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H. Martensson and P. O. Nilsson
Department of Physics, Chalmers University of Technology, S-412 96 Goteborg, Sweden
(Received 10 January 1984)

The band structure of Ni has been determined from angle-resolved uv photoelectron spectra,
mainly by exploiting the dispersion of direct-transition peaks as the emission angle is changed.
Starting from energy-coincidence-determined band-structure points and critical-point values from
synchrotron-radiation investigations in the literature, the parameters of a combined interpolation
scheme were systematically fitted to give good overall agreement with our experimental data. The
resulting semiempirical band structure is characterized by a d-band narrowing of about 30%, in
good agreement with several earlier investigations. For specific K points, small deviations from the
earlier results were observed. The analysis is less dependent on assumptions concerning the final-
state dispersion and the presented measurements are largely complementary to the earlier ones.

I. INTRODUCTION

The electronic structure of solid Ni has drawn consider-
able attention during the last decade. In the beginning of
the 1970s it was reported' — that the valence-band width
as measured by photoelectron spectroscopy was smaller
than that obtained from ordinary band calculations.
Later a satellite structure was observed*® below the
valence band at about 6-eV binding energy relative to the
Fermi energy. These findings were confirmed by other
authors, see, e.g., Refs. 6—11. The satellite was also ob-
served in core states but that phenomenon will not be dis-
cussed here. Other deviations from the one-electron band
model have also been reported, in particular a reduced ex-
change splitting.57°

The 6-eV satellite has been given different interpreta-
tions.>!2=20  Although the details do not yet seem to be
established,?® the common opinion is that the excitation
should be attributed to a many-body phenomenon rather
than to a band effect.” Some authors have, however, not
been fully convinced by this standpoint. Smith et al.* left
the question open while Kleinman?! and Kleinman and
Mednick? favored an interband transition as the origin of
the satellite. Kanski et al?® calculated photoelectron

spectra from Ni(100) using a one-electron potential. Their

results reproduced the behavior of the experimental spec-
tra in the sense that a peak was found at 5-eV binding en-
ergy (6 eV experimentally) which resonates at 67-eV pho-
ton energy (67 eV experimentally). The 3p core level of
Ni also occurs at this energy, but it should be noted that
no contribution from this was included in the calcula-
tions.

Instead, the theoretical resonance was traced to ori-
ginate from an interband transition at the Brillouin-zone
boundary.?»?* Since the corresponding resonance occurs
in other noble and transition metals as well, both theoreti-
cally and experimentally,”> =%’ it was tempting to suggest
that the same mechanism is active in Ni. The main con-
clusion to be drawn from the work by Kanski et al. is
that interband transitions show resonant behavior like
that observed for the satellite. This is, for instance, true
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for the main part of the Ni valence band. The
phenomenon is thus of great importance when normaliz-
ing peak amplitudes (e.g., the intensity of the satellite
peak) as a function of photon energy.

Existence of a many-body satellite implies a narrowing
of the valence band.'> This phenomenon has also been
questioned by some authors.?"?>2% Anisinov et al.,?® for
instance, find that the excitation effect on the Ni band
structure is merely a rigid shift upwards of the d band
due to relaxation. Other studies®”® suggest, on the other
hand, a narrowing of the upper part of the valence band.

Critical analysis of the photoemission data presented in
the literature may pose some questions. So, for instance,
the free-electron parabola used in Ref. 7 for the pho-
toelectron final state was adjusted to an observed critical
point. The position of the observed critical point can,
however, be different from the band-structure energy due
to damping mechanisms.?’

In order to solve some of the controversies discussed
above we have tried to determine accurately the band
structure of Ni, as observed in uv photoelectron spectros-
copy, without relying strongly on any assumptions or cal-
culations. Thereby we have made use of the “energy-
coincidence method”*° to fix the energy bands absolutely
in a number of points in the reciprocal space. An interpo-
lation scheme was then fitted to these points and adjusted
to give good overall agreement with all the photoemission
data. Data from earlier measurements”® were used in the
initial stage of this procedure, but the final results are
largely complementary to these earlier data. Very fine de-
tails such as exchange splitting, the shape of Fermi sur-
face, etc., are outside the scope of the present work.

