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Unoccupied bulk, surface, and image states on Ni(001), Ni(111), and Ni(110)
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A reanalysis of recent inverse-photoemission data on Ni using an empirical band structure shows
that the bulk band structure seen in inverse photoemission does not differ significantly from that
seen in photoemission. The systematics of surface-state occurrence are in agreement with a recent
phase-analysis model. The occurrence of a zone-boundary image state near Y for Ni(110) is dis-
cussed. Its relatively flat dispersion curve is predicted by the phase model and is dominated by per-

pendicular effects rather than surface corrugation.

I. INTRODUCTION AND CONCLUSIONS

The photoemission properties of metallic Ni are espe-
cially interesting since they display significant departures
from the expectations of first-principles one-electron band
theory. The d band has a narrower width than predicted,
and it sits higher in energy with respect to the s-p mani-
fold; also the exchange splitting is smaller than predicted.!
Photoemission work has recently been supplemented by
extensive inverse photoemission measurements® of the
unoccupied states. Reference 2 reports a comparison be-
tween the experimental results and the predictions of a
first-principles band calculation, and “good agreement is
found for the energies of bulk interband transitions.” If
experimentally significant, this conclusion would be of
considerable theoretical importance since it would imply
that inverse photoemission from Ni is well described by
first-principles band theory, whereas ordinary photoemis-
sion is not.

In this paper we describe a separate analysis of the in-
verse photoemission data of Ref. 2 using an empirical
band structure which has been adjusted to achieve agree-
ment with ordinary photoemission data.> We find that
only a few of the observed spectral features can be identi-
fied exclusively as bulk derived, and that within the
current limitations of experimental resolution the band
structure seen in inverse photoemission does not differ
from that seen in photoemission.

The Ni spectra of Ref. 2 display an abundance of peaks
which are surface derived or which are composites of
surface-derived and bulk-derived features. These features
and their energy locations are reasonably well reproduced
by a simple multiple-reflection (or phase-analysis) model
which has been found previously to work very well in the
description of surface-state occurrence on the low index
faces of Cu.**

A feature found on Ni which is not found in Cu is an
image state at the zone boundary point ¥ on the (110)
face. We show that this state and its energy dispersion are
also well described by the phase-analysis model. The band
gap between image states at the zone boundary is due pri-
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marily to effects associated with the perpendicular regis-
try of the image-state wave function with respect to the
atomic layers, and only slightly to surface corrugation.

II. BULK-BAND-STRUCTURE DISCUSSION

A. Empirical bands

The band structure used here is a combined interpola-
tion scheme® whose parameters have been adjusted to
bring about agreement with angle-resolved photoemission
data.” The details of the adjustments are to be found in
Ref. 3. The adjustment of most relevance here is a down-
ward shift of the s-p bands relative to the d band and Fer-
mi level Ef.

Assuming bulk direct transitions, we calculate the
final-state isochromat dispersion curves® E (k) for tran-
sitions satisfying the direct transition condition

Ei(k)—E/(k)—#i=0 . (1)

We consider transitions from initial band i =7,8,9 into
final-state band f =6 in the energy range up to 7 eV
above Ep. Because of the empirical adjustments men-
tioned above, and because we shall not be primarily con-
cerned with the d band, values of E; and E will general-
ly be lower than those obtained from a first-principles
band calculation. Calculations will be shown only for the
minority-spin band structure. E¢(k) isochromats for the
majority spins lie, in some places, lower than for the
minority spins (by <60 meV) due to differential s-d hy-
bridization.’

B. Comparison with experiment

A grand summary of the data of Goldmann et al.? is
compared with our various theoretical predictions in Fig.
1. Solid circles represent those experimental peaks which
are unambiguously bulk derived. Solid and dashed curves
are the E(k) isochromats for the kinematically allowed
transitions. Solid curves indicate large coupling probabili-
ty (large ¢; in the terminology of Ref. 8) for the incoming
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electron. On all faces a peak is seen at about 0.3 eV above
Eg, which is identified with transitions into the unoccu-
pied minority-spin d band (no calculation shown). This is
well understood and will not be considered further here.
On Ni(001), the peak designated B, is in good overall
agreement with a close-lying theoretical isochromat curve.
The agreement represents an improvement over that re-
ported in Ref. 2, and indicates that photoemission and in-
verse photoemission detect the same effective band struc-
ture. However, it has to be recognized that on Ni(001),
just as on Cu(001),* there is the strong probability of a
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FIG. 1. Comparison between theory and experiment for the
energies and k|, dispersions of bulk and surface states on low in-
dex Ni faces. Hatching indicates the projection of the bulk band
structure. Experimental data is from Goldmann et al. (Ref. 2):
solid circles denote peaks which are unambiguously bulk de-
rived; open circles denote surface-derived or composite bulk
and/or surface features. Solid and dashed curves are the
theoretical Ef(k)) isochromats due to direct transitions; solid
curves distinguish the isochromats associated with good cou-
pling to incoming electrons. Data points and curves apply to
photon energies 9.7, 9.7, and 9.5 eV for Ni(001), Ni(111), and
Ni(110), respectively. Open squares indicate the energies of the
surface states and resonances S generated by the heuristic
phase model.

surface resonance having approximately the same energy
and same energy dispersion.

