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An experimental and theoretical study ofthe photoemission 
from Ni(ll0) 

M A Hoylandi and R G Jordantt 
Alloy Research Center, Department of Physics, Florida Atlantic Univasity, Boca 
Ratan, FL 33431-0991, USA 

Received 3 August 1990 

Abstract. We have investigated the electronic structure of the d bands in Ni along 
the T(.Z)K(S)X direction using a combination of angle-resolved uv photoemission 
measurements and photocurrent calculations including correlation elIects. In the cal- 
culations we used a potential for the excited stale that included self-energy correc. 
tions based on the model of Trdglia e t  al. The calcdations reproduce all of the main 
features in the experimental spectra. In particular, there is good agreement with 
the ohserved dispersion of the quasiparticle states of &(53) and &(S4) symmetry, 
The calculations indicate that the correlations produce a marked energy dependence 
of the exchans splitting, in contrast to the essentially rigid shift obtained in st- 
dard one-electron calculations, and the results for the Cl'  states are in very g o 4  
agreement with photoemission measurements along KX. 

1. Introduction 

The electronic structure in ferromagnetic Ni has  been studied extensively over the last 
two decades by angle-resolved ultra-violet photoelectron spectroscopy (ARUPS) and 
band structure calculations. Among the ARUPS studies the most detailed are those 
by Eastman (1971, 1972), Heimann and Neddermeyer (1976, 1980), Petersson and 
Erlandsson (1978), Eastman el  a l  (1978), Eberhardt and Plnmmer (1980), Heimann 
et a[ (1981), Rane et al  (1983), Mirtensson and Nilsson (1984) and Sakisaka el ol 
(1987a,b). Other photoemission studies of Ni, for example those involving x-ray phc- 
toelectron spectroscopy (XPS), have been reviewed by Davis (1986). From an early 
stage i t  was apparent that there were a number of serious discrepancies between the 
experimentally determined bands and those obtained from oneelectron calculations. 
For instance, it was discovered-almost without exception (Smith el  d 1977)-that 
the occupied d bandwidth was some 30 to 40% narrower than the results of band 
structure calculations (see, for example, Hochst el  al 1977, Wang and Callaway 1974, 
1977), and the measured ferromagnetic spin splitting w a s  found to  be about 40% of 
the calculated values (Dietz et al 1978, Heimann et al 1981). In addition, the width 
of photoemission peaks from Ni were found to be much broader than those from the 
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corresponding transitions in Cu (Pendry and Hopkinson 1978). There was also the ap- 
pearance of a satellite peak at 6 eV binding energy that resonates at a photon energy 
of 67 eV (Guillot e l  al 1977, Sakisaka et d 1987a,b). 

The differences between the experimental and theoretical results for N i  outlined 
above stimulated a considerable amount of interest in the late 1970s and early 1980s. 
It was demonstrated that the discrepancies are due to intra-atomic correlation ef- 
fects in the partially filled 3d band that are not included in conventional one-electron 
band structure calculations. Such behaviour can be conveniently described in terms 
of a complex self-energy that represents a generalized correction to the one-electron 
eigenvalues (Wendin 1981). The many different model treatments of the self-energy 
corrections developed during this period have been reviewed by Davis (1986). They 
include a t-matrix approach (assuming a low-density of d holes) by Liebsch (1979, 
1981), a numerical solution to the Hubbard model for a finite system by Davis and 
Feldkamp (1979, 1980) and a perturbation method to second order in U/W,  where U 
is the Coulomb integral in the Hubbard model and W the one-electron bandwidth, 
by %&glia et ai (1980, 1982); hereafter, referred to as the TDS model. All of these 
models appear to give a reasonable, semi-quantitative account of the experimental 
observations. More recently, Nolting et  a1 (1989), using a generalized Hubbard model 
as a starting point, calculated an energy-exchange splittings near the X- and W-points 
and a Curie temperature in good agreement with experimental measurements (BorgieI 
el al 1989). 

