Published in Physical Review B 59 issue 16, R0409-R10412, 1999
which should be used for any reference to this work

Correlation effectsin the low-energy region of nickel photoemissionspectra
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Therole of on-sitecorrelationin the low-energyexcitationsof nickel is studiedby comparingthe resultsof
high-angularand high-energyresolutionphotoemissiorspectroscopyvith quasiparticlestatescalculatedas a
three-bodyscatteringsolution of a multiorbital Hubbardmodel. It is found that correlationeffectsmodify the
energy dispersionand spin polarization of electron statesand are essentialin order to get a quantitative

agreementvith experimentabata.

It is well establishedthat the photoemissionspectraof
narrow-band materials, such as the elements of the d
transition-metalseriesand their compounds cannotbe en-
tirely explainedwithin a one-electronpicture, due to the
presenceof local correlationsbetweenelectronsin the par-
tially filled d band! Bandmapping,i.e., the reductionof the
measuredpectrao a bandstructureandits comparisorwith
theoreticalresultscanbe a powerful tool to directly investi-
gate correlation effects, provided that some important re-
quirementsare fulfilled: on the experimentalside, high-
angular and high-energy resolution photoemission
techniguesare necessaryin order to identify quasiparticle
energydispersionsand lifetime broadeningsassociatedvith
the many-bodycharacteof the electronicexcitations;on the
theoreticalside, a realistic descriptionof the bandstructure
mustbe combinedwith an accuratereatmentof many-body
electron-electrorinteractionsto accountfor the mixed itin-
erantandlocalizedbehaviorof the valencestates.

In this paperwe presentdirect evidenceof correlation
effectsin the low binding-energyregionof the valenceband
of nickel. While theseeffectsdominatethe high-energyre-
gion of the Ni photoemissiorspectrumwith the presenceof
the well-known 6 eV satellitepeak? the electronstatesnear
the Fermi energyare commonly believedto be less influ-
encedby many-bodyinteractions;this hasto do with the
very generalpropertiesof low-energyexcitationsof Fermi
liquids 2 but alsowith the observatiorthat the Fermi surface
of ferromagneticnickel is nicely reproducedby a single-
particle bandstructure’ All the same significantdiscrepan-
ciesareknownto exist betweenthe observedenergydisper-
sions of some bands and the results of standardsingle-
particlebandcalculations, thesediscrepanciesrerelatedto
the energyrenormalizationdue to electron-electrorinterac-
tion. Here we want to investigatetheseeffectsin detail in
orderto geta bandmappingof low-energyquasiparticleex-
citations.

A high-resolutiorphotoemissiomlatasetwasmeasurect
roomtemperaturen a Ni(110) surface .UsingHe | radiation
for excitation(hv=21.21 eV), energyspectraveretakenin
1° stepsfor a continuousrange of polar anglesalong the
(002 plane,from normalemission( 6,,=0°) to apolarangle
of 6,=70° off normal. Each spectrumspansa binding-
energyrangefrom —300 meV (aboveEg) to 1200 meV
(below Eg) andwas measuredvith an energyresolutionof
35 meV. The angularresolutionwas setto +0.5° using an
iris aperturan front of the entrancdensto the hemispherical
analyzer.Furtherdetailson the experimentaprocedureand
on the particularregionin reciprocalspaceprobedby these
spectrahavebeengiven elsewheré.

On the theoreticalside we have calculatedspectralfunc-
tions and quasiparticleenergiesby solving a multiorbital
HubbardHamiltonianaccordingto the three-bodyscattering
(3BS) method’ ™™ This approacttanbe seenasanextension
to the solid state of the configuration-interactionrscheme
usedfor finite systems:the Hubbard Hamiltonian is pro-
jectedon a setof statesobtainedby addinga finite numberof
electron-holepairsto the groundstateof the single-particle
Hamiltonianand this expansionis truncatedto include one
electron-holepair; this approximationis particularlyjustified
for systemswith a large band occupationsincethe role of
extraconfigurationsglepend®n the overallnumberof empty
statesnecessaryor the addition of electron-holepairs.

The effectof electroncorrelationon one-electromemoval
energiedrom a partially filled bandis describedn termsof
interactions between three-body configurations (one hole
plusoneelectron-holepair) giving riseto hole-holeandhole-
electron scattering;the efficiency of these scatteringpro-
cessesdependsfirst of all on the strengthof the screened
on-siteelectron-electrorinteraction,that is on the Coulomb
and exchangeintegralsU,; and J,5: U,; describesthe
Coulomb repulsion among opposite spin electronson the
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FIG. 2. Density of quasiparticlestatesof nickel for majority-
FIG. 1. Schematiaepresentationf the interactionsnvolved in spin statescalculatedwith Uy4=2.2 eV (crosses Uqyq=1.95 eV
the photoemissiorfrom majority- and minority-spin bands. (continuousdline), andU44=1.8 eV (dots.
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The scattering efficiency depends also on the number of B
empty d states necessary for the creation of three-particle
configurations since no electron-hole pair can be added to a -
zgg(m}, 3

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 o
the creation of a minority-spi ill i i Ssp(0)=2 | den, ()T (w—e)
y-spin hole will involve less intense Bo ~ | a—¢ h—h
scattering of strength proportional tb,;—J,z with parallel f
spin electron-hole pairs onlgFig. 1). For this reason self- X[1+ UaﬁA“'B(w—e)]. (4)
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 scatterrgnatricesT¢?, 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).

Uap The key quantity to be compared with photoemission
TP, W)=, (1a  spectra is the hole spectral function
1+U 4505 (o)
U Do (@) I !
-U, HAw)=——Im —
Tl e(w) = : (1b y T 0= ekne Snol( )

1-U 97%(w)
describing the response of the system to the removal of an
electron of momenturk and spino.

E Er N, (e)Ng(€) The calculation of self-energy corrections and spectral

gijﬁ(w)=J dE/J P A LA (23 functions requires as an inp(d the band structuréeigen-

with

w—€ —e—id values, eigenvectors, and orbital density of sfadesl(ii) the
values of the Coulomb and exchange parameters. The band
= = Ny o(€)Ngy(€) structure of ferromagnetic nickel has been calculated with
gfﬁ(w)=f