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In photoemission spectra of strongly correlated systems one usually observes a satellite structure
below the main peak. Description of such satellite structures in the commonlyGigeapproximation
has been found to be insufficient. To account for these satellite structures that originate from short-
range correlations, we have developed-anatrix formalism for performingab initio calculations on
real systems. The method is applied to Ni and we obtain a satellite structure below the Fermi level
as well as a reduced exchange splitting. We also found a new interesting satellite structure above the
Fermi level, which can be ascribed to particle-particle scattering. [S0031-9007(98)05337-X]

PACS numbers: 71.10.—w, 71.27.+a, 71.28.+d, 71.45.Gm

In many strongly correlated systems, one observes in In this Letter we develop @-matrix theory for perform-
a photoemission experiment the presence of a satelliteg ab initio calculations on real systems. The method
structure a few eV below the main peak [1]. Theis applied to calculate the spectral function of Ni. In
origin of this satellite is due to the presence of two orthe GWA the 6 eV satellite is not obtained. Previous
more holes in a narrow band after a photoelectron igalculations based on Hubbard models showed that the
emitted. An illustrative example is provided by Cu and 7T-matrix theory was capable of yielding a satellite struc-
Ni. In Cu, thed band is fully occupied so that after ture in Ni [13—19].
photoemission there is only oné hole in the system Physically, theT matrix describes multiple scattering
corresponding to th&d® configuration. Since no other between two holes or electrons. It is defined by the
holes exist there will be no hole-hole correlation reflectedollowing Bethe-Salpeter equation [20]:
in the absence of a satellite and a single-particle theory
is sufficient. On the other hand, the ground state ofs,.,(1.213,4) = U(1,2) 6(1 — 3)8(2 — 4)

Ni already contains a configuration with oné hole

so that after photoemission, the final state contains a + U(1,2) fdl’dZ’ Ky 0,(1,2]1,2)
configuration with twod holes. Since the two holes are

localized on the same atomic site, there will be a strong X Ty,0,(1,2'13,4), 1)
d-d interaction resulting in the well-known 6 eV satellite

[2—6]. where U is a screened Coulomb interaction akd is

There have been many works studying the eleca two-particle propagator. We have used a short-hand
tronic structure of highly correlated systems but mostotation 1 = (r;,7;) and o labels the spin. Diagram-
of them are based on model Hamiltonians. Whilematically, the multiple scattering processes are shown in
they qualitatively provide important insights into the Fig. 1. _ o
underlying physics, they contain adjustable parameters The kernelk or the two-particle propagator is given by
which hinder a direct quantitative comparison with the ' _ , ,
experiment. Ks0,(1,211,2") = iG, (1", 1)G,,(2",2),  (2)

Ab initio calculations for strongly correlated systems ) ) ) ) )
[7,8] have been performed mainly within th&V approxi- whereG,; is a time-ordered single-particle Green function.

mation (GWA) [9]. It is known that the GWA works 1n€ explicit form of the Fourier transformed kerrelis
factory. Physically, the quasiparticle energies are deter- /// 7

the other hand, is not properly described. A natural ex- % ///

ory [10-12] which describes multiple scattering betweenyiggly and the solid line with the arrow represent the screened

reasonably well in describing the quasiparticle energies

mined mainly by the long-range screening which is well

tension of the GWA is therefore to include short-range 2 4 24 2 2 4
two holes or two particles. interactionUU and the Green functio&, respectively.

\

Y

but its description of the satellite structure is less satis- 3 13 1 1’ 3
described within the GWA. Short-range interaction, on
correlation which can be described by thiematrix the- 5 1 Feynman diagrams for tH& matrix (square): The
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given by The self-energy obtained from tlfe matrix consists of
Koo, (rr,r2 |11, 1 0) = a direct term
occ . ! * . ! *
-y Yie " )i, (), (1'2) 50, (12) 34 @4,2) =iy f d1d3 Gy, (1,3)Ty, 0.(1,2]3,4)
i W — &gy T &jg, — io T
+ unzoc::c 'wbia'l (rll)‘rll;(a'] (rl)‘#iaz(r/2)¢;02(r2) (3) (4)
ij @ = 8ig, ~ 8jo, T 10 and an exchange term

where ;, is a Bloch state. The first term on the right-
hand side is due to hole-hole scattering and the second
to particle-particle scattering. This expression is similar
to the random-phase approximation (RPA) polarization
propagator but the states are either both occupied or Using the spectral representations®fandT the self-
unoccupied. | energy can be written explicitly as