As we indicated earlier, it has been customary to use photoemission measurements 
to establish the validity of band structure calculations, see, for example, Nimpsel 
(1983). However, because of the assumptions and limitations involved in making di- 
wet comparisons increasing use has been made of realistic photocurrent calculations 
based on a one-step model (Pendry 1976, see also Borstel and Thorner 1988 and refer- 
ences therein). Although the experience is that one-electron ground state potentials- 
calculated in most cases using the local (spin) density approximation (L(S)DA) in den- 
sity functional theory-can provide a useful description of the photoemission from 
a variety of metals and alloys, more detailed comparisons between experiment and 
theory demand an improved approach. Photoemission probes the excited state and so 
correlation effects are always present; they are significant even for the nearly free elec- 
tron metals Na, Mg, AI and Be, since the measured valence bandwidths are somewhat 
smaller, and the gaps somewhat larger, than values given by one-electron (LDA) eigen- 
values (Jensen and Plummer 1985, Plummer 1985, Lyo and Plummer 1988). Other 
examples where there are serious discrepancies include semi-conductors, for which the 
measured band gaps are considerably greater than those calculated (Godby et af 1987, 
Hybcrtsen and Louie 1987 and references therein), and, as indicated above, Ni. (It 
should be pointed out that there has been a good deal of success in establishing a 
first-principles description of self-energy effects in weakly scattering systems (Godby 
et af 1987, Hybertsen and Louie 1987, Nortbrup et al 1989). In contrast much less has 
been achieved in the case of the 3d transition metals, apart from the several model 
descriptions outlined above.) One requires, therefore, a calculational scheme for the 
photocurrent in which the presence of the surface, the electron-photon matrix ele- 
ments and the many-body correlation effects etc. are all included. Formally, this is a 
difficult task since, in general, the self-energy operator is complex, non-local, spin- and 
energy-dependent. Nevertheless, there has been some progress as we indicate below. 

There have been a number of previous attempts to include correlation effects in 
photocurrent calculations. Pendry and Hopkinson (1978) considered the difference 
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in the photoemission from Cu and N i  and demonstrated Ghat correlation effects can 
have a significant effect on spectroscopic measurements. They showed that the inclu- 
sion of an energy-dependent lifetime for the hole in photocurrent calculations of Ni 
leads to an apparent narrowing of the one-electron d bandwidth. Nilsson and Larsson 
(1983) obtained improved agreement between photocurrent calculations and exper- 
imental data from Cu when they included self-energy corrections for the hole and 
electron, calculated for a homogeneous electron gas. Clauberg (1983) calculated the 
spin-resolved photocurrent from Ni(ll0) at a photon energy of 16.85 eV, which corre- 
sponds to  emission from the Sl' bands close to the X-point. He used the self-energy 
expression developed by Liebsch (1979, 1981) that was fitted to the experimental 
binding energies of the Xi' states and the peak widths from Raue et al  (1983). Very 
recently, Nolting et a1 (1990) calculated the photoemission from Ni  above and below 
the Curie temperature, using an energy-, spin- and temperature-dependent self-energy 
developed by Nolting el ~l (1989), and they achieved good agreement with some pre- 
vious photoemission and inverse photoemission spectra. IIowever, despite the often 
highly satisfactory agreement obtained between experimental and calculated spectra, 
it should be noted that a relative weakness of each of these calculations on Ni-apart 
from those by Pendry and Hopkinson (1978), in which the real part of the self-energy 
was neglected-was the use of energy- and spin-independent imaginary parts of the 
self-energy. In addition, in none of the investigations were the calculations carried out 
over a mnge of photon energies. As a result the extent of the validity (or limitations) 
of the various models in (E,k)-space has not been properly examined. 

