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to the 6 eV Satellite in Ni
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In photoemission spectra of strongly correlated systems one usually observes a satellite stru
below the main peak. Description of such satellite structures in the commonly usedGW approximation
has been found to be insufficient. To account for these satellite structures that originate from s
range correlations, we have developed aT -matrix formalism for performingab initio calculations on
real systems. The method is applied to Ni and we obtain a satellite structure below the Fermi
as well as a reduced exchange splitting. We also found a new interesting satellite structure abov
Fermi level, which can be ascribed to particle-particle scattering. [S0031-9007(98)05337-X]
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In many strongly correlated systems, one observes
a photoemission experiment the presence of a satel
structure a few eV below the main peak [1]. The
origin of this satellite is due to the presence of two o
more holes in a narrow band after a photoelectron
emitted. An illustrative example is provided by Cu and
Ni. In Cu, the d band is fully occupied so that after
photoemission there is only oned hole in the system
corresponding to the3d9 configuration. Since no other
holes exist there will be no hole-hole correlation reflecte
in the absence of a satellite and a single-particle theo
is sufficient. On the other hand, the ground state
Ni already contains a configuration with oned hole
so that after photoemission, the final state contains
configuration with twod holes. Since the two holes are
localized on the same atomic site, there will be a stron
d-d interaction resulting in the well-known 6 eV satellite
[2–6].

There have been many works studying the ele
tronic structure of highly correlated systems but mo
of them are based on model Hamiltonians. Whil
they qualitatively provide important insights into the
underlying physics, they contain adjustable paramete
which hinder a direct quantitative comparison with th
experiment.

Ab initio calculations for strongly correlated system
[7,8] have been performed mainly within theGW approxi-
mation (GWA) [9]. It is known that the GWA works
reasonably well in describing the quasiparticle energi
but its description of the satellite structure is less sati
factory. Physically, the quasiparticle energies are dete
mined mainly by the long-range screening which is we
described within the GWA. Short-range interaction, o
the other hand, is not properly described. A natural e
tension of the GWA is therefore to include short-rang
correlation which can be described by theT -matrix the-
ory [10–12] which describes multiple scattering betwee
two holes or two particles.
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In this Letter we develop aT-matrix theory for perform-
ing ab initio calculations on real systems. The method
is applied to calculate the spectral function of Ni. In
the GWA the 6 eV satellite is not obtained. Previous
calculations based on Hubbard models showed that th
T -matrix theory was capable of yielding a satellite struc-
ture in Ni [13–19].

Physically, theT matrix describes multiple scattering
between two holes or electrons. It is defined by the
following Bethe-Salpeter equation [20]:

Ts1s2 s1, 2 j 3, 4d  Us1, 2d ds1 2 3dds2 2 4d

1 Us1, 2d
Z

d10d20 Ks1s2s1, 2 j 10, 20d

3 Ts1s2 s1
0, 20 j 3, 4d , (1)

where U is a screened Coulomb interaction andK is
a two-particle propagator. We have used a short-han
notation 1 ; sr1, t1d and s labels the spin. Diagram-
matically, the multiple scattering processes are shown i
Fig. 1.

The kernelK or the two-particle propagator is given by

Ks1s2s1, 2 j 10, 20d  iGs1 s1
0, 1dGs2 s2

0, 2d , (2)

whereGs is a time-ordered single-particle Green function.
The explicit form of the Fourier transformed kernelK is

FIG. 1. Feynman diagrams for theT matrix (square): The
wiggly and the solid line with the arrow represent the screene
interactionU and the Green functionG, respectively.
© 1998 The American Physical Society 2389
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given by
Ks1s2 sr1, r2 j r0

1, r0
2; vd 

2

occX
ij

cis1sr0
1dcp

is1
sr1dcjs2 sr0

2dcp
js2

sr2d
v 2 ´is1 2 ´js2 2 id

1

unoccX
ij

cis1sr0
1dcp

is1
sr1dcjs2 sr0

2dcp
js2

sr2d
v 2 ´is1 2 ´js2 1 id

, (3)

wherecis is a Bloch state. The first term on the righ
hand side is due to hole-hole scattering and the sec
to particle-particle scattering. This expression is sim
to the random-phase approximation (RPA) polarizat
propagator but the states are either both occupied
unoccupied.
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The self-energy obtained from theT matrix consists of
a direct term

