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Correlation effects in the low-energy region of nickel photoemission spectra
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The role of on-site correlation in the low-energy excitations of nickel is studied by comparing the results of
high-angular and high-energy resolution photoemission spectroscopy with quasiparticle states calculated as a
three-body scattering solution of a multiorbital Hubbard model. It is found that correlation effects modify the
energy dispersion and spin polarization of electron states and are essential in order to get a quantitative
agreement with experimental daf&0163-18209)51416-1

It is well established that the photoemission spectra of A high-resolution photoemission data set was measured at
narrow-band materials, such as the elements of dhe room temperature on a Ni10 surface. Using He radiation
transition-metal series and their compounds, cannot be efor excitation hr=21.21 eV), energy spectra were taken in
tirely explained within a one-electron picture, due to theye gieps for a continuous range of polar angles along the
presence of local correlations between electrons in the Pafno1) plane, from normal emissiord(,=0°) to a polar angle

tially filled d band! Band mapping, i.e., the reduction of the Lo
Lo . . of 0,=70° off normal. Each spectrum spans a binding-
measured spectra to a band structure and its comparison W'gxnergy range from-300 meV (aboveEg) to 1200 meV

theoretical results can be a powerful tool to directly investi- X :
gate correlation effects, provided that some important re(P€low Eg) and was measured with an energy resolution of

quirements are fulfilled: on the experimental side, high-3° Me&V. The angular resolution was sett®.5° using an.
angular and high-energy resolution photoemissionS aperture in front of the entrance lens to the hemispherical
techniques are necessary in order to identify quasiparticl@nalyzer. Further details on the experimental procedure and
energy dispersions and lifetime broadenings associated witn the particular region in reciprocal space probed by these
the many-body character of the electronic excitations; on thépectra have been given elsewhkre.
theoretical side, a realistic description of the band structure On the theoretical side we have calculated spectral func-
must be combined with an accurate treatment of many-bodtions and quasiparticle energies by solving a multiorbital
electron-electron interactions to account for the mixed itin-Hubbard Hamiltonian according to the three-body scattering
erant and localized behavior of the valence states. (3BS) method’ "1 This approach can be seen as an extension
In this paper we present direct evidence of correlatiorto the solid state of the configuration-interaction scheme
effects in the low binding-energy region of the valence bandised for finite systems: the Hubbard Hamiltonian is pro-
of nickel. While these effects dominate the high-energy rejected on a set of states obtained by adding a finite number of
gion of the Ni photoemission spectrum with the presence otlectron-hole pairs to the ground state of the single-particle
the well-known 6 eV satellite pegkthe electron states near Hamiltonian and this expansion is truncated to include one
the Fermi energy are commonly believed to be less influelectron-hole pair; this approximation is particularly justified
enced by many-body interactions; this has to do with thefor systems with a large band occupation since the role of
very general properties of low-energy excitations of Fermiextra configurations depends on the overall number of empty
liquids 2 but also with the observation that the Fermi surfacestates necessary for the addition of electron-hole pairs.
of ferromagnetic nickel is nicely reproduced by a single- The effect of electron correlation on one-electron removal
particle band structur2All the same, significant discrepan- energies from a partially filled band is described in terms of
cies are known to exist between the observed energy dispeinteractions between three-body configuratiojme hole
sions of some bands and the results of standard singlglus one electron-hole paigiving rise to hole-hole and hole-
particle band calculatiorsthese discrepancies are related toelectron scattering; the efficiency of these scattering pro-
the energy renormalization due to electron-electron interaceesses depends first of all on the strength of the screened
tion. Here we want to investigate these effects in detail inon-site electron-electron interaction, that is on the Coulomb
order to get a band mapping of low-energy quasiparticle exand exchange integrald .,z and J,z: U,z describes the
citations. Coulomb repulsion among opposite spin electrons on the
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FIG. 2. Density of quasiparticle states of nickel for majority-
FIG. 1. Schematic representation of the interactions involved irspin states calculated witd4=2.2 eV (crossel Uyq=1.95 eV
the photoemission from majority- and minority-spin bands. (continuous ling andU44=1.8 eV (dots.
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same site belonging to orbitals and 8, andU 53— J 4 the 1 ,
2 Uy 2 [ o(k)P2
o k’n’

interactions among parallel spin ones.

