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Effect of Self-Energy Corrections on the Valence-Band Photoemission Spectra of Ni
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thai all four observations described above can be
semiquantitatively understood on the basis of cor-
relations among d electrons which determine the
spectral distribution of the created hole. The ex-
change splitting of t,e states (-0.37 eV) is found
to be nearly twice as large as that of e~ states
(0.21 eV) due to the nonspherical nature of the
spin density. The new satellite is predicted to
have purely majority spin polarization and to ex-
hibit very weak Fano enhancement. It is shown
that this feature is the remnant of the 'S term of
the atomic d' multiplet. The remaining terms
combine to a main satellite or merge with the d-
band states.

The spectral function of the hole which is cre-
ated in the photoemission process is given by the
expression

energy.
The purpose of the present paper is (a) to pre-

dict the existence of yet another sat llite at about
2 eV below the main satellite, and (b) to show

It is shown that the experimentally observed band narrowing, the large quasiparticle
damping, the small exchange splitting, and the existence of satellites can be reproduced
semiquantitatively with use of the low-density approximation to describe correlations
between Ni 3d electrons. The exchange splitting of 12~ states (-0.37 eV) is found to be
considerably larger than that between e~ states (-0.2& eV). A new satellite is predicted
about 2 eV below the main "6-eV" satellite.

The valence spectra of bulk Ni have received
considerable attention since they exhibit several
features which cannot be reconciled with the one-
electron band model: (i) the width of the Ni 3d
band is about 25% smaller' than that predicted
theoretically', (ii) the intrinsic width of spectral
features in angle-resolved energy distributions
is about 1.2 eV near the bottom of the d band, '
i.e., much larger than in the case of Cu; (iii) the
measured exchange splitting' ' (0.25-0.35 eV) is
approximately half as large as that derived from
band theory' (0.65 eV); and (iv) a shakeup struc-
ture is observed' ' at about 6 eV below the Fermi
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where e k„, are the band energies and &„,(e, Q
are the diagonal elements of the self-energy ma-
trix. It is assumed that off-diagonal elements
can be ignored. The degenerate Hubbard model'
is used to describe the interactions between d
electrons. Since the number of hole states in the
Ni d band is small and the interaction between d
electrons is short ranged, the low-density approx-
imation is assumed to be adequate. ' ' In this lim-
it, the self-energy may be written in terms of the
t matrix, t =(U '+G'~) '. Gt'~ denotes the two-
particle Green's function and U is the intra-atom-
ic Coulomb matrix:

(2)

where the p are atomic d functions. Since the
full E dependence of the spectral function is not
of primary interest at this point, the additional
approximation is made of replacing 6' by its
average over % and over band and spin indices:

l where p represents the average density and f the
Fermi function. The direct and exchange proces-
ses can then be shown to give the following ex-
pression for the self -energy":

&t, ((u) = —Q Q A, , 'ni I7„((u), . (4)

u„=F +a F' +6 F' . (5)

The numerical values of the coefficients in Eqs.
(4) and (5) will be given elsewhere

Etluation (4) demonstrates that each multiplet
term introduces its own structure into the vari-
ous components of the self-energy and, via Eq.
(1), of the spectral function. The binding energy,

with i =- t~, e~. The n& ~ denote the number of holes
per minority t& and e~ band and the 7„are de-
fined as 7 a(u&) =u„/[1+u„g(v)], where u„are the
eigenvalues of the Coulomb matrix (2). These
eigenvalues specify the term energies of the d'
configuration which can be expressed in terms of
the usual Coulomb integrals:
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FIG. 1. Real and imaginary parts of t~& up-spin self-
energy. The intersections with the line ~ —&I, specify
the shifted quasiparticle energies and the positions of
the satellites.

at which such a spectral feature might appear,
depends critically on the size of the term ener-
gies u . For small values of u„, only a small
and nearly energy-independent contribution to the
self-energy is obtained. For sufficiently large
values of u, on the other hand, 7 exhibits singu-
larities at energies given by the condition 1
+u„g(&u ) =0. Since g(&o) behaves asymptotically
as c'(&u —c,) ', where c is the average occupancy
per band and &, the center of gravity of the two-
particle density, the self-energy has poles at en-
ergies co„=e,—c'u . Thus, in the limit of nar-
row bandwidth or large Coulomb energies, the
excitation spectrum reflects precisely the atomic
multiplet of the d' configuration.

