detector. '7 The radiation from the storage ring is
dispersed by a monochromator. During these meas-
urements. we used two monochromators, a 1-rn verti-
cally mounted Seya-Namioka and a grazing incidence
grasshopper. ' The photoelectron spectra were meas-
ured using a 180' spherical energy analyzer with an
angular acceptance of +2.5' and complete freedom to
be moved to any collection angle. ' The total resolu-
tion of the monochromator and analyzer was normal-
ly maintained at 0.3—0.4 eV, but could be improved
with subsequent loss of signal.

Figure 1 shows schematically the angular variables
at our disposal in this experiment. All angles refer to
Cartesian coordinates where the z axis is perpendicu-
lar to the surface and the y axis is along the surface
component of the vector potential A of the incident
light. 81 is the angle of incidence of the incident
light. We,obtain s-polarized light when 81 =O'. A]i
denotes the direction of the surface component of the
polarization vector A with respect to crystal axes.
For example in this experiment A~~[10] means that
the [10] direction in the Ni(100) surface is along the

y axis and in the plane of polarization. The collection
angles are denoted by 8 and P. 8 measures the angle
with respect to the surface normal and 0' denotes the
azimuthal angle with respect to the normal to the
plane of incidence. Our notation is that 0' =270' is
back towards the incident light direction in the plane
of incidence.

Much of the analysis we present will be based upon
simple symmetry selection rules utilizing the polariza-
tion of the light. ' These rules can be easily under-
stood from the photoemission matrix element

Pun (Aj[A ~ I Ill)

where Pl and Pf are the initial and final states of the
system and I is the momentum operator. If we al-
ways collect the outgoing electron in a mirror plane,
then only even final states can contribute to the
detected current, since an odd final wave function is

EMITTED ELECTRON

ELECTRON~ DETECTOR

CRYSTA

FIG. 1. Schematic drawing of the geometry of the angle-

resolved photoemission measurements.

0 in the mirror plane. The whole matrix element
must be even under reflection about the mirror
plane. The dipole operator A P is even (odd) if A is

parallel (perpendicular) to the collection mirror plane.
Therefore only even (odd) initial states can be ob-
served. For example if we use p-polarized light

(8, 4 8') with A~~ in a mirror plane then any meas-
urement in the plane of incidence (0'=90 or 270')
looks only at even initial states. In contrast if Aii is
perpendicular to the mirror plane of collection (0'=0
or 180') we will see both even and odd initial states.
In this geometry A]I P is odd with respect to the mir-
ror plane so it couples odd initial states to the even
final state. Az p is even and excites even initial
states.

Figure 2 shows characteristic spectra from Ni(100)
which illustrates the salient features that will be dis-

cussed in Secs. III and IV. The curves on the left
were recorded at a collection angle of 30 ' along the
[11]surface direction ([110]direction in the bulk)
using s-polarized light. The top curve is for a collec-
tion parallel to A, i.e., only initial states even with

respect to the [11]mirror plane, are observed. The
bottom set of curves are also for collection in the
[11] mirror plane, but perpendicular to the mirror
plane of the polarization, i.e. , only odd initial states
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HM) « the surface-sensitive peaks ts —0 4 ev
When the system resolution AE is decreased both the
energy position and width of the surface-sensitive
peak decrease, For a AE =0.15 V th ke t e peak position
is -0.17 eV with a width of 0.25 V. E
to 5 =0 iv

e . xtrapolating

The in

Aa =0 gives an energy position of 0.05 +0.05 V.
inherent width of the peaks is 0.17+0.03 eV.

e

There are several examples in the literature show-
ing that the energy position depends upon the resolu-
ion. Heimann and Neddermeyer and Pa e

pu is ed spectra' of Ni(100) and evapo t d N',
pectively, which are very similar to ours shown in

ig. . They point out that the narrow peak near the
Fermi energy is probably a surface state. H

'
s a e. eimann

eddermeyer quote a resolution of 0.06 eV and
a peak position of 0.15 eV below the Fermie ermi energy.

g e a. with an effective resolution of -0.2 V
quote a position for the surface peak of —0.3 eV,
i.e. , the apparent binding energy depends upon the
resolution.