In a recent paper (Jordan and Hoyland 1989) we compared the ARUPS measure- 
ments of Heimann el a1 (1981) from Ni(ll0) over the photon energy range from 11- 
18 eV with one-electron photocurrent calculations that were renormalized using the 
TDS self-energy. This approach appeared to account well for the dispersion of the ini- 
tial states along the K(S)X direction, but it was apparent that the relative lifetimes of 
holes in the majority- and minority-spin bands are not described correctly by the TDS 
model. These observations were later confirmed by calculations of the photocurrent 
and the quasiparticle band structure along the r K X  direction (Jordan 1989). In this 
present paper we describe a series of ARUPS measurements we have made on Ni(ll0) 
at  photon energies from 20-45 eV. The measurements were carried out at a some 
what higher resolution than those reported earlier by Sakisaka et QI (1987a,b) and 
they provide us with the opportunity to extend our investigations of the electronic 
structure and self-energy effects in Ni. Accordingly, we calculate the corresponding 
photocurrents using a one-step model with a potential for the excited state that in- 
cludes self-energy corrections from TDS. It is important to note that we use the full 
energy- and spin-dependence of the imaginary part from the model in the calculations. 
Our aim is to investigate the magnitude and the E and k variation of self-energy effects 
in Ni by comparing the calculations wi th  our experimental spectra and other previous 
photoemission data. In addition, we show that it may not always be appropriate to 
simply equate the differences between photoemission peaks positions and one-electron 
eigenvalues with the real part of the self-energy, as has often been the custom. We do 
not claim that the TDS model is superior to the other schemes, indeed, we recognize 
that there have been some questions concerning the approximations within the model 
(e.g., Taranko e t  ai 1988). However, i t  has  been shown previously that it does pro- 
vide a reasonable description of the self-energy effects in Ni, and i t  has  the obvious 
merits that it is readily calculable and can be included in photocurrent calculations in 
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straightforward manner. Furthermore, the real and imaginary parts have the correct 
analytical properties. 
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2. Experimental considerations 

The photoemission measurements were performed using the VG ADES400 spectrom- 
eter on beam-line 6.2 (TGM) at the SRS, Daresbury Laboratory, UK. The surface of 
the Ni(ll0) specimen was cleaned in situ by successive cycles of AI+ bombardment 
and annealing at 600 "C (Hoyland 1989). The surface crystallography and cleanliness 
were monitored using the standard techniques of low energy electron diffraction and 
Auger electron spectroscopy. The operating pressure in the spectrometer chamber was 
N 1 x lo-'' mbar. 

We carried out a series of measurements at normal emission over the photon energy 
range 20-45 eV using p-polarized light. The overall energy resolution was fixed at  
0.14 eV with an angular resolution of f 2 O .  Several separate sets of measurements 
were performed using different geometrical arrangements in order to probe initial 
states of C,(S,), C,(S,) and C,(S,) symmetries (Hermanson 1977). In the first set, 
C,(S,) and C,(S,) states were probed by setting the light polarization vector, A, in 
the (001) plane; increasing the angle of incidence, 4, increases the coupling to states 
with C , ( S , )  character. In the second set, A was in the (110) plane so that initial 
states of Z3(S3) and C,(S,) were probed. As before an increase in q5 increases the 
contribution of the C , ( S , )  components in the spectra. 

. .~ ... . , , 

if&, ~ - 
,~ 

~~~ . .. , 

~~~ . . .  
~~~ ~~~ ~- ~~ ~ ~ . .  , 

, ,~ .  . 
0.0 1.0 2.b --3.O 4.0 5.0 

BINDING ENERGY Lev) 

Figure 1. Photaem'ssionspeUra at normalemission from the (110) face of Ni. The 
photon energy increases in incnements of 5 eV from 20 eV (bottom) to 45 eV (top). 
The angle of incidence is 30' from the normal in the (001) plane with ppolarization 

3. Results and preliminary in te rpre ta t ion  

In figure 1 we show a typical set of spectra, as a function of the photon energy, with 
the light incident at  an angle of q5 = 30' and A in the (001) plane. Apart from a 
broad feature at - 1 eV (labelled A) in the spectrum at a photon energy of 25 eV, 
the spectra are characterised by a large peak (labelled B) that disperses away from 
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the Fermi level with increasing photon energy, i.e., from 0.2 eV at 20 eV to 0.9 eV at 
45 eV. At  a photon energy of 20 eV the spin splitting is just observable. The actual 
spin splitting was determined by fitting two Lorentaians of equal area and a step-like 
electron loss function for the secondary electron background to the experimental data. 
