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1. Introduction

A quarter of the century passed since the invention of the
simplest possible model of many=-body interactions in metals, the

gso-called Hubbard model N/

H= Z{ DLtQa r‘f“_Z/YLLS'/n

1)0"
where Cl(e , Y's are the creation and annihilation operators
for an electron of spin & in the Wannier state at the i-th lat-
tice site, respectively, ij is the hopping integral, and U
describes the electron-electron repulsion between two electrons
of opposite spine occupying the same lattice site. In spite of
its simplicity, all known difficulties of the many-body problem
appear here and very few exact results exist in the Literature/Z/.
Many approximations have been developed to study the density of
states - the physical characteristic, very useful in description
of the whole class of phenomena in the physics of condensed

/3—5/).

matter (see e.g. It is well-known that for some transition
metals the photoemission measurements show disagreement between
some characteristics measured in experiment and calculated within
the one-particle scheme. Particulerly, in nickel there is a sa-
tellite structure about 6 eV below the Fermi level in the expe-
rimental density of states, which has received much attention in
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literature (see e.g. . A widely accepted point of view is
that the satellite structure can be shown to arise from many-body
effects within the unfilled d -band (see, e.g., /7'8/). It should
be noted here that the spectroscopic measurements for copper (a
metal with filled Ci-band) especialiy angle-resolved photoemis-
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sion spectrs are in very good agreement with the predictions of
the band structure calculations /9/. The important main diffe-
rence between copper and nickel is the position of the Fermi level.
In copper the & -~band lies well below the Fermi level and in
nickel d-band there are approximately O.6 d holes per atom. In
addition, the Fermi level lies within the energy region of large
changes of the density of states.

In this paper we want to investigate the influence of the
electron correlation effects on the one-particle spectra of me=-
tals with realistic band structures., A convenient frame for desc-
ription of these processes is the degenerate Hubbard Hamiltonian
with contact electron-electron interactions. The problem of elect-
ron correlations is usually treated in a T-matrix approximation
/10,12,13/ or non-gelf-consistent second-order-perturbation
theory (SOPT) /5’11/. The self-consistent SOPT description of
the electron~electron correlation in transition metals with mo-
del uncorrelated densities of states (rectangular and semiellip-
tic ones) is discussed in Ref./14/. Here we report on similar
calculations performed for metals described by the canonical bee 5
canonical {cc ( o ~bands) /15/ and true nickel density of states
/16/. The self-energy operator is calculated within the local
approximation of Treglia et al, /5/.

The organization of this paper is as follows. In section 2
we give a short recapitulation of the SOPT approach and describe
the self-consistent procedure. In section 3 we discuss numerical
results for the one-particle spectra, the spectral density of
gtates and the self-energy curves calculated in a non-self-con-

sistent (NSC) and self-consistent (SC) way.

2. Theory

Starting with the degenerate Hubbard Hamiltonian for d ~band

; U
H=Ho+ il %'Esé" _X‘“’Snwvmtoymwr‘ Ui
where F*o is the band Hamiltonian and U - effective on-gite

Coulomb interaction, one can write the self-energy in the first

and second order in Yy ( W being the bandwidth) in the form

[ =2 -4 1)+~ fr3) £ Fep
s

N*ET E+e(Fi)-ellap)-€qd

(2)

where the spin index § 1is suppressed as we are dealing with
the paramagnetic case. Here, FQ - ig the Fermi distribution
function for the state lﬁ?>> of the energy éi(@f) , Ne denotes
the number of electrons per atom and indices F’@ run over
the first Brillouin zone of the crystal. The self-energy given
by Eq.(2) is very difficult to calculate because of the © -di-
mensional integrals in ﬁ? -gpace., Fortunately, as it was shown
in Ref./5/, the E ~dependence of the self-energy can be in the
first approximation neglected and we find
guzj?? cuy dad, eudy
+ 5

N,y wy)
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where D() i the local density of states corresponding to the
i
energy spectrum €(k)of Ho . The function N(u¥,3,,ur,) combi-

nes all §E> factors appearing in bq.(2).

The one-particle spectral density of states is given by the



http:N(W-"W~2.IW

imaginary part of the perturbed retarded Green function (%(:E1E>
and the quasiparticle local density of states is obtained by sum-~
ming the imaginary part of G}(Z E) over wave-vectors 1: .

Since the self-energy is E? ~independent, the 3D summing over B.Z.

may be replaced by integration over energy

. 2 D (ED \
:__L” —————dE ]
D(e)= -4 jm_f ot “

where 11:(E> is the local density of states corresponding to
uncorrelated band structure €(E>. If /LL is the chemical poten-
tial of the quasiparticles, then at the absolute zero of tempe=~
rature we have </1*:EF>

Ee

Ne = [ ooy k. (5)
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To find DCE) and Ef in a self-consistent way we start with
the one-electron density of states IL,(E§ and calculate éf(E)
from Eq.(3). Then, the quasiparticle local density of states and
Fermi energy are found from Egs.(4) and (5) and used as input

data for an iteration process carried out by Egs.(3), (4) and (5).