III. EXPERIMENTAL RESULTS AND
INTERPRETATION

INITIAL ENERGY (eV)

FIG. 2. An le-reg - solved photoelectron spectra from
N (100). Thhe spectra on the left are taken at tee =30 eV us-

ing s-polarized light [91=0) ]. The collectio I

k[[=1.30 A ]. A is always in [11]direction. The
curves marked odd (even) are for collection perpendicular
parallel) to a A. The spectra on the right are in the [10]

direction for Ace=17 eV, 8=30' [k =0.89 A ']] and p-

polarized light [9& =45']. The curve k d "

a collection geometry in the plane of incidence (~ =90').
p us even denotes collection perpendicular to the

plane of incidence.

are observed. The shaded region shows the signal
w ich is lost upon adsorption of air. At this k[] there
is a surface-sensitive peak which has even symm tn symmetry.

rig -hand stde curves show that along the [101
direction ([100] direction in the bulk) there is a
surface-sensitive peak at the Fermi energy which has
odd symmetry. In these curves p(2 x 2)S is used to
"contaminate" the surface. We have used chem-
isorbed adsorbates in this study. The surface sensi-
tivity seems to be independent of the che

'
al 'denti-

ty or degree of order of the adsorbate.
The energy position of the surface-sensitive peaks

shown in Fig. 2 is -0.25 eV bel th Fe ow e ermi energy,
where the Fermi energy is defined as the 50% point
of the leadin ed

'
g ge. The resolution is proportional to

~ ~ ~

the energy difference between the 10 and 90% points
of this edge. This AE is —0.35 eV for the spectra of

The three tests employed to de 'd 'feci e i a given peak
in a photoelectron spectrum is due to a surface state
were briefly discussed in the Introduction. Here we
wil elaborate on the meaning of each test and the
implementation of the test.

(t) Surface sensitivity This is h. istorically the only
test used to observe surface states in a field-emission
spectrum. ' The concept is that the existence of an in-
trinsic surface state is sensitive t th f-o e sur ace poten-
tial. This potential can be changed by adsorbing

y isor ering the sur-foreign atoms or molecules or b di d
ace. There is no proof that every adsorbate should

remove a specific surface state. We already know
that an ordered overlayer of Au on W(100) does not
remove the surface state on this face. '2 Therefore
the surface-sensitivity test should be perform d

'
h

severalal different adsorbates, preferably with different
degrees of order.

(tt) Two dimensionality of state This test is used. to
show that the specific state does not have a disper-
sion in energy with respect to the perpendicular com-
ponent of momentum (kt). This is accom li h d

'
~

' '
pis e in

g e-resolved photoemission experiment by
sweeping the photon energy keeping k[[ fixed. If the

pea in question ismeasured binding energy of the k
'

independent of %u then there is no dispersion with
Direct interband transitions can be ruled out by

comparison with the bulk band structure.
(iii) Projection of bulk band structure Any structure.

in a photoelectron spectrum which passes both of the
above tests can be characterized as due to surface
photoemission i., '.e. , a surface state or resonance. A
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FIG. 7. Full width at half maximum (FWHM) of surface
states on metals, Ag(111), Au(111), and Cu(111), Ref. 8;
(100) and Mo(100), Ref. 5; Al(100), Ref. 31; and Ni(111)
Ref. 12.

due to surface states. The experimental data coupled
with the bulk band projection in Fig. 6 leave three
possible explanations. To illustrate these possibilities
consider the surface-sensitive peak in the [11] direc-
tion, (a) it can be a surface state in the even minority
bands, (b) it can be a surface resonance in the major-
ity bands, and (c) it can be a degenerate surface state
and surface resonance. The first two possibilities lead
to magnetic states.

The last explanation is unlikely. It would require
'

an energy splitting between the surface state and sur-
face resonance of less than -0.07 eV." This is
much smaller than the measured exchange splitting
(-0.3 eV) for the bulk bands of Ni near the Fermi
energy. "The concept of a magnetically "dead" layer
at the surface seems to have died. "' 'o

%e are left with only two reasonable explanations
of the data, surface resonances or surface states. Ei-
ther one of these possibilities ~ould produce magnet-
ic states. Experimentally we do not know how to
separate surface states from surface resonances. In
principle we should be able to tell resonances from
states by measuring the energy width. Resonances
should be wide and surface states very narrow. The
unanswered question is how wide. All surface states
will have a width due to lifetime effects. In Fig. 7 we
have plotted the F%HM of all of the surface states
reported in the literature. %e present data only for
systems where it is clearly demonstrated that the
structure i's a surface state and where the inherent
width can be calculated. The F%HM is -0.15 eV
for a state within 0.1 eV of the Fermi energy and in-
creases to 0.4 eV for a state 1.0 eV belo~ the Fermi

energy. The width at 4.0 eV below the Fermi energy
has not increased significantly from 1.0 eV below the
Fermi energy. Our Ni(100) data is placed on this fig-
ure, showing that it falls in the correct energy range
for a surface state at the Fermi energy. %hat is
needed to accompany this figure is the equivalent
plot for surface resonances. There is very little data
on surface resonances. The % surface states become
resonances off of the symmetry directions, but the
coupling to the bulk bands is so weak that the in-
crease in width would be unnoted. In the next sec-
tion we will describe normal emission data where a
surface resonance may be present approximately 0.5
eV belo~ the Fermi energy. It has a width of 0.6 eV,
which is about twice the value shown in Fig. 7 for
this energy.