Sd
s2

s4, 2d  2i
X
s1

Z
d1d3 Gs1s1, 3dTs1,s2 s1, 2 j 3, 4d ,

(4)

and an exchange term

Sx
s2

s3, 2d  i
Z

d1d4 Gs2 s1, 4dTs2,s2 s1, 2 j 3, 4d . (5)

Using the spectral representations ofG andT the self-
energy can be written explicitly as
Im Sd
s2

sr4, r2; v . md 
Z

d3r1d3r3

occX
k0n0s1

ck0n0s1 sr1dcp
k0n0s1

sr3d Im Ts1s2 sr1, r2 j r3, r4; v 1 ´k0n0s1d

3 usv 1 ´k0n0s1 2 2md , (6)

Im Sd
s2

sr4, r2; v # md  2
Z

d3r1d3r3

unoccX
k0n0s1

ck0n0s1 sr1dcp
k0n0s1

sr3d Im Ts1s2 sr1, r2 j r3, r4; v 1 ´k0n0s1d

3 us2v 2 ´k0n0s1 1 2md . (7)
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The screened potentialU is in principle frequency
dependent. Physically, however, the largest contributi
to the T matrix comes from the on site interaction sinc
thed-band width is relatively small. Within the same site
the interaction is essentially instantaneous and therefo
it is justified to use an interaction of the formUs1, 2d 
Usr1, r2ddst1 2 t2d, whereUsr1, r2d is a static interaction.
This static approximation will be used in the present wor

The total self-energy is given by the sum of theGW
self-energy and theT -matrix self-energy. However, care
must be taken to avoid double counting since the dire
second order term in theT matrix is already included in
the GWA. A straightforward subtraction of the secon
order term leads, however, to wrong analytic propertie
of the self-energy and consequently gives some negat
spectral weight. We have constructed a scheme to av
double counting and to maintain the positive definitene
of the spectral function. This is done by dividing the bar
Coulomb interaction into the screened potentialU and a
long-range partyL [21]: y  U 1 yL. The correlation
part of theGW self-energy is schematically given by

Sc
GW  GyPy , (8)

whereP is the total RPA response function

P  s1 2 P0yd21P0, (9)

andP0 is the noninteracting response function. Using th
above division of the Coulomb potential we obtain

Sc
GW  GUPyL 1 GyLPU 1 GyLPyL 1 GU PU .

(10)

The last term is then subtracted off which thereby remov
double counting to all orders. It has the same analy
on
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structure as theGW self-energy, but sinceU is smaller
than the barey, this term is always smaller than theGW
self-energy for all frequencies. Numerically it turns ou
to be very small.

Following the above scheme the total correlation pa
of the self-energy becomes

Sc
GWT  Sc

GW 1 Sc
T 2 GU PU , (11)

whereS
c
T  Sd 1 Sx with Sd andSx given by Eqs. (4)

and (5), respectively.
Since theT matrix describes scattering between local

ized holes or particles, it is suitable to work with ba-
sis functions which are also localized such as the line
muffin-tin orbitals (LMTO) [22]. In the atomic sphere
approximation, the LMTO basis functions are of the form

xs
RLsr, kd  ws

RLsrd 1
X
R0L0

Ùws
R0L0srd hs

R0L0,RLskd . (12)

The Bloch states are expanded in the LMTO basis. Usin
this basis we obtain a matrix equation forT ,

Tss0sab j gd; vd  Usab j gdd 1
X

hn,lr

Usab j hnd

3 Kss0 shn j lr; vd

3 Tss0 slr j gd; vd , (13)

which can be easily solved by inversion. We have use
a short-hand notationa ; RL. For practical purposes,
we neglect thek dependence ofx since the largest
contribution to K and T arises from the on site term.
The Coulomb matrixU is determined from first principles
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using the constrained local density approximation (LDA
method [23].