The peak positions (FWHM) for the minority- and majority-spin features were found 
to be 0.08 eV (0.23 eV) and 0.25 eV (0.27 eV), respectively. Assuming that the final 
states are free-electron-like, the two peaks correspond to emission from the Si1 bands 
close to the X-point. These states are of eg symmetry and our measured spin splitting 
of 0.17 eV is in agreement with the values of 0.20 eV and 0.18 eV reported by Heimann 
et nl(1981) and Raue et a1 (1983), respectively. As the photon energy increases above 
40 eV a shoulder (C) appears on the low binding energy side of B, between EF and 
0.5 eV. On studying the relative intensities of B and C as 4 is increased, we conclude 
that they arise from initial states of C,(S,) and C,(S,) symmetries, respectively. In 
order to compare these data with other measurements we followed the usual practice 
and mapped the 'experimental' dispersion of the initial states ( E ; ,  hi) by assuming a 
direct transition model and a free electron final state band with 

ci = E, - hv 

and 

Here U is the photon energy, E, is the energy of the photwlectron, G is a reciprocal 
lattice vector and V, is the inner potential. We find that with V, = 10 eV our resulting 
band structure is in good agreement with that published by Sakisaka et a1 (1987a,b). 

0.0 1.0 2.0 3.0 4.0 5.0 
BINDING ENERGY (eV)  

Figure 2. The conditions are the same i19 in figure 1 
in the (l i0) plane. 

I- 

L 0.0 1.0 2.0 3.0 4.0 5.0 

except Lhat the light is incident 

In figure 2 we show a typical set of spectra, as a function of the photon energy, with 
the light incident a t  angle of 4 = 30' and A in the (110) plane. At the lower photon 
energies the spectra are characterised by a single peak (D) close to the Fermi level. At 
a photon energy of 30 eV the peak is substantially broader with contributions from 
four initial states (on the Si' and Si' bands). At  higher photon energies two distinct 
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features (labelled D and E) appear, one that remains roughly stationary at  a binding 
energy of N 0.3 eV whilst the other rapidly disperses away to 2 eV binding energy at 
a photon energy of 45 eV. On increasing 4 it is apparent that the rapidly dispersing 
feature (D) is due to the emission from initial states of E&,) symmetry whereas peak 
E arises from the emission from initial states of C,(S,) symmetry. Using the scheme 
outlined in the previous paragraph we mapped the dispersion of the initial states (of 
C,(S,) and C,(S,) symmetries) and found good agreement with the semi-empirical 
band structure of Weling and Callaway (1982). 

We have already made a preliminary analysis of the spectra shown in figures 1 
and 2 on the basis of comparisons with a spin-polarized, one-electron band structure 
calculation (Jordan et a1 1990). In common with previous studies we find that the 
main features in photoemission spectra may be described qualitatively in terms of 
a one-electron band picture with substantial self-energy corrections. In the following 
sections we describe a series of photocurrent calculations we have made for the Ni(ll0) 
surface using a one-step model that includes self-energy effects. 

M A  Boyland and R G Jordan 

4. The calculation scheme 

We carried out a series of photocurrent calculations using the scheme described previ- 
ously by Jordan (1989) that  includes self-energy corrections based on the TDS model. 
The latter can be readily included in photocurrent calculations since it is local and 
only spin- and energy-dependent, i.e., it is of the form C,(E). The model is of a 
single band nature and so we make comparisons with experiment for bands of C,(S,)  
and E,(S,) symmetries individually and separately. A modified form of the (non- 
relativistic) NEWPOOL code (Hopkinson ei a1 1980, Larsson 1985) is used in which 
the spin- and angle-resolved elastic photocurrent is calculated by layer KKR multiple 
scattering techniques for a semi-infinite array of non-overlapping muffin-tin potentials. 
The presence of the surface is modelled by a step function that is in contact with the 
outermost layer of muffin-tins. The self-energy corrections are introduced by renor- 
malizing separately the (single-particle) Green function propagators for the low- and 
high-energy states; the vertex corrections are assumed to have no substantial effect 
on the elastic part of the photocurrent (Almbladh 1985). An excitation potential is 
introduced for the pbotohole, therefore, of the form 

where V,O(r) is the ground state potential for spin U ,  with eigenvalues cp0(k) ( p  is the 
band index), rMT is the muffin-tin radius and C,(E) is the given by 

& ( E )  = U2(A: + A,(E) + i ro(E)) .  