The scattering efficiency depends also on the number of
empty d states necessary for the creation of three-particle
configurations since no electron-hole pair can be added to a
completely filled band: in the case of nickel where only the
minority-spin band has a sizable number of empty states
available the creation of a majority-spin hole will be fol- where
lowed by scattering processes involving only opposite spin
electron-hole pairs—of intensity proportionalt, ;—while
the creation of a minority-spin hole will involve less intense
scattering of strength proportional tb,;—J,z with parallel
spin electron-hole pairs onlgFig. 1). For this reason self-
energy renormalization will affect spin-up states more
strongly than spin-down ones. A*f is the quantity related td;”, and is determined by a

The interactions between the three-body configurationgiumerical solution of the integral equation described in Ref.
are represented by a set of scatterThg‘]atricesTﬁ/jh and 10. The analysis is the same for the addition of one minority-
T@2,, describing hole-hole and electron-hole scattering, reSPin hole, the only differences beird,;—J,, instead of

spectively. For a majority-spin hole we have U,z to describe interactions among parallel spin particles
and the substitution- c— o in Eqgs.(1)—(4).

Ek*n,,w):; |Ch, (k)2

—Egg(a»], 3

So@)=3 | den,_(Te (w—e)

a E¢

X[1+U, A" (w—€)]. (4)

Uap The key quantity to be compared with photoemission
TR, W)=, (1a  spectra is the hole spectral function
1+U 4505 (o)
U Dino(®) 1I !
—U, J)=——Im —
Tl e(w)= : (1b y T 0 €y g @)

1-U 97%(w)
describing the response of the system to the removal of an

with i
electron of momenturk and spino.
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n,.(€) is the spin-dependent orbital density dfsingle-

particle valence states

nw(e>=% ICh(K)[28(e— €D,

whereC"

ao

The calculation of self-energy corrections and spectral
(2a) functions requires as an inp(d the band structuréeigen-
values, eigenvectors, and orbital density of sfadesl(ii) the
values of the Coulomb and exchange parameters. The band
structure of ferromagnetic nickel has been calculated with
the linear muffin-tin orbitalLMTO) method in the atomic-
spheres approximation including the combined correction
term?3 The tight-binding LMTO basis skt has been used,
including nine orbitals ¢, p, andd) per atom. The Coulomb
and exchange parameters have been fixed to reproduce the
observed energy position of the valence-band satellite. In
particular we have choseb ,;=Uq3=1.95 eV andJ,gz
=J4q=0.5 eV. Values ofU,q in the range 2.2-1.8 eV do

(2b)

(k) are the expansion coefficients of Bloch single- not affect appreciably the energy position of the 6 eV satel-

particle states in terms of localized orbitals. The Faddeelite (see Fig. 2 and are in agreement with current
theory? is used to determine the total scattering matrix andestimates>*6the present choice optimizes the agreement be-
the resolvent of the many-body system. The hole self-energgween theory and experiments in the low-energy region of
is given by the spectra as well.
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obtained within the single-particle picture and including self-
energy corrections, respectively. The inclusion of correlation
effects strongly modifies the spectra: all the structures are
pushed up towards; by self-energy corrections reproducing
much more closely the experimental results both in terms of
energy position and dispersion.

We want to stress here some basic issues that turned out
to be very important in order to obtain a quantitative com-
parison between theory and experiments: as already men-
tioned and discussed in detail in a previous pdPéne self-
energy is, in the present 3BS approachk-\gector-, energy-,
and spin-dependent complex functipsee Eq.(4)]. The k

FIG. 3. Comparison between angle-resolved photoemissiogiependence in particular is essential in order to reproduce the

spectra(a), single particle local-density approximatighDA) (b),

energy dispersion observed experimentally since the single-

and quasiparticle 3B&c) results. The polar angle ranges from 0° particle results are inadequate both in terms of energy posi-

(bottom to 70° (top). The spin character is indicated iy and V.

tions and dispersions. The present approach fully includes
the hybridization betweesp and d states accounted for by

In Fig. 3 we focus onto the energy region of a few hun-first-principles band theory. The self-energy turns out td be
dred meV below the Fermi energy. The results of the angledependent, depending on the We|ght of therbital contri-

resolved photoemission experiment are compared with thegution, and band states at differdnpoints are thus differ-
retical spectral functions. The measured polar angle rangesntly shifted.