We apply the theory to ferromagnetic Ni. The imagi
nary part ofT exhibits a peak which corresponds to th
presence of the so-called “two-hole bound state.” Th
hole created in a photoemission process scatters repe
edly with a virtual hole as in Fig. 1. Since the3d-band
width is relatively narrow (,3 eV), two holes on the same
site have a small probability to hop from site to site, form
ing a two-hole state. In a simple single-particle picture
the photoelectron appears to have a smaller kinetic ene
since the photon energy is also used to excite ad electron
to an empty state above the Fermi level, leaving two hol
in the final state. The upper limit for the binding energ
is then roughly twice the bandwidth.

To study the spectra as a function of the interactio
strength, we use a model potential of the formUsjr 2

r0jd  erfcsajr 2 r0jdyjr 2 r0j. For theT -matrix self-
energy, we notice that the position of the peak in ImST

is rather insensitive to the screening parameter. Howev
the intensity varies witha and consequently the satellite
position, which is determined by ReS, is modified accord-
ingly. Thus, if we were allowed to adjust the screenin
parametera, the position of the satellite could be shifted
arbitrarily. It is therefore crucial to determine the screene
interactionU from a parameter-free scheme. According t
constrained LDA calculationsUdd , 5.5 eV [17]. Con-
sequently in our calculations we choosea  1.2 which is
equivalent toUdd from constrained LDA [24]. Using a
different form ofU, for example, an exponential, has no
effect on the results as long as the screening length is co
parable resulting in similar matrix elements.

Our results for theGW self-energies and theT-matrix
self-energies for states at theX andG points are shown in
Figs. 2 and 3, respectively. The double-peak structure
Im SGW aroundø25 30 eV is probably due to plasmon
excitations and the peak atø70 eV is due to the3p
core excitation. TheT -matrix self-energy has considerable
contributions below and above the Fermi level. There
a significant difference between the majority and minorit
self-energy as can be seen in Figs. 2 and 3. The probabi
of creating a hole in the majority channel is larger than i
the minority channel, since the former is fully occupied
The virtual hole can mainly be created in the minorit
channel due to the presence of3d unoccupied states just
above the Fermi level. This implies that the majority3d
self-energy will be larger than the minority one which
reduces the exchange splitting, which in the LDA an
GWA is too large (0.6 eV vs 0.3 eV experimentally)
Consequently, theGW -band width, which is too large by
ø0.4 eV [7], is also improved.

Our calculated spectral functions for states at theX and
G points are displayed in Figs. 4 and 5, respectively. Th
main peak,3 eV below the Fermi level is the quasi-
particle peak. A satellite structure originating from the
T -matrix self-energy, absent in the GWA, can be observe
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FIG. 2. Imaginary part ofS for Ni at theX point correspond-
ing to the second occupied state. The full line is theT -matrix
contribution and the dotted line theGW contribution.

below the main peak. The satellite starts indeed atø6 eV
and the shape compares well with the experiment [2,5
although the main peak is somewhat lower than the ex
perimental one. One possible reason for this is the negle
of particle-hole scattering which should reduce the sate
lite binding energy. Moreover, the true value ofU may
be smaller than the one used in the present work.

The intensity of the satellite peak varies through thed
band, being largest for states at the bottom of the band. A
a consequence, the bottom of the3d band is most affected
by theT matrix resulting in a decrease in the band width
of ø0.3 eV. This decrease is significantly smaller than
what was found in model calculations [14] pointing to
the importance of matrix elements neglected in Hubbar
models. The exchange splitting experiences the large

FIG. 3. Imaginary part ofS for Ni at theG point correspond-
ing to the second occupied state. The full line is theT -matrix
contribution and the dotted line theGW contribution.
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FIG. 4. Ni spectral function for the second occupied stated
band) at theX point.

reduction also for states at the bottom of the3d band by
ø0.3 eV.