The most consistent explanation is that ee have ob-
served magnetic surface states.

Finally, we have limited experimental data about
these surface states off of the symmetry directions.
Two types of experiments were performed. In, the
first the crystal was fixed with respect to the polariza-
tion of the light and the detector direction was rotat-
ed in azimuthal angle (Fig. 1) keeping the polar angle
fixed. If we start at the zone boundary in the [11]
direction (X', k~~ =1.26 A ') using the even geometry
described in the top left of Fig. 2, and rotate the az-
imuthal angle of the detector, then we can observe
the extent of the "even" [11]state into the SBZ. This
state seems to disappear within 20—30' of the [11]
direction. %hen the crystal is rotated 45' and the
detector is perpendicular to the polarization only the
odd [10] surface state is seen. In this geometry the
signal disappears within 20' of the [10] direction.

The second type of experiment fixed the collection
direction relative to the polarization vector, using a
polarized light and rotated the crystal. This pro-
cedure is very sensitive to the crystal orientation.
%hen the collection direction is parallel to the polari-
zation direction there is a sharp maximum in the [11]
direction and a minimum in the [10] direction, i.e.,
even and odd states. The width in azimuthal angle
for the maximum [111 or minimum [10] was approxi-
mately 20' (FWHM).

IV. DISCUSSION

In this section we will first discuss the surface-
sensitive structure in normal emission, and then ex-
plore alternate explanations of the data presented in
Sec. III. Experiments will be proposed to test our ex-
planation. %e will aslo compare our results with the
calculations of Dempsey, Grise, and Kleinman. '4

The photoelectron spectra presented in Fig. 4
showed that there was a surface-sensitivity peak in
the normal emission spectra. For a specific value of
photon energy this surface-sensitive peak exhibited a
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larger width (-1 eV) and a binding energy larger
than either the [10] or [11]surface states discussed
previously. Measurements in the plane of incidence
(top of Fig. 2 for [10] direction) coupled with normal
emission plots as a function of the angle of incidence
showed that this structure near normal has even pari-

ty. This even surface-sensitive structure exists from
ks =0 to 0.4 A. ' in the [10] direction, but it fails two
of the three tests for a surface state. It moves or
disperses with changing tao and it does not lie in a

gap in the SBZ.
Figure 8 shows more energy distributions for nor-

mal emission on the left and difference curves on the
right. The arrows indicate the problem, the shape
and energy position changes as a function of photon
energy. Therefore this structure fails the second test.
There could be two or more competing effects caus-
ing this movement, but the structure in the differ-
ence curves looks just like the structure in the clean
curves. This moving structure (with photon energy)
has been used by Himpsel et al. to plot out the initial-
state band structure in the [100] direction. " Our
guess is that the peak at low- and high-photon ener-
gies positioned 0.5 eV below the Fermi energy
(FWHM -0.6 eV) could be a surface resonance.

The structure which starts to disperse at 14 eV is the
direct transition from the LL& band. The ordered S
layer must preferentially scatter this signal. This type
of scattering can be seen in selected curves in Fig. 4.
Note that the curves taken near the zone boundary

b(ks=1.79 A ') show dramatic difference in the re-
gion -2 eV below the Fermi energy. The tee =21
and 25 eV curves show a peak 1.5 eV below the Fer-
mi energy induced by the S adsorption. The hem =34
eV curve shows a peak 2 eV below the Fermi energy
which is destroyed by the S adsorption. This latter
peak in the clean spectrum must be a direct excita-
tion from near the W3 point in the Ni band structure.
The appearance or disappearance of this structure
upon adsorption may result from umklapp process.