II. EXPERIMENTAL PROCEDURES

Three Ni single crystals were cut along the (111), (110),
and (100) faces, respectively, and oriented to an accuracy
of ~1°. The surfaces were polished mechanically and the
(100) surface was in addition electrochemically polished.
In the UHV chamber the samples were further cleaned by
repeated cycles of ion sputtering and annealing at
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FIG. 1. Experimental configuration: #, surface normal; hv,
incident photons; e ~, emitted electrons.

600—800 K. The surface structure and azimuthal orienta-
tion was checked by means of low-energy electron diffrac-
tion (LEED).

The samples which were only mechanically polished re-
quired a larger number of sputtering and annealing cycles
than those that were electrochemically polished in order
to produce sharp LEED patterns, but the final quality of
the surfaces seemed to be comparable. Surface cleanliness
could be monitored by Auger electron spectroscopy using
the LEED system.

The light source was a noble-gas discharge lamp,
producing unpolarized radiation. Photon energies
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FIG. 2. EDC’s from Ni(111) obtained at different emission
polar angles in the 'LUX mirror plane at photon energy
hv=21.22 eV.
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FIG. 3. Same as Fig. 2 but for Ni(110), TLUX mirror plane.

hv=16.85, 21.22, 26.9, and 40.8 eV were used. The
electron-energy analyzer was of the 127° cylindrical type,
and had an energy resolution of about 0.2 eV and an ac-
ceptance cone of 3° full opening. The angles of light in-
cidence and electron detection could be varied indepen-
dently. The base pressure in the chamber was 1x 107"
Torr, which rose to about 5X 10~ Torr when the lamp
was operating.

III. EXPERIMENTAL RESULTS

Energy distribution curves (EDC’s) were recorded at
various emission polar angles, 6, in the azimuthal mirror
planes of the three surfaces. In all cases the photons were
incident in the detection plane. The incidence polar angle,
W, defined in Fig. 1, was in general chosen to be 45°, ex-
cept for some cases where 40°, 55°, or 60° were used due to
experimental circumstances (geometrical limitations or in
order to avoid light reflection into the analyzer). As the
positions of the direct-transition peaks in the EDC’s are
not dependent on W, we do not concern ourselves with it
in the following.

Figures 2—5 show a selection of EDC’s obtained with
Hel radiation (Av=21.22 eV) for the four combinations
of surfaces and mirror planes investigated. The EDC’s
are characterized by strong emission in the region from
the Fermi level (Er) down to about 3 eV below. At about
6 eV below Ej a weak and broad structure with very little
dispersion is seen. This feature will be discussed in Sec.
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FIG. 4. Same as Fig. 2 but for Ni(110), TXWK mirror plane.

Figure 6 shows normal-emission EDC’s from the (100)
surface for the four different photon energies used. The
vertical bars indicate calculated peak positions for the
symmetry-allowed interband transitions A;—A; and
As—A,. These results will also be discussed in Sec. V.
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FIG. 5. Same as Fig. 2 but for Ni(100), TXWK mirror plane.
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FIG. 6. Normal-emission EDC’s from Ni(100) at four dif-
ferent photon energies. Photons were incident in the TXWK
mirror plane. Positions for the symmetry-allowed transitions
A,—A; and As— A have been calculated from our semiempiri-
cal band structure and are indicated by vertical bars.