3*(3,2) = ifd1d4 Go,(1,DT,, »,(1,213,4). (5)

occ

ImEﬁz(m, Ir;w > M) = [ d3rld3r3 Z lpk’n’(r] (rl)wlt/n’o—, (I'3) Im TU’]O’:(r19r2 | I3, Iy, + Sk’n’al)

k'n'o,
X H(w t exno, — 2,“«)’ (6)

unocc

M2 (rars0 < p) = —f d’rid’ry Z Yo, D) Pe, (03) 1M Ty o, (r1, 12 | 13,14 0 + Exine,)

k'n' oy

X 0(—w — Ek'n'oy T 2#) (7)

The screened potentidl is in principle frequency| structure as th&W self-energy, but sincé/ is smaller
dependent. Physically, however, the largest contributiothan the barev, this term is always smaller than tiggyv
to the T matrix comes from the on site interaction sinceself-energy for all frequencies. Numerically it turns out
thed-band width is relatively small. Within the same site, to be very small.
the interaction is essentially instantaneous and therefore Following the above scheme the total correlation part

it is justified to use an interaction of the forti(1,2) =  of the self-energy becomes
U(ry,rp)8(t; — 1), whereU(ry, r,) is a static interaction. . . .
This static approximation will be used in the present work. Gwr = 2Gw + 27 — GUPU, (11)

The total self-energy is given by the sum of t68Vv whereS§ = 3¢ + 3* with 3¢ and3* given by Egs. (4)
self-energy and th&-matrix self-energy. However, care 5.4 (5), respectively.
must be taken to avoid double counting since the direct gjnce the matrix describes scattering between local-

second order term in th& matrix is already included in j;oq holes or particles, it is suitable to work with ba-
the GWA. A straightforward subtraction of the secondg;s fnctions which are also localized such as the linear

order term leads, however, to wrong analytic properti€sy, ffin-tin orbitals (LMTO) [22]. In the atomic sphere

of the self-energy and consequently gives some negative,,roximation, the LMTO basis functions are of the form
spectral weight. We have constructed a scheme to avoid

double counting and to maintain the positive definiteness
of the spectral function. This is done by dividing the bare
Coulomb interaction into the screened potentiabnd a

long-range part; [21]: v = U + v;. The correlation The Bloch states are expanded in the LMTO basis. Using

XZL(k) = @2, (0) + D 65, (00) hgy p (k). (12)
R'L’

part of theGW self-energy is schematically given by this basis we obtain a matrix equation foy
6w = GvPv, 8 Too(aBlyd; w)=U(aB|ys) + Z UlaB|nv)
whereP is the total RPA response function nv.Ap
P=(1 - P) PO (9) X Kgo(nv|Ap; o)
andP? is the noninteracting response function. Using the X Tog(Ap|yd; w), (13)

above division of the Coulomb potential we obtain hich b i ved by | . We h q
c which can be easily solved by inversion. We have use
26w = GUPvL + GurPU + Gur Py, + GUPU. a short-hand notatiom = RL. For practical purposes,
(10)  we neglect thek dependence ofy since the largest
The last term is then subtracted off which thereby removesontribution to K and T arises from the on site term.
double counting to all orders. It has the same analyticThe Coulomb matrixU is determined from first principles
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using the constrained local density approximation (LDA) 35.0
method [23]. W
We apply the theory to ferromagnetic Ni. The imagi- 250 1 — T-matrix
nary part ofT exhibits a peak which corresponds to the 7
presence of the so-called “two-hole bound state.” The 150 1 majority spin
hole created in a photoemission process scatters repeat-
edly with a virtual hole as in Fig. 1. Since tBe-band s L .
width is relatively narrow{-3 eV), two holes on the same -
site have a small probability to hop from site to site, form- S
ing a two-hole state. In a simple single-particle picture, 40l ¢ minority spin
the photoelectron appears to have a smaller kinetic energy
since the photon energy is also used to exciteedectron 250 |
to an empty state above the Fermi level, leaving two holes
in the final state. The upper limit for the binding energy .35.0 . s . . . ‘
is then roughly twice the bandwidth. 800 -600 400 '23'&\/] 00 200 400
To study the spectra as a function of the interaction
strength, we use a model potential of the fotitlr — FIG. 2. Imaginary part oE for Ni at theX point correspond-