Here U is the intra-atomic Coulomb integral, A: is a correction term, and A,(E) 
and T,(E) are the real and imaginary parts of the self-energy given by TDS. These 
expressions can be incIuded in the NEWPOOL code to allow the calculation of the 
photocurrent in the presence of self-energy corrections in the 1 = 2 angular momentum 
channel. 

The ground state potentials were obtained from calculations using the spin- 
polarized, self-consistent-field, linear mu&-tin orbital (SCF-LMTO) method and the 
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Table 1. A comparison of the energies (in eV), with respect to the Fermi energy, of 
various critical points dong the r K X  direction dctennined using the NEWPOOL code 
with those of Momzzi et of (1978) (MIW) and Wang and Callanay (1977) (WC). 

Symmetrypoint NEWPOOL M I W  wc 

rf -1.26 -1.35 -1.12 

rf2 -0.60 -0.69 -0.65 

r:, -2.24 -2.43 -2.31 

=L -1.54 -1.84 -1.77 
-0.59 -0.59 -0.47 

t o . 1 0  to .11  
xb -0.32 -0.33 -0.30 

xi +0.35 +0.37 t O . 3 3  

x,! 
xl tO.10 

Table 2. A comparison of the energies (in eV), with respect to the Fermi energy, 
of mrne high energy critical points dong the FKX dimtion determined using the 
NEWPOOL code with those of Papaconstantopoulos (1986) (Papa) and Szmulewicz 
and Pease (1978) (sP). 

Symmetrypoint NEWPOOL Papa SP 

XI 9.33 9.15 9.28 

x3 19.49 20.00 19.89 

r15 26.49 27.24 27.17 

x5, 14.66 14.90 1 4 . n  

XI 22.76 23.28 23.15 

r,,, 30.27 30.34 30.29 

LSDA. The corresponding densities of d states (Guo 1989) were used in the expres- 
sions for A,(E)  and r , (E)  given by TDS. Since the potentials were obtained from 
calculations involving the LSDA a correction term, A:, appears in equation (1) to take 
into account the correlations already included (Trdglia el al 1982, Clauberg 1983). 
However, the real and imaginary parts of the self-energy are related by a Hilbert 
transformation and so A: is independent of energy. By using an option in the NEW- 
POOL code we calculated the ground state energy bands, Epo(k); they are shown along 
the r K X  direction in Jordan e2 al (1990) and so are not reproduced here. In tables 
1 and 2 we compare the energies of various critical p0int.s so determined with the 
corresponding values obtained from other oneelectron calculations. Not surprisingly, 
the agreement is generally very good both below and above the Fermi level. 

We show in figure 3 the spin-resolved real and imaginary parts of the self-energy 
from equation (I), with A: = 0. They are similar to those published by TDS for a 
rectangular density of states, although additional detail is evident in our plots due to 
our use of a more realistic and structured density of d states. TDS discussed in some 
detail the implications of the energy dependence of the real and imaginary parts, which 
we will not reiterate here. The quasiparticle bands of E&) and & ( S I )  symmetries 
are given by the loci in (E,k)-space of the maxima in the spectral function 

I 1 
Aao(k ,E)  = - - Imm(E-~, , (k)  -&(E))-' 

a 

where cp0(k)  are the oneelectron (ground state) eigenvalues for band p (E C,(S,) or 



1344 M A  Hoyland and R G Jordan 

-0.401 

-10 -8 -6 - 4  -2  0 2 4 
ENERGY (eV) 

Figure 3. The spin-dependent, real and imsgi-y parts of the sell-energy for Ni 
calculated using the TDS model. 