IV. BAND-STRUCTURE DETERMINATION

In the photoemission process the energy, as well as the

wave-vector component parallel to the surface, EII’ is con-
served. Since the perpendicular component &, is not con-
served, a direct mapping of the electron-energy bands
from photoemission data is not possible in general.
Several methods have been developed to avoid this prob-
lem. The energy-coincidence method has been successful-
ly applied mainly to the noble metals,?3"32 but a vast
number of spectra at different detection angles and pho-
ton energies would be necessary in order to obtain a de-
tailed picture of the band structure. The “symmetry
method”*® and the closely related “appearance-angle
method”** exploit the rapid changes in the final-state en-
ergy and composition as Bragg planes are traversed. All
these methods are ineffective in the sense that only a
small part of the recorded data is actually used.

Another way is to assume a certain final-state band,
e.g., a free-electron-like band, and calculate k, from that.
This method has been used extensively in synchrotron-
radiation investigations of noble and transition metals.>>36
By recording EDC’s normal to a low-index surface in a
range of photon energies, the valence-state bands along
the corresponding symmetry line may be directly mapped
out. The use of free-electron-like bands is justified since
the final-state bands may become free-electron-like due to
the damping of the excited electron.?®%’ Nevertheless,
since the final-state dispersion is based on an assumption,
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the result will remain uncertain. Critical points, revealed
by extremal behavior, will, however, be determined accu-
rately by this method.

In the present study we have used a semi-empirical ap-
proach:*® the systematic fitting of an interpolation
scheme to the experimental data. We have used the com-
bined interpolation scheme of Hodges, Ehrenreich, and
Lang,*® where the wave functions are expanded in a basis
set consisting of four “orthogonalized plane waves” and
five d states. The matrix elements constituting the secu-
lar equation are parametrized so that the resulting band
structure depends on 15 parameters. The scheme was
modified by use of symmetrizing factors of Smith and
Mattheiss.*’ Actually the scheme is equivalent to that in
Ref. 40 with the parameter S set equal to zero.

The first step of our analysis was to fit the parameters
of the scheme to a number of experimentally-determined
points of the band structure. The parameters subject to
fitting were (notation in accordance with Ref. 40) &, Voo,
R, B (B, and B, were assumed identical), Ey, 4,, 4,,
A;, Ay, As, and Ag. The reason for omitting V1, and
V,0 from the fit was that they are of great importance
only above the Fermi level, where we lack experimental
points of the band structure. The parameter S (represent-
ing nonlocal effects) that is omitted in our version of the
scheme is not very important for the valence bands either.
Finally, the crystal-field splitting A was found to be of
minor importance too, and therefore set equal to zero.

As input data we used critical-point values from
synchrotron-radiation mvestlgatlons by Himpsel et al.’
and by Eberhardt and Plummer.® The levels utilized were
(Al)mim (Al)min’ FIZ’ IﬂZS: rllv L2, L3’ X2’ and XS' In
cases of spin-split bands we used the spin-averaged value.
In addition we used 11 points determined from our data
by the energy-coincidence method. These latter points all
belonged to the second and third lowest bands, and most
of them were not located on symmetry lines. They were
thus complementary to the critical-point data, giving a

spread in K space that is favorable in order to obtain a

good fit. N

3E, 3E; /dk,
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The next step was to compare the band structure ob-
tained from the fitting procedure with our experimental
results. This was done with aid of “structure plots,” dia-
grams displaying the EDC peak positions E, versus the
emission angle 8. We calculated such structure plots us-
ing initial-state bands E; (K) from the 1nterpolat10n
scheme and free-electron-like final-state bands:

- 2

.

The resulting peak positions (on the initial-state energy
scale) are then given by the E;’s satisfying the equations

- 2
E(K)+hv= "22" Ve, @)
K3 =2ﬁ—’;’[E,.(E)+hv—¢]sin29, 3)

where hv is the photon energy and ¢ is the work function.
The extended-zone representation of K is presupposed.
The inner potential Vj is difficult to estimate accurately,
so we chose just those values which gave the best agree-
ment with the experimental results. Further, there may be
deviations from the free-electron-like band close to the
Bragg planes. The way to account for the approximations
concerning the final state is to give it a certain width W,
i.e., to relax Eq. (2) within some limits. The resulting
structure plots then correspond to an inner potential rang-
ing from Vo—+5W to Vo++W. With enough broaden-
ing the free-electron-like band will enclose the true final-
state band, and thus the true peak positions will be within
the range of the broadened structure plot. The broadening
of the final state is of some physical significance too,
since it mimics one of the effects of damping in the final
state.*! The point is now that many of the structure-plot
features remain narrow in spite of the final-state broaden-
ing. This means that these structures are rather insensi-
tive to the final-state dispersion. By differentiation of
Egs. (2) and (3) we obtain