Now we turn our attention to alternate explana-
tions of the data of Sec. III. The surface sensitivity
of the peaks seen in the photoelectron spectra of Fig.
2 has been assumed to be a consequence of changes
in the initial state upon adsorption. Let us investigate
other possibilities. The excitation matrix element
from the initial state tel, to a final state Pf is given by

I

Pscc (tel, ~
A ~ P+P ~ A ~Pf(k))

ENERGY DISTRIBUTIONS

I I I I I I I I I I I I I I I

DIFFERENCE CURVE.S

CLEAN Ni (IOO)——
p (2x2)S

3/eV

20e

15e

t5eV

-6-5-4-3-2 -l E -6-5-4-3-2-1 EF F

INITIAL ENERGY (eV)

FIG. 8. Photoelectron spectra for normal emission for
Ni(100), using p-polarizeed light. The curves on the right are
difference spectra [clean p(2 x 2)S].

The surface-sensitive structures in Fig. 2 have been
proven to be excited by A]], the component of the
electric field parallel to the surface. If we neglect sur-
face roughness, then as shown by classical electro-
dynamics, A]] is continuous across the surface. Thus
the dipole operator A P+P A is not changed upon
adsorption if we regard only the A]] term. This leaves
changes in the final state upon adsorption as the only
alternate explanation. If we view Pf(k) as a scatter-
ing state containing both elastic and inelastic scatter-
ing, the surface sensitivity could result from changes
upon adsorption of the elastically scattered wave, i.e.,
the scattering potentials change. If this were the case
it would be hard to imagine that these changes would
not be quite sensitive to the energy of the outgoing
state. The value of k[] that is surface sensitive should
depend upon the energy. Alternately the loss of sig-
nal in the d.band region of the Ni spectrum could
result from changes in the inelastic scattering upon
adsorption. This is the explanation commonly used
to explain attenuation of d-band peaks. The excited
electrons from the Ni are attenuated passing through
the adsorbate layer. The data shown in Figs. 2, 3,

. and 4 show that neither of these explanations can ex-
plain the surface-sensitive peaks shown in Fig. 2.
First the range of k[] where the surface states are ob-
served is relatively independent of photon energy;
second both states are observed over a wide range of
photon energies. Finally Fig. 2 clearly proves it can
not be inelastic scattering. The electrons in the top
and bottom panels are coming out of the crystal with
the same energy and vector momentum, therefore
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they should both be attenuated by the same amount.
Stated in another way the inelastic scattering by the
overlayer only depends upon the vector momentum
of the scattering electron.

We are back to our original conclusion, that the
surface-sensitive peaks in Fig. 2 are surface states or
surface resonances. There are two additional experi-
ments which immediately suggest themselves. (i)
Angle- and energy-resolved spin-polarization meas-

0
urements. Figure 2 shows that for k]] =1.30 A ln

the [11]direction in the even geometry the net spin
at the Fermi energy should be approximately 0,
for a surface state. A surface resonance would pro-
duce a large majority spin. (ii) If the surface stateS
are magnetic the effect of the temperature-dependent
exchange splitting should be observable,

Much of the burden of proving or disproving the
explanation offered in this paper will rely upon
theoretical calculation. The only relevant calculation
at present is that of Dempsey, Grise, and Klein-
man. " They have developed a method for fitting a
bulk energy-band-structure calculation in a linear
combination of atomic orbitals (LCAO) scheme. They
then calculate the energy bands of an n layer film in
what they describe as an internally consistent
method. Their calculation is fit to Wang and
Calloway's' band-structure calculation which as pre-
viously explained has a different exchange splitting
and d-band width than the measured values. '

Therefore we should not expect quantitative agree-
ment. Their calculation is in qualitative agreement
with our results. By this we mean that everywhere
we find a surface state they have one in the same gap
and approximately at the same energy. The problem
is that this calculation shows many more surface

states than we find. For example, there is an odd
state from I' to X' in the gap of the majority band.
We do not see this state, so presumably it will be
shoved above the Fermi energy when a smaller ex-
change splitting is used in the calculation. This calcu-
lation also predicts that the even surface state shown
in the gap in [11]direction in Fig. 6 should disperse
downward and follow the band edge as k]] decreases.
They also predict that we should have seen another
even surface state along the [11) direction in the ma-

jority band gap approximately 0.2 eV below the
minority surface state. This calcuation does predict
that the odd surface state in the I to M' direction
should mix into the odd majority bands at k[] 1

A ', but it also crosses the Fermi energy at k][=1.5
A '. The calculated and measured surface states
agree well enough to justify redoing the calculation,
fitting to the measured band structure. With the new
predictions we should go back and look with higher
resolution for the states predicted by the calculation,
but not reported in this paper.
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