from 0° to 70° and the samplddvectors have been calcu-

The spin dependence of the self-energy, arising from the

lated to match those of the experimental data assuming &fifferent efficiencies of the scattering channels involving

inner potential of 10.7 eV and a work function of 4.7 V. majority- and minority-spin electrons, strongly affects the
Figure 3a) shows the raw experimental data as a quasispin polarization of the quasiparticle states as it appears quite

continuous series of energy spectra. The intensity dréfxat clearly in Fig. 3. For this particular region i space, four

is clearly visible in all spectra. One can well distinguish two spin-up and four spin-down bands are theoretically predicted

bands crossing the Fermi level betweep=50° and 60°;
they have been identified as an exchange-spfit band
closely related to th& ; band® Betweend,,=20° and 30° a
single band is observed, associated with $eband in the
minority channel. Finally, the region betwe®p,=20° and

in the energy region of interest. While in the single-particle
picture one spin-up band and four spin-down bands cross the
Fermi energy, all four spin-up bands come closé&toafter

the inclusion of correlation effects. Moreover, the energy
separation between the spin-up and spin-down bands be-

normal emission is crowded with bands near the Fermi entween 6,,=50° and 60° is reduced by self-energy correc-
ergy, with at least three different bands converging verytions. All this is in excellent agreement with the experimen-

close toEg for 6,,=0°. Here, states near thepoint of the
Brillouin zone are probefl.
Figures. 8b) and 3c) show the spectral function®

tal data.
The role of correlation in improving the agreement be-
tween theory and experiments appears even more clearly in
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FIG. 4. Comparison betweekresolved photoemission spectfdoty and theoretical spectral functiofwontinuous ling calculated
according to single-particle LDA and quasiparticle 3BS approachesk Ploints correspond to the reported values of the polar aggle
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TABLE |. Values of polar angles),, where bands cross the quasiparticle states have intrinsic, finite lifetimes. This is not

Fermi level. the case when other approximate forms of either the
self-energy* or of the Green’s functiod are adopted. A
Expt. LDA QP (3BY guantitative analysis of linewidths is, however, beyond the
| aim of the present paper since it would require a full treat-
>3 54.5° 52.5° 55.5°

: . . . ment of both photoelectron and photohole lifetim®s.

3 49.5 44.5 49.5 The main approximation of the present theoretical ap-
35 27.0° 20.5° 24.5° proach is related to the truncated configuration expansion
including up to three particle®ne hole plus one e-h pair

for the particular case of nickel, due to the small number of
Fig. 4, where experimental curves, single-particle and quasfMPpty d states, configurations with more than one e-h pair
particle (3BS) spectral functions are compared at some par&'€ expected to play a minor rofe. _ ,
ticular k points. From this figure it is obvious that the quasi- " conclusion, we have shown that on-site correlations
particle spectral functions provide a rather accurateIhat are known to affect the high binding-energy region of

description of the measured photoemission data, with Somg]xii\tlziliirr:ge ?Egcitrr]gms?;nnIgml(?ga[;iqs(?[%%:r!?j?sirrﬁcltﬁ\;\ge;g;gn)i
shn‘_ts In the order of 150. m?V remaining for.tmaband. values and an accurate treatment of many-body interactions
excitation near 600 meV binding energy. The single-particle

calculations, on the other hand, fail completely to describd'e essential in order to obtain a theoretical description of the

the data. As expected, this failure is less pronounced as ree_lectron states near the Fermi surface in quantitative agree-

gards to the angular positions of the Fermi-level Crossingsgnrﬁ:;ts?/(\)/ghdgtlgh-angular and high-energy resolution photo-

i.e., the shape and the volume of the Fermi surfdciiev- '

ertheless, Table | shows that the quasiparticle Fermi-level This work has been supported by the Swiss National Sci-

crossings are in all measurable cases closer to the experimesnce Foundation and has benefited from the collaboration

tal ones by a significant amount. within the ESF Program on “Electronic Structure Calcula-
Finally, since the calculated self-energy is a complextions for Elucidating the Complex Atomistic Behavior of

function with both a readnd an imaginary part the resulting Solids and Surfaces.”
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