An interesting new feature is the presence of a pe
structure just above the Fermi energy which arises fro
particle-particle scattering. At first sight, these scatterin
processes are expected to be insignificant, since the num
of unoccupied states is small which leads to a smallT
matrix for positive energies. However, there is a su
over occupied states which amplifies the small contributio
from theT matrix as can be seen in Eq. (6). It should b
possible to measure this satellite structure in an angu
resolved inverse photoemission experiment by choosi
certain k vectors, where the quasiparticle peak is we
separated from the satellite.

In summary, to describe short-range correlations n
glected in the GWA, we have developed anab initio
T -matrix theory for real systems, which takes into ac

FIG. 5. Ni spectral function for the second occupied stated
band) at theG point.
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count band structure effects and spin-spin correlations n
glected in the GWA. This represents a first step towards a
ab initio scheme for strongly correlated systems which wa
not available before. The method is applied to Ni giving
a satellite structure below the main quasiparticle peak co
responding to the 6 eV satellite and reducing the exchan
splitting as well as improving theGW -band width. In ad-
dition, we found a new satellite structure just above th
Fermi level. These encouraging results motivate furthe
applications to more complex systems such as transiti
metal monoxides.

[1] S. Hüfner, Photoelectron Spectroscopy,Springer Series
in Solid-State Sciences Vol. 82 (Springer-Verlag, Berlin
Heidelberg, 1996).

[2] S. Hüfner, G. K. Wertheim, N. V. Smith, and M. M.
Traum, Solid State Commun.11, 323 (1972).

[3] C. Guillot, Y. Ballu, J. Paigné, J. Lecante, K. P. Jain
P. Thiry, R. Pinchaux, Y. Pétroff, and L. M. Falicov, Phys.
Rev. Lett.39, 1632 (1977).

[4] R. J. Smith, J. Anderson, J. Hermanson, and G. J. Lapey
Solid State Commun.21, 459 (1977).

[5] F. J. Himpsel, J. A. Knapp, and D. E. Eastman, Phys
Rev. B 19, 2919 (1979).

[6] J. Kanski, P. O. Nilsson, and C. G. Larsson, Solid Stat
Commun.35, 397 (1980).

[7] F. Aryasetiawan, Phys. Rev. B46, 13 051 (1992).
[8] F. Aryasetiawan and O. Gunnarsson, Phys. Rev. Lett.74,

3221 (1995).
[9] L. Hedin and S. Lundqvist, inSolid State Physics,edited

by H. Ehrenreich, F. Seitz, and D. Turnbull (Academic
New York, 1969), Vol. 23, p. 1.

[10] J. Kanamori, Prog. Theor. Phys.30, 275 (1963).
[11] H. Suehiro, Y. Ousaka, and H. Yasuhara, J. Phys. C19,

4247 (1986);ibid. 19, 4263 (1986).
[12] H. Yasuhara, H. Suehiro, and Y. Ousaka, J. Phys. C21,

4045 (1988).
[13] D. R. Penn, Phys. Rev. Lett.42, 921 (1979).
[14] A. Liebsch, Phys. Rev. B23, 5203 (1981).
[15] G. Treglia, F. Ducastelle, and D. Spanjaard, Phys. Rev.

21, 3729 (1980).
[16] C. Calandra and F. Manghi, Phys. Rev. B45, 5819 (1992).
[17] M. M. Steiner, R. C. Albers, and L. J. Sham, Phys. Rev. B

45, 13 272 (1992).
[18] Jun-ichi Igarashi, P. Unger, K. Hirai, and P. Fulde, Phys

Rev. B 49, 16 181 (1994).
[19] F. Manghi, V. Bellini, and C. Arcangeli, Phys. Rev. B56,

7149 (1997).
[20] See, e.g., A. L. Fetter and J. D. Walecka,Quantum Theory

of Many-Particle Systems(McGraw-Hill, New York,
1971).

[21] Ulf von Barth (private communication).
[22] O. K. Andersen, Phys. Rev. B12, 3060 (1975).
[23] O. Gunnarsson, O. K. Andersen, O. Jepsen, and J. Zaan

Phys. Rev. B39, 1708 (1989).
[24] M. Springer and F. Aryasetiawan, Phys. Rev. B (to b

published).