3. Numerical results and discussion

Recently, in Ref./14/

, we have carried out the self-consis-
tent calculations of the one-particle spectra of metals described
by simple model uncorrelated DOS (rectangular and semielliptic).
We have found that the additional structure on the one-particle
spectra which can appear in the NSC approach is smoothed out by

the self-consistent process. However, real metals reveal rather

complicated structure of DOS, so it is necessary to verify again
to which extend the starting DOS is modified after including of
the electron-electron interaction.

In this paper we have numerically solved equations (3)-(5)
for the transition metals in the paramagnetic states using the
canonical 6CC, —Fcc ( d -bands, only) and realistic nickel un-
correlated density of states as a starting ansatz. For the cano-
nical 4cc DOS we have used band filling Ne = 7.3 electrons/atom
which corresponds to the iron case., For the canonical {cc DOS
we have used Ng =9.4 electrons/atom. We have used a discrete
energy mesh with step equal to 0.02 times half the bandwidth and
as a check we repeated all the calculations for a step equal to
0,01 times half the bandwidth. No significant effect has been
observed., During the iteration process we have checked variations
in the value of the Fermi level AEFU)Z | E; ‘-)— E;:(M)l
and in the shape of D(E), equation (4)

N . : . 1
(O_ 1 ey - Yy Y1 (6)
A :Rj_(%(b (gp-D (€))")

where the index ( counts the iterations and N is the number
of points of the energy lying within the band limits of D(E).
To terminate the iteration process we have used the conditions:

A Eé‘)é helf of the energy mesh and Ané 10™% where ( is
the number of the last iteration step. The self-consistency has
been achieved after 5-15 iterations, mainly depending on the
strength of the Coulomb interaction parameter oo,

The results are displayed in figures 1-14, The origin of

the energy scale is always set to the Fermi level and one half

of the uncorrelated bandwidth VVz is used as an energy unit.




In figures 1-3 we present the resulting one-particle spectra for Fig. 1. The one-particle spectrum calculated for the canonical

the ratios 944 equal to O, 1/8 and 1/4 for the canonical bee bcc  uncorrelated DOS for different values of the
uncorrelated DOS and for “/w equal to O, 1/8, 1/4 and 1/2 electron correlation in NSC way. The band filling is
for the canonical {cc: and nickel starting DOS, respectively, T¢3 electrons/atom (iron).

calculated in the NSC way. In figures 4-6 we present the same 16:

characteristics as in figures 1-3 except for the SC approach. We

can observe that for small correlation strength,‘?@ = @% , there
are very small differences between the results obtained in the u-0

NSC and SC way. Purthermore, even details of the starting DOS

D(E)

are repeated on the resulting one-particle spectrum. For greater

correlation strength, 9@1:4h{, general shape of uncorrelated DOS
is unchanged but the bands become broader. Por the correlation

strength %&y: Vz_, the differences between the NSC and SC app- 08>

roaches are significant. The results obtained within the NSC L

0Ll
approach reveal the satellite-~like structure far below the Fermi g=0s

energy level - see figures 2 and 3. Probably, this satellite . X
-1 0
E-Ep

structures appear for a strong correlation in the NSC approach
regardless of the shape of the uncorrelated DOS - see also re- Fig. 2. As figure 1 except
sults for the rectangular and semielliptic uncorrelated DOS/5’14/. for canonical &cc l%)(E).

In the SC approach this satellite structure disappeared but The band filling is

still typical details of the uncorrelated DOS survived. In fi- 9.4 electrons/atom (nickel).
gures 7-12 we present the spectral density of states calculated
for the iron (canonical bee DOS) and nickel realistic starting
DOS in the NSC and SC way for different values of the correla-

tion strength. For one-electron states, the spectral density of

states reduces to a set of delta functions peaked at the corres-

ponding band energies but in the presence of the electron corre-

Fig. 3. As figure 2

lations these peaks are shifted and broadened. Here, we plotted
except for nickel Du(E), ’




g{_", . ] Fig. 4. As figure 1 except P
a
20;“ for calculsations in SC way. g o8
i ':DL
£ £
' ' Y 1
\ [
\&,
¢ %
— » —\°
w \
a \’
. Fige 8. As figure 7 except Fig. 9. As figure 7 except
1. . )
“ for calculations in SC way. for nickel Do (E) .
|
Fig. 5. As figure 2 except
; . 04f 12 e
for calculations in SC way. ¥ [ &
X 08, e
S o $
'g‘ Lo
G L=on2s
= { Fig. 6. As figure 3 except
[ for calculations in SC way.
12| 2 0 1 N :
- m Fig., 10. As figure 9 except Fige. 11. As figure 9 except
b =02 V)
H kg for calculations in SC way. for AN:=$h .
04
Yeos
¥ |
_3 2 _1 0 |§ )
E Ef £ |
¥
7 o \
5
i |
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density of states for canonical )