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 
BINDING ENERGY ( e V )  EINDlNG ENERGY ( e V )  

Figure 4. A comparison of ( a )  photocurrent calculations including self-energy cor- 
reetions for & initial states with ( b )  experimenlal angle-resolved photoemission mea- 
surements of Ni( l l0)  for & and 2% initid state. The photon energy incrcses in 
increments of 5 eV from 20 eV (bottom) to 45 eV (top). 

E&,)) and spin U, with C, (E)  from equation (I). 

5. Comparison of the data with  calculations 

In figure 4(a) we show the calculated photocurrents for the bands of C4(S,) symmetry 
only from the Ni(ll0) surface, using the approach described above. The spin-resolved 
components of the photocurrents were calculated individually, summed and convoluted 
with a step function at EF and a Lorentzian with a FWHM = 0.15 eV to simulate the 
experimental conditions. We took particular care to ensure that a sufficiently large 
set of reciprocal lattice vectors was used in the plane-wave expansion in the NEWPOOL 
code; we found that 65 were required in order to obtain convergence. For the initial 
states, Voi(E) was set to a small, constant (negative) value. For the high energy 
states we used an energy-dependent, parameterized expression for Voi(E) that was 
obtained from the ‘characteristic’ mean-free path curve (Brundle 1975), and fitted to 
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the lifetimes determined by Heimann et al(1981) from their low energy photoemission 
data. 

We chose values for the parameters U (1.8 eV), Ay (-0.126 eV-') and AY 
(-0.149 eV-') that  gave the best fit with the measured values of the binding en- 
ergies of the Xi' states (Heimann et ol. 1981, Raue e t  al. 1983). A comparison 
with figures 1 and 4 ( b )  indicates that excellent agreement can be achieved with the 
experimental spectra. (It is important to note that the spectra shown in figures 1 
and 4(b) contain features derived from initial states of C,(Sl) symmetry. However, 
the calculations have only been made for states with E,@,) symmetry, in accordance 
with the spirit of the TDS model.) At a photon energy of 20 eV states close to the 
X-point are being probed. As the photon energy increases the dispersion of the peak 
in figure 4(a) closely matches that in figure 4(b). It is also clear that  this feature 
broadens considerably as it moves away from .EF, (and away from the X-point), and 
there is very good agreement between the calculated and the experimentally observed 
widths. This broadening is due to the rapid increase in Ir,(E)I below E,, as shown in 
figure 3. As a result, at  photon energies of 30 eV and above, the exchange splitting is 
not resolvable in either the calculated or experimentalspectra. We note that the broad 
peak (A) at  - 1 eV seen in the experimental spectra at a photon energy of 25 eV is 
reproduced both in position and width in the theoretical spectra; we comment on this 
origin of this feature below. 

-2.0- 
K X  

WAVEVECTOR (k) 
r 

Figure 5.  Comparisons of the calculated and experimentally determined dispersion 
for states of & ( S I )  symmetry along the TKX direction. - - -, band calculatiom 
using ground state potentials; -, loci of the maxima in the quasiparticle spectral 
functions. 0 ,  Sakis& et  nl (1987); X ,  Heimann et a/ (1981) and Himpsel (1989); 
A, Eberhardt and Plummer (1980); A, h u e  et  al (1983). 

In figure 5 we have plotted the loci of the maxima in the spectral function, ob- 
tained from equations (1) and (2), for the C4(S4) bands. Also shown are the ground 
state energy bands and the results from a number of previous experimental studies. 
It is clear that our quasiparticle band structure shows substantially improved agree- 
ment with the experimental da ta  than the ground state bands, right along the rKX 
direction. I t  is interesting to note that in contrast to the approximately rigid shift ob- 
tained in the one-electron (LSDA) calculations, the exchange splitting becomes rather 
strongly energy-dependent when self-energy effects are included (see also Borgiel et 
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al 1989 and Nolting e l  a/ 1989). Indeed, it varies from - 0.18 eV at the X-point 
to < 0.10 eV at the bottom of the band. Unfortunately, because of the concomitant 
rapid increase in II',(E)I below E, i t  is not possible to delineate such behaviour in 
the spin-integrated photoemission measurements except between the X- and K-points 
where, as has already been noted (Jordan 1989), there is good agreement between the 
calculations and the experimental data  of Beimann et al (1981) and Himpsel (1989). 