On Ni(111), the comparison with theory for peak B, is
satisfactory along the 'M '’ azimuth but unsatisfactory
along 'M. The difficulties here appear to be associated
more with resolving the s-p feature from the d feature
rather than with any fundamental problem with the band
structure.

On Ni(110), feature B, can be identified with a theoret-
ical curve, but the agreement is less perfect than that re-
ported in Ref. 2. Once again, however, there is the strong
likelihood that this is a composite structure incorporating
a surface resonance expected near Y.

To summarize this bulk-band-structure discussion, we
find no compelling evidence that the band structure seen
in inverse photoemission differs from that seen in photo-
emission. This remains, however, an interesting theoreti-
cal point worthy of further investigation. It would be
desirable to perform experiments at higher resolution and
at higher photon energies in order to remove the near de-
generacies between bulk-derived and surface-derived
features.

III. SURFACE-STATE DISCUSSION

A. Phase model

The systematics of surface-state occurrence in nearly-
free-electron (NFE) band gaps can be described by a
heuristic phase analysis*® based on multiple reflection
theory.!® If rce""C and r)ge"”l represent the reflectance of
the electron wave at the crystal and surface barriers,
respectively, bound states occur when the condition

¢p+éc=2mn, n=0,1.2,. .. @)

is satisfied. We have applied this phase model to five
gaps distributed over the three low index faces of Ni. For
¢p we have used the empirical form proposed for Cu in
Ref. 5 scaled to the slightly different inner potential for
Ni. For ¢ we have used NFE expressions based on the
in-layer termination of Ref. 5. The NFE band gap pa-
rameter 2V, of the model was fitted to the experimental
L;—L, gap for the Ni(111) T, Ni(110) ¥, and Ni(001) X
cases,!! and to the X;—X, gap for the Ni(001) T and
Ni(110) X cases. In the zone-boundary cases, there are
two branches ¢ and ¢z depending on whether the wave
function in the crystal is of even or odd symmetry with
respect to surface atoms:

¢+=e"‘cos(k”r|,)cos(pz+8) (s -like) , (3)
Y~ =e%sin(k 7| )sin(pz+-8) (p-like) . 4)

As discussed in Ref. 5, these states will differ in energy
because of the surface corrugation potential.

B. Comparison with experiment

Energies predicted by the phase model are compared
with experiment in Fig. 1. The surface states or reso-
nances are designated S, where the superscript (where
appropriate) denotes wave-function parity, and the sub-
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script can be either n =0 for crystal-induced states of the
Shockley type or n =1 for the first member of the Ryd-
berg series of image states.

At T on Ni(001) and Ni(111), S; image states are
predicted with binding energies relative to the vacuum
level of 0.6 and 0.8 eV. The experimental values® are
0.4+0.2 and 0.6+0.2 eV.

The S, resonance at Ni(001) T is presumably buried
under the bulk-derived B, peak. A similar situation pre-
vails at Cu(001) T, although the S, resonance has recently
been separated.!> The S, state at Ni(111) T correlates
well with a set of experimental points in Fig. 1 which are
well separated from any bulk direct transition. As indi-
cated by Goldmann et al.,? this peak (S, in their termi-
nology) is unambiguously a surface-derived feature. Its
analog at Cu(111) T (Refs. 4 and 13) and Ag(111) T (Ref.
14) is well established, and it may have been observed also
at Pd(111) T.'® A one-step treatment of the S, state at
Ni(111) T has been reported by Borstel et al.'¢

The p|-like Sy zone-boundary state has not yet been
seen at Ni(001) X or Ni(110) X although these states are
seen in Cu.!”!® The S resonance at Ni(110) ¥ correlates
well with the nearby B, experimental peak, leading us to
propose that that peak is a composite bulk-surface feature.
Its analog is well established at Cu(110) ¥ (Ref. 19) and at
Ag(110) Y (Ref. 20). The s-like S states are seen in all
the zone-boundary gaps considered here.

IV. ZONE-BOUNDARY IMAGE STATES

A. Phase analysis

The only empty surface feature seen so far on Ni which
is not seen on Cu is the S| image state at Ni(110) Y. Itis
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FIG. 2. Energy variation of the round-trip reflection phase
accumulation ¢p +¢§ appropriate to the ¥ point on Ni(110).
Open squares indicate the solutions for bound surface states or
resonances.
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therefore worthy of extended discussion. The way in
which two surface states can arise at the zone boundary in
the case of a step barrier has been discussed by Bartynski
et al.?!' These states correspond to the n =0 states, Sg
and S¢ in the present terminology. The way in which the
phase model generates image states is illustrated in Fig. 2.
The gap at Ni(110) Y is sufficiently wide and sufficiently
high in energy that an additional state (actually a reso-
nance just outside the gap) is generated due to the rapid
variation of ¢ for an image barrier. This zone boundary
S| state is particularly interesting. It is an image state
having its main wave-function amplitude well outside the
crystal. Its registry with respect to the surface is p -like,
in the sense that the nodes in the lateral dependence of its
wave function occur directly above rows of surface atoms.
The phase model predicts the existence of a similar S
image state at Ni(110) X at about 10.2 eV above Ep. It
would be worth searching for experimentally.