C))

vV,

6=const

where E, is the value of E; that satisfies s Egs. (1) and (2),
i.e., the EDC peak position. Since the K- -space gradients
of the initial bands usually are small compared to the last
term in the denominator, we can simplify to

m OFE;

JE, _m__ OE;
~ gk, ok,

v,

(5)

6=const

From these expressions it is obvious that the condition for
obtaining narrow structure-plot features is that the initial
bands are flat in the direction perpendicular to the sur-
face.

Thus by comparing the calculated structure-plot
features with the experimental data one can make sys-

~ (3E, /ok )k, /k))sin?0+ (3E; /3k, Jeos?0— (#k, /m) ’

tematic corrections in a refined fit of the interpolation-
scheme parameters. By concentrating on the structures in
which the calculations remain narrow, in spite of
broadened final states, we are assured that the result is not
sensitive to the approximations concerning the final
states.

In our case we found that some of the calculated
features, originating from the upper part of the d-band
complex, were closer to the Fermi level than found experi-
mentally. By repeating the fitting procedure with adjust-
ed values of I'y,, I's, and X, (lowered 0.15 eV relative to
the first fit) we arrived at a band structure that gave good
overall agreement between calculated and experimental
structure plots. These plots are shown in Figs. 7—13. In
Fig. 7 the experimental peak dispersions are compared
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FIG. 7. Structure plot for mirror plane emission from the
Ni(111) surface at photon energy hv=21.22 eV. Circles: exper-
imental peak positions. Cross-hatched areas: peak positions
calculated from the ab initio band structure of Moruzzi et al.
(Ref. 42) with final-state broadening W =4 eV.

with a structure plot calculated from the theoretical band
structure of Moruzzi, Janak, and Williams.*? In all calcu-
lations the final-state broadening was 4 eV. The inner po-
tential was —4 and —6 €V in the plots corresponding to
21.22- and 16.85-eV photon energy, respectively. The
difference in the inner potential is an artifact due to the
final-state approximation; the first value gives the best
agreement with the actual final-state band in the energy
range of interest at Av=21.22 eV, the second analogously
at 16.85-eV photon energy.

The semiempirical band structure so obtained and the
structure plots will be further discussed in the next sec-
tion. The parameter values from the refined fit are listed
in Table L.

(eV)

E

| ] L
90° 45° 0 45° 90°
towards [001] towards [110]

Emission angle
FIG. 8. Structure plot for mirror plane emission from the
Ni(111) surface at photon energy hv=21.22 eV. Circles: exper-
imental peak positions. Cross-hatched areas: peak positions
calculated from our semiempirical band structure with final-
state broadening W =4eV.
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FIG. 9. Same as for Fig. 8 but from the Ni(110) surface.

V. DISCUSSION

We will now discuss the consistency of the experimental
data with the semiempirical band structure. From Figs. 7
and 8 it is obvious that the semiempirical band structure
is in far better agreement with the experimental results
than the band structure calculated from first principles.
With a few exceptions the calculated structure plots in
Figs. 8—13 are in good agreement with the experimental
points. Close to the Fermi level, experimental points in
some cases (see Figs. 8, 9, 12, and 13) are found in the.
space between two predicted structures. This indicates
that there actually are two peaks, but that they are too
close to be resolved. The same problem is illustrated in
Fig. 6 where the normal-emission EDC’s of the (100) sur- -
face at four different energies are compared with peak po-
sitions predicted from the semiempirical band structure,
and a free-electron-like final-state band with V= —4 V.
Ignoring spin-orbit interactions we expect from symmetry
considerations** contributions only from initial-state