We identify the broad peak (A) at - 1 eV in the experimental and theoretical spectra 
at a photon energy of 25 eV, see figures 1 and 4, with emission from the bottom of 
the C, band, where there is a high density of initial states. These states can couple 
into an unoccupied final state band due to the large lifetime broadening. 

M A  Hoyland and R G Jordan 

0.0 1.0 2.0 3.0 4.0- 0.0 1.0 2.0 3.0 4.0 
BINDING ENERGY ( e V )  BINDING ENERGY (eW1 

Figure 6. A comparison of (a) photocurrent calculations including seU.enagy cor- 
rections Tor CJ initial stat- with ( b )  experimental angle-resolved photoemission mea- 
surements of Ni( l l0 )  for Cs and & initial states. The photon energy increases in 
increments of 5 eV from 20 eV (bottom) to 45 eV (top). 

In figure 6(a) we show the calculated photocurrents over a range of photon 
energy from states of C,(S,) symmetry using U= 1.8 eV, AY= -0.16 eV-' and 
Ay= -0.10 e V 1 .  These values of A.", are slightly different from those for the C4(S4) 
bands; they were chosen to fit the Fermi surface data, the photoemission and inverse 
photoemission results reported by Heimann et a/ (1981), Raue el Q/ (1983) and Donath 
el a/. (1990), and references therein, for the the position where the minority-spin band 
crosses the Fermi level and the binding energies of the Xi' states. A t  a photon energy 
of 20 eV the peak just below E, corresponds to emission from Xi  states. We note 
that the dispersion of peak D in figure 2 is reproduced well in the calculations. As w a s  
noted for the other geometry the features broaden considerably as they move away 
from E, and the calculated widths are in very good agreement with those observed. 

In figure 7 we have plotted the ground state C,(S,) energy bands, the loci of the 
maxima in the corresponding quasiparticle spectral function, obtained from equations 
(1) and (2), together with several sets of experimentally determined points. Again, we 
see that the inclusion of the self-energy corrections leads to a much improved agreement 
between experiment and theory. The sharp reduction of the spin splitting between the 
quasiparticle bands near the K-point is a consequence of structure in &he (real part 
of the) self-energy corrections a t  that energy, see figure 3. In fact, small changes to 
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HAVEVECTOR (k j 

Figure 7. Comparisons of the calculaled and expvimentally determined dispersion 
for slates of Ez(S3) symmetry along the TKX direction. - - -, band calculatiom 
using gmund state potentials. -, loci of the maxima in the quasipartide spectral 
functions. 1. de Haas-van Alphendata; +, Heimann e t  af(l981) and Himpsel(1989); 
X ,  Eberhardt and Plummer (1980); 0 ,  h u e  el af (1983). 

the values of A:, although making only minor differences to the calculated spectra, 
can actually result in an inverse exchange splitting in this region. The possibility of 
similar behaviour was suggested also by BorgieI et al (1989) and Nolting el al (1989) 
in the uppermost d subband. 

In table 3 we compare the calculated critical points from the quasiparticle bands 
with various experimental data from photoemission measurements. Overall we obtain 
good agreement. It should be noted that it has  often been the practice to equate 
differences between the peak positions in photoemission spectra and the ground state 
eigenvalues with the real part of the self-energy. However, figure 3 shows that the 
imaginary part of the self-energy, l',(E), is strongly energy dependent and so it must 
also play a role in determining the energy position of maxima in the spectral function, 
equation (2). As the results in table 3 show, in the case of the C,(S,) bands the 
differences between using ( a )  the full self-energy and ( b )  the real part only are small 
at the critical points rl,, K, and X,, although at the bottom of the band (near 
k - 0.5) the discrepancy amounts to 0.13 eV. In the case of the C,(S,) bands, larger 
differences are apparent at and K,, and at the bottom ofthe band, the discrepancy 
is - 0.8 eV! 