B. Energy dispersion

The experimental dispersion of the S| image state has
been fitted with a relatively large effective mass
m*/m =1.7+0.3, which has been attributed to the effects
of surface corrugation.??> We show that this flat disper-
sion is well accounted for by the phase model. Surface
corrugation is involved to a small extent, but this arises
naturally out of the phase model and does not have to be
invoked as a separate mechanism.

For reasons of convenience and simplicity, we use here
the WKB image form for ¢p rather than the empirical
forgx used above. The WKB image form for ¢ is writ-
ten

¢p/m=[(3.4eV)/(Ey—€)]V2—1, (5
where Ey is the vacuum energy and € is the perpendicular

kinetic energy. The energies of the image states now take
the following convenient forms:

E=Ey—e,+#k*/2m , (6)
e, =(0.85eV)/(n+a)*, n=12,... 7
a=+(1—¢/m) . (8)

In going from the bottom to the top of the Shockley-
inverted gap at Y on Ni(110), ¢ increases from a value
near 7/2 to a value near 37 /2, and thus the binding ener-
gy e; increases from 0.5 to 1.5 eV. The associated in-
crease of 1.0 eV in the value of e; serves to flatten the
free-electron dispersion relation of Eq. (6). We have not
attempted a detailed calculation here, but have merely
sketched in the outlines of such a calculation in Fig. 3 us-
ing Egs. (5—(8) and noting that ¢&~/2 above the top
of the gap. The comparison between the elementary phase
analysis and the experimental data of Ref. 2 is also shown
in Fig. 3. Agreement is better than expected given the ex-
treme simplicity of the theoretical model.

Note that the dispersion relation is not parabolic so that
it is not meaningful to fit the data with an effective mass.
The flattening of the dispersion relation is due to the k|,
dependence of e,, and this is a “crystal-induced” effect
since it derives from the reflection properties of the bulk
band gap. A related effect, noted in Ref. 5, is the tenden-



33 UNOCCUPIED BULK, SURFACE, AND IMAGE STATESON . ..

Ni (110)
- st /

- /

>
C . s3 VAR
>
© /"/
& 7%,
w YA
Zz -.
/
€ 7
[ ~
(&S]
W
-
W

FIG. 3. E(kj) dispersion relations for the n =1 image state
near Ni(110) Y. Bold curves represent the prediction of the
most elementary phase model. The dashed curves are free-
electron parabolas originating from binding energies e;=0.54
and 1.51 eV. Energies are expressed relative to the vacuum level
Ey.

cy of a surface state or image state falling close to a pro-
jected band edge to track that band edge. If the band edge
is flat, the apparent effective mass will be large. The S,
image state on Ni(111) (m*/m =1.610.2, Ref. 2) is a
candidate for this effect.

C. Nature of the gap

The nature of the ST —S{ band gap at Y is interesting
in that it has both parallel and perpendicular aspects. S|
is p|-like and § Fis s)-like. Since the pseudopotential for
a Shockley-inverted gap is repulsive (¥, >0), Sy will lie
lower in energy than S . This purely lateral effect can be
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termed the “surface corrugation” effect. In addition,
however, there is a perpendicular effect. In Egs. (3) and
(4) we have §=0 above the top of the gap. Thus y~ is
p,-like in the sense that it places its nodes on successive
atomic layers. ¢ is s,-like. This will also have the ef-
fect of placing Si lower in energy than S{". We have not
isolated these separate contributions to the band gap, but
it is reasonable to suppose that they are roughly equal and
small.?* These two contributions to the ST —S" gap re-
late only to the low-amplitude part of the wave function
residing within the crystal.

The dominant contribution to the S| —S{ gap relates
to the large part of the n =1 wave-function amplitude
which resides outside the image plane. Since ¢g —¢& =,
the effect is to push the main wave-function amplitude of
the S state further away from the crystal, where it ex-
periences a weaker image potential than the S| state.
Thus Si lies higher in energy than S, and this is the
principal contribution to the gap. This is a “perpendicu-
lar effect” since it relates to the distance of the main
wave-function amplitude from the crystal surface. Note
that the detailed properties of the crystal are largely ir-
relevant. The only role of the crystal is to provide a band
gap and values of ¢¢ and ¢¢ differing by , a function of
symmetry rather than specific properties of the crystal.
The magnitude of the gap is therefore determined pri-
marily by the energy dependence of ¢5. It would be in-
teresting, using inverse photoemission spectroscopy, to try
to measure the S; —S{ gap. This would provide valu-
able information on the image barrier potential, but rather
little information on the substrate.
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