For a realistic set of Coulomb integrals, the
real and imaginary parts of the t„up-spin com-
ponent of the self-energy a,re shown in Fig. 1.
The density of d states, on which these results
are based, is obtained from a self-consistent lin-
ear combination of muffin-tin orbitals calcula-
tion for ferromagnetic Ni, i.e., the effect of hy-
bridization with the s-p band is included. The
number of holes per t,~ and e~ band are 0.14 and
0.06, respectively. For the F " used in Fig. 1,
the u range from 2.6 to 7.7 eV. Only the '8 term
leads to a singularity in He~, whereas the 'G,
'P, and 'D contributions form a single peak. The
term with the smallest u„, 'E, gives a weak,
slowly va, rying contribution.

Figure 2 shows the (a) majority and (b) minority
spectral densities for t~ and e~ states at 4 eV be-
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FIG. 2. Spectral distribution of (a) majority and
(b) minority states at 4 eU below EF. The peak marked
'S represents the new satellite in the majority density.
The features between 8 and 9 eU in (a) and (b) represent
the main shakeup structure below the d band.

low EF. The up-spin states are shifted by about
0.7 eV toward Ez and broadened by 1.3 eV. These
values compare reasonably well with measured
shifts of about 1 eV and linewidths of approximate-
ly 1.2 eV for states near the bottom of the d band. '
The calculated self-energy corrections of the
down-spin states, on the other hand, are notice-
ably smaller. Moreover, only one satellite is
split off below the band. The physical origin of
these differences lies in the fact that, in the case
of excitation from a down-spin state, there is a
partial cancellation between Coulomb and exchange
processes. As a result, only M~ =1 atomic final
states are allowed, i.e., only the 'P and 'I states
can be excited. This cancellation does not occur
in the case of emission from majority states, i.e.,
all five configurations of the M~ =0 atomic final
state are allowed. Thus, the 'S satellite can ap-
pear only in the up-spin spectrum and the contri-
butions to the main satellite are much stronger
for majority states than those for minority states.

Figure 1 illustrates that the shift of band states
toward EF as well as their damping decrease
roughly linearly with binding energy. The same
trend is observed in angl. e-resolved spectra. '
The binding energy of the satellites also decreas-
es slightly. Thus, the %-integrated minority den-
sity has a satellite at about 8.5 eV whereas the
two satellites in the majority density are located
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near 9.0 and 10.5 eV. The weight of the 'S peak
relative to that of the main satellite in the total
density of states is about 0.2, which might make
it difficult to observe this feature experimentally.
Moreover, because of selection rules, the 'S
term contributes only very weakly to the Auger
decay of Sp core levels. " This implies that this
satellite should show very little Fano enhance-
ment near the SP threshold.

The multiplet splitting of the Ni satellites and
their partial overlap with the band states influ-
ences their net polarization. The numerically ob-
tained ratio between the total up- and down-spin
satellite intensities ranges from 2 to 4 depending
on the energy range over which the intensities are
integrated. Thus, there is considerable spread
about the nominal statistical ratio of 2.5. It seems
likely, however, that the recently predicted" en-
hancement of the satellite polarization near the
Sp threshold will persist.

Ejluation (5) indicates that the magnitude of E~'~

and I' ' mainly influences the splitting between
satellites whereas I' ' determines their mean po-
sition. A decrease of I' ' would therefore lower
the satellite binding energies in Fig. 2 by about the
same amount. In this manner, better agreement
with the observed peak at 6 eV could be achieved.
At the same time, however, the self-energy cor-
rections of the band states would be reduced.
Possible sources of this discrepancy are the lim-
ited validity of the low-density approximation,
the neglect of the % dependence of G~'~ in Ejl. (3),
and the omission of other than intra-atomic Cou-
lomb interactions. Also, in principle, the self-
energy should be calculated self-consistently.
This might lead, for fixed E", to an additional
band narrowing since, at each iteraction step,
weight is removed from states near the bottom of
the band. An additional complication lies in the
possible accidental overlap of the satellites with
d'P' excited states which are thought to be the ori-
gin of satellites seen for atomiclike Ni on carbon
substrates. " A careful examination of the 6 to 12
eV range of bulk Ni spectra might help to clarify
this situation.