Starnberg and Nilsson (1988) determined the real part of the self-energy for Ni 
by analysing previous photoemission data. They decoupled the sp and d bands but 
did not discriminate between the different spins or the d-band symmetries. Although 
there is some scatter in their data, they found a linear relationship with energy for 
the d-band contribution, namely 

A' Y -0.44(E - E F )  . 

In figure 8, therefore, we compare the energy dependences of our spin-resolved TDS 
self-energies for the C,(S,) and C,(S,) bands with a line of slope -0.44 and we see 
that they are in very good accord. 
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T a b l e  3. A comparinon of experimentally determined critical p i n 1  enerees (in eV), 
with respect lo the Fermi energy, with those determined in this study using the full 
self-energy correction (i.e., including the real and imaginary parts) and the real part 
ody.  (. . .) denotes values that are the average of the two spins. 

FU!J Real part 
Symmetry point Experimental self-energy only 

rL (-0.40) -0.60 -0.63 

IC! (-0.45) a -0.52 -0.53 
-0.39 -0.40 

rf2 (-0.5) -0.48 -0.50 

-0.24', -0.24d -0.22 -0.22 
-0.Wc, -0.04d -0.03 -0.03 

(-1.25) - 1.63 -1.76 

(-1.10)* -1.34 -1.40 

Jii (-0.90) a -1.24 -1.48 
Jif -1.12 -1.18 

x? +0.23d +0.23 f0.23 

&Eberhardt and P l u m "  (1980). 
bHimpsel (1989). 

dHeimann et  nl (1981). 

x: -0,10~,-031d -0.11 -0.11 

CRaue et d (1983). 

0.2 

0.0 

-0.2 
-0.80 -0.40 0.00 

(E-EFl  (eV1 

Figure 8. Comparison of the TDS self-energy and that determined experimentally 
for pure d bands (Stamberg and Nilsson 1988). The heavy full has a gradient of 
-0.44 (see text). 

6.  Concluding remarks 

'we have shown that when cotrelation effects are included in realistic photocurrent 
calculations for Ni( l lO) ,  good agreement can be achieved with angle-resolved, spin- 
integrated UV photoemission measurements over a range of photon energies. Using 
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the local model of Trdglia et a/ (1982) for the self-energy corrections to one-electron 
eigenvalues, we can reproduce the dispersion of the quasiparticle states of C,(S,) 
and C,(S4) symmetry along the r(E)K(S)X direction. The degree of agreement we 
find between our calculations and experimental data gives further support to the 
view from earlier studies that, at  least for the d bands, the self-energy is essentially 
only energy dependent (see, for example, Eberhardt and Plummer 1980, Davis 1986, 
Starnberg and Nilsson 1988); an assumption that underlies the present analysis. We 
find that the correlations produce a marked energy dependence of the spin splitting 
along the I'KX direction, indeed, it is conceivable that an inverse exchange splitting 
may occur at certain values of k. We have shown previously (Jordan and Hoyland 
1989) that just below EF the relative lifetimes of holes in the minority- and majority- 
spin bands are not correctly predicted by the TDS model. Although the calculated 
widths of the minority-spin features are in good agreement with the published data  
the widths of the majority-spin features are consistently too small (Jordan 1989). 
Nevertheless, the imaginary part of the self-energy calculated at  the bottom of the 
d band (- 1.6 eV) is in good agreement with the peak widths (- 2 r )  measured by 
Eberhardt and Plummer (1980). We have shown also that significant errors may arise 
in experimental determinations of self-energy corrections if the differences between 
photoemission peak positions and one-electron eigenvalues are equated simply with 
the red part of the self-energy. 

We should point out that the TDS model is not necessarily superior to other 
models-for example, those mentioned in the introduction-since they all appear to 
give quantitatively similar results for Ni (Davis 1986). However, we have shown that 
despite its apparent inadequacies the TDS model provides a surprisingly good descrip- 
tion of the self-energy corrections in Ni, at  least for the E#,) and E4(S,) bands. 
We anticipate that spin-resolved photoemission measurements will soon be available. 
They will undoubtedly provide the detailed quantitative information necessary for the 
development of improved descriptions of the correlation effects in Ni. 
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