D-(ED) - iron case, calculated
Fig. 12. As figure 11 except

in NSC way, Yw ="y.

for calculations in SC way.




the spectral density of states for several values of é<fE.)bet-
ween bottom and top of the energy band. As one can see from fi-
gure 7 and 11, (the NSC approach and relatively strong electron
correlation) the quasiparticles are not well defined. The situa-
tion for the results obtained in the SC way is quite different

- figures 8 and 12. Wow we have well defined peaks (although
rather broad for energies near the bottom of the band) and one
can obtain from the positions of these peaks the correlated band
structure., Note that from figures 8 and 12 one can deduce the
narrowing of the upper part of the one-particle spectrum. In fi-
tures 9 and 10 we present the spectral densities calculated for
the realistic nickel starting DOS for emall electron correlation.
As expected, (see also figures 3 and & for the one-particle
gpectra) the differences in the shape of the spectral density of
states calculated in the NSC and SC ways are of minor importance
and have a well defined peaked structure centered at the corres-
ponding uncorrelated band energy levels. In figures 13 and 14
we present the self-energy curves (real and imaginary parts)
calculated for the nickel case in the NSC and SC way for two va-
lues of the electron correlation strength %%v::4/3 and 'VZ .
Especially for a stronger electron correlation the self-energy
calculated in the SC way hes a very delocalized character in
comparison with the NSC results.

In conclusion, we can say there is no additional structure
due to the Coulomb correlations on the one=particle spectrum
ariging from the canonical and realistic uncorrelated DOS. The
details of the uncorrelated DUS survive on the one-particle spect-

rum for the strength of Lﬁd £ 0.25. For a stronger correlation

10
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Fig. 13. The self-energy for nickel Do(E) calculated in NSC way.
The full curves correspénd to (yw = Vl and broken curves
to L%N:f”@ . The real (imaginary) part is denoted by

letter A(B). Note the change of scale for L%V=‘Vg .
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the resulting one-particle spectrum has rather structureless

character,
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TapaHko P., TapaHko 3., Mamex H. E17-88-743
BnusHHE KYJIIOHOBCKHX KOPPEIAUHH Ha OOHOYAC THUYHBIE
CIeKTphl ITapaMar HUTHHIX MEeTalUIOB: HHKENb H Xelle30

B pamkax mopmenu Xa66apma paccMOTpeHH 3JIeKTPOHHEE Koppe-
nAUHOHHbIe 3¢bheKTh B NepexXoOHhX NapaMar HUTHBIX MeTalulax:
HHKeJle H XeJlese, [OJIAd ONHCAHHS KOTOPBIX HCIIONIb30BaHbB peajiu—
CTHUYECKHE MIIOTHOCTH COCTOsHH#. [IpHM HCMONMb30BaHHH CaMOCO-—
rjlacoOBaHHOH TeOpHH BO3MYlleHHSs BO BTOPOM TIOpsAOKe IO napa-—
MeTpy Dpa3lIoKeHHSA U/W (U - xyJIoHOBCKOe B3aumopgeicTBUe, W —
WHMPHHa 30HB) MOKa3aHO, YTO DACCUYHUTAHHBIE OOHOYACTHYHLIE
CreK TPhbl IPOABJIIANT THIHYHOE IIOBeOeHHe [Jig HeKOoppeJIMpoBaH-—
HOH IUIOTHOCTH COCTOfHHA ToOJbKo OnA /W < 0,25. [ua Gonee
CUITbHBIX KYJIOHOBCKHX KOppeIsAlUHW# OOgHOUYACTHYHBIE CIIEKTpPHl He
NPOABIIANT MOYTH HHKAKOH CTPYKTYDPhl M TpedcKashBaeMblli paHee
{B HecaMoOCOTIIaCOBAaHHOM ToaxXopde) M[OMOIHHUTEsNbHEI MUK HCUe-—
3aerT.

PaboTa BomosiHeHa B JlaBopaTopHM TeopeTHYECKOH GH3IUKH
OHAH.
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Effects of Coulomb Correlations on the One-Particle
Spectra of Paramagnetic Transition Metals:
Nickel and Iron

Electron correlation effects in transition metals are
studied within the Hubbard model for realisticlocal densi-
ty of states of paramagnetic nickel and iron.Using the
self-consistent second-order-perturbation theory in U/W
(where U is the Coulomb integral and W is the bandwidth),
it is shown that the one-particle spectra reveal typical
details of the uncorrelated density of states for U/W <
< 0.25, only. For stronger Coulomb correlations the re-
sulting one-particle spectrum reveals rather structure-
less behaviour, without any additional satellite-like
structures predicted by the non-self-consistent approach.
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