00000004700%960%0
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FIG. 10. Same as for Fig. 8 but from the Ni(100) surface.
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FIG. 11." Same as for Fig. 8 but with photon energy
hv=16.85¢eV.

bands of symmetries A; (p-polarized light) and Aj (s-
polarized light). Presented this way the connection is
striking, but without the hints given by the calculated po-
sitions the compound nature of the peaks is clearly visible
only in the EDC’s obtained at Av=21.22 and 40.8 eV.
Thus, in a situation of this kind, access to polarized radia-
tion would be advantageous. Another complication is the
Fermi-edge cutoff that may distort the peak shape, with
erroneous values of the peak position as a consequence.
Since we have not been able to resolve exchange splitting
of peaks, our experimental peak positions correspond to
the average positions in cases where both minority- and
majority-spin bands are occupied. Going to an emission
angle where the minority-spin band is cut off by the Fer-
mi edge we can expect to obtain a peak position represent-
ing only the majority band. Thus close to the Fermi level
the peak dispersion may become virtually diminished.

Ni(110), hv=16.85 eV

0 SRS L T L

(eV)

Ei

] ]
90° 45° (o] 45° 90°
towards [111] towards [100]

Emission angle

FIG. 12. Same as for Fig. 9 but with photon energy
hv=16.85¢V.

Ni(100),

hv=16.85 eV

| 1
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FIG. 13. Same as for Fig. 10 but with photon energy
hv=16.85¢V.

Since input data from measurements resolving exchange
splitting”? close to the Fermi level were used in the inter-
polation scheme fit, we expect the interpolated band struc-
ture to be representative of paramagnetic bands, in spite
of these effects. Also, the occurrence of surface states
may complicate the interpretation of Ni EDC’s. Surface
states just below Er have been reported for the (111) and
(100) surfaces of Ni.*~%6 Of these the sp-like surface
state on Ni(111) is characterized by a photoionization
cross section rapidly decreasing with increasing photon
energy.* At the photon energies used in our measure-
ments, we do not expect emission from this surface state
to influence our interpretation in terms of bulk state tran-
sitions. The magnetic surface state at the (100) surface
may, however, be more troublesome since it is reported to
contribute to the photoemission in a large range of photon
energies and emission angles.*>*¢ In our measurement it
is not resolved, but it may cause a virtual shift of the
nearest d-band peak. However, our band-structure deter-
mination does not rely on the (100) surface results close to
Ep. As the calculated and experimental structure plots
for the (100) surface (Figs. 10 and 13) do not show any

TABLE 1. Interpolation-scheme parameters for the semi-
empirical Ni band structure. Notations and symmetrizing fac-
tors are in accordance with Smith and Mattheis (Ref. 40). Ener-
gies are in Ry with zero at the Fermi level, wave vectors are in
units of (27/a) X % (I'X corresponds to 12 units).

a 0.0062 A, 0.018 55
Vooo —0.650 A, 0.006 64
Vi 0.0879 As 0.007 80
V200" 0.1095 Ay 0.01088
R 0.2393 As 0.00159
B® 1.164 1 Ag 0.01026
E, —0.07719 A® 0

2Not included in the fitting process.
®B, and B, are taken equal.
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large discrepancies close to Ef, we conclude that the dis-
turbances due to unresolved surface states are small in this
case.