r') = erfc(alr — r/|)/|r — ¥/|. For theT-matrix self- ing to the second occupied state. The full line is Thenatrix

energy, we notice that the position of the peak indpm contribution and the dotted line th@W contribution.
is rather insensitive to the screening parameter. However,

the intensity varies witle and consequently the satellite
position, which is determined by R& is modified accord-
ingly. Thus, if we were allowed to adjust the screening
parametely, the position of the satellite could be shifted
arbitrarily. It is therefore crucial to determine the screened;
interactionU from a parameter-free scheme. According to
constrained LDA calculation/;; ~ 5.5 eV [17]. Con-
sequently in our calculations we choase= 1.2 which is
equivalent toU,, from constrained LDA [24]. Using a
different form of U, 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 th&-matrix
self-energies for states at titeandI” points are shown in
Figs. 2 and 3, respectively. The double-peak structure
Im X6y around=25-30 eV is probably due to plasmon
excitations and the peak at70 eV is due to the3p
core excitation. Th&-matrix self-energy has considerable

below the main peak. The satellite starts indeed@tV

and the shape compares well with the experiment [2,5]
although the main peak is somewhat lower than the ex-
erimental one. One possible reason for this is the neglect
f particle-hole scattering which should reduce the satel-
lite binding energy. Moreover, the true value Gf may

be smaller than the one used in the present work.

The intensity of the satellite peak varies through the
band, being largest for states at the bottom of the band. As
a consequence, the bottom of théband is most affected
r%'y theT matrix resulting in a decrease in the band width

of =0.3 eV. This decrease is significantly smaller than
what was found in model calculations [14] pointing to
ithe importance of matrix elements neglected in Hubbard
thodels. The exchange splitting experiences the largest

contributions below and above the Fermi level. There is %0
a significant difference between the majority and minority 050 | AT Gw
self-energy as can be seenin Figs. 2 and 3. The probability —— T-matrix
of creating a hole in the majority channel is larger than in 15.0 | majorty spin
the minority channel, since the former is fully occupied. ;
The virtual hole can mainly be created in the minority o sof
channel due to the presenceaf unoccupied states just = e
above the Fermi level. This implies that the majosty E sofb I
self-energy will be larger than the minority one which
reduces the exchange splitting, which in the LDA and aso TS minority spin 1
GWA is too large (0.6 eV vs 0.3 eV experimentally).
Consequently, th&W-band width, which is too large by 250 1 ” 1
=0.4 eV [7], is also improved.

Our calculated spectral functions for states atXhand 35000 800 400 200 00 200 400
I' points are displayed in Figs. 4 and 5, respectively. The olev]

ma“.“ peak~3 eV bEIOV.V the Fermi 'eYe_' is. the quasi- FIG. 3. Imaginary part of for Ni at theT" point correspond-
particle peak. A satellite structure originating from theing to the second occupied state. The full line is Thenatrix
T-matrix self-energy, absent in the GWA, can be observedontribution and the dotted line th&W contribution.
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0.1 . . count band structure effects and spin-spin correlations ne-
 GWsT glected in the GWA. This represents a first step towards an
------------ GW ab initio scheme for strongly correlated systems which was
majority spin not available before. The method is applied to Ni giving

a satellite structure below the main quasiparticle peak cor-
responding to the 6 eV satellite and reducing the exchange
splitting as well as improving th€ W-band width. In ad-
dition, we found a new satellite structure just above the
Fermi level. These encouraging results motivate further
applications to more complex systems such as transition
minority spin metal monoxides.
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