The results presented in Fig. 2 do not yet in-
clude any readjustment of the density of states
due to the exchange splitting which is derived
from Ejl. (4). For t~ and e~ states, this splitting
is given by

+ j$ ÃF) + j$ ( F) y
j t2gyeg (6)

The numerical values obtained for the same I' "
as in Figs. 1 and 2 are 6, =0.37 eV and 4, =0.21

eV. States of mixed symmetry should be split by
some intermediate amount. These results are in
excellent agreement with the measured exchange
splittings which lie between 0.25 and 0.35 eV at
different points in the Brillouin zone. ' ' It would
be of interest to determine experimentally mheth-
er a systematic trend is indeed observable as the
character of states changes between t~ and e~ in
angle-resolved spectra. The origin of the differ-
ence between 6, and ~, lies in the nonspherical
nature of the spin density. If an identical number
of t„and e~ holes had been used, both 4,„and

would be equal to 0.31 eV. This kind of en-
hancement of 4,, relative to the average exchange
splitting, accompanied by a reduction in 4, ,
agrees well with theoretical estimates" based on
neutron scattering data.

The calculated values of 4,, and 4, do not de-
pend sensitively on the choice of the Coulomb inte-
grals. Their magnitude is determined by the
small size of the ~ (EF) which may be interpret-
ed as effective Coulomb energies appropriate to
the energy range near EF. The 7 (EF) were found
not to exceed a value of about 3 eV even if the u

are as large as 6 eV. Thus, realistic estimates
give for b,, an upper limit of about 0.45 eV. A
similar reduction of 4 has also been predicted to
occur as a result of self-energy corrections due
to electron-magnon scattering. " However, no
quantitative estimate of the importance of this ef-
fect for Ni has been given so far. As a conse-
quence of the small exchange splittings, the t,~

and e, majority bands are shifted very close to
EF. Such a shift has been shown" to be consis-
tent with the observed photon energy dependence
of the spin polarization for Ni."

In conclusion, it has been demonstrated that the
hole spectral function contains significant self-
energy correlations due to d-electron correlations.
These correlations lead to atomiclike spectral
features which coexist with bandlike behavior.
The atomic mu1tiplet is not fully developed, how-

ever, and the band states are considerably shifted
as mell as broadened. Also, the correlations en-
sure that the exchange splitting of the hole spec-
trum is only about half as large as that which
characterizes the ground states. Whereas these
phenomena do not occur in Cu because of its filled
d shell, it clearly would be of interest to investi-
gate analogous effects in Co and Fe. This would
require an extension of the present theory be-
cause of the limited applicability of the low-den-
sity approximation in this materials.
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Random Antiferromagnetic Chain
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The quantum spin-2 Heisenberg antiferromagnet in one dimension with randomly dis-
tributed couplirg constants is solved approximately. Ground-state energies and low-
temperature properties are obtained for several distributions of coupling constants (in-
cIudirg both singular and nonsinguIar distributions) . Power-law temperature depen-
dence in specific heat and in susceptibility are found for a11 distributions studied.

The random one-dimensional Heisenberg anti-
fer romagnet with nearest-neighbor interactions
is defined by the Hamiltonian

withl -~. Here S„are taken to be spin-2 opera-
tors. The coupling constants K„are different for
different ~. Their values are distributed random-
ly following a certain probability P(K), 0&K &J.
The random antiferromagnetic chain does not
have the translational invariance of the uniform
system (where all K„'s are equal). Consequently,
it does not have the spin-wave spectrum of the
uniform case, which is difficult enough to have
defied analytic solution. Thus, even an approxi-
mate solution becomes difficult for the random
antiferromagnet, not to mention an exact analytic
or numerical solution.

Earlier theoretical investigations were motivat-
ed by experimental interest. There are systems
which can be modeled by (1). These include
poly(metal phosphinates)' and (CD,),NMn„Cu, „Cl,

(TMMC: Cu).' More well known are the organic
charge-transfer compounds N-methyl-phenazini-
um tetracya. noquinodimethanide (NMP- TCNQ),
quinolinium tetracyanoquinodimethanide
[Qn(TCNQ), ], etc."~ Bulaevskii et al.' trans-
formed the problem to a Fermi-gas model. In
order to explain the singular temperature depen-
dence of the susceptibility of TCNQ, they as-
sumed singular energy dependence of the Fermi-
on density of states even if P(K) is not singular,
without theoretical justification. Their results
were criticized by Theodorou and Cohen, ' who
argued that only singular P(K) can give rise to a
singular susceptibility. A cluster approximation
was devised by Theodorou and Cohen to study the
cases of singular power-law distributions P(K)
~K' ', 0&c &1. Singular temperature dependence
in the specific heat C and the magnetic suscep-
tibility X were found~':
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