Apart from discrepancies that can be blamed on un-
resolved multiple structures, there are structures in Fig. 10
(at 6=60°-70°, E;~—1.4 eV) and in Fig. 13 (at
0=30—40°, E;~—5 V) that may be attributed to
“secondary cone emission.”*’ The only remaining serious
deviation from the calculated structure plots is the weak
and broad structure at E ~ —6 eV that is clearly visible in
all EDC’s measured at Av=21.22 eV. From Figs. 8—10
it is obvious that this structure is not consistent with
direct (K conserving) transitions. It may be identified
with the 6-eV satellite mentioned in Section I. The pic-
ture is complicated by the fact that several adsorbed
species (e.g., oxygen) give rise to structures at about the
same energy. We cannot exclude the possibility that the
structure in question is due to small amounts of oxygen or
other contaminants that resisted the sputtering and an-
nealing treatments. It is of course also possible that a
combination of many-body effects and contaminants are
responsible for the appearance of the structure. In some
experimental configurations additional contributions due
to direct transitions are possible. This may partially ex-
plain the dispersion observed around =45’ in Fig. 9.

In Fig. 14(a) the semiempirical band structure is com-
pared with the experimental data of Himpsel, Knapp, and
Eastman’ (HKE) and of Eberhardt and Plummer’ (EP).
The agreement is reasonably good, but there are differ-
ences that deserve some discussion.

Firstly, the experimental bands of HKE seem to be “re-
pelled” from the zone boundaries at L and X compared to
our semiempirical bands. Since their results are obtained
from normal-emission measurements assuming a certain

Er=0r=s=g

E (ev)

final band, the determination of k, is highly sensitive to
the choice of the final bands. A shift of about 2 eV of the
final band would be enough to yield excellent agreement
with our results. Thus our data are fully consistent with
those of HKE.

Secondly, the agreement with the critical points deter-
mined by EP is less satisfying. Several of their points are
0.2—0.4 eV higher in energy than in our results. This
may be to some extent due to differences in the Fermi-
level determination. The X, level is, however, nearly 0.6
eV lower in energy than ours. This is clearly inconsistent
with our results, as well as those of Heimann et al.,*® as
will be seen in the following.

From Fig. 1 of Ref. 9 we can see that the photon ener-
gies we have used mostly (16.85 and 21.22 eV) give access
to the l_f-space region close to the X point. Since this
makes us less dependent on the performance of the inter-
polation scheme, we expect the bands close to X to be par-
ticularly accurately determined by our method. Consider
in Fig. 9 the second structure from above as 6 ranges
from 0 to 30° in the CXWK plane. The measured struc-
ture is in excellent agreement with the calculated struc-
ture, whose independence of the final-state band is indi-
cated by its narrowness. This structure originates from a
band that is connected to X,, and as 6 goes to zero we are
getting very close to it. To combine the critical-point en-
ergy of EP with our data would demand an unrealistic de-
formation of the initial band. Analogously it can be said
about the lowest band that the agreement of measure-
ments and calculations seen in Figs. 9 and 12 is support-
ing our result for X;. The somewhat higher energy found
by EP can, apart from the uncertainty in the Fermi ener-
gy, be due to emission from X3 that is not completely re-
moved by the selection rules (due to finite angle resolu-

FIG. 14. Comparison of the semiempirical band structure of Ni (solid line) with (a) the bands mapped by Himpsel et al. (Ref. 7,
circles), and critical points determined by Eberhardt and Plummer (Ref. 9, closed squares), and (b) the bands calculated by Moruzzi

et al. (Ref. 42, dotted lines).
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tion, etc.). The corresponding levels at L are not accessi-
ble with our photon energies, so we have to rely more on
the ability of the interpolation scheme in that case. Com-
pared to the calculated bands of Moruzzi et al.*? [see Fig.
14(b)] our d-band width is 30% narrower, in good agree-
ment with Refs. 6, 7, and 9.

Smith et al*® have recently published an empirical
band structure obtained by adjusting three parameters in
their exchange-split interpolation scheme originally fitted
to a first-principles augmented-plane-wave calculation.
Their results are in good agreement with ours, in spite of
the difference in the number of constraints. This agree-
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ment provides strong support to the idea that the
discrepancy between measured and calculated band struc-
tures of Ni is mainly a question of d-band position and
width, while the band shape is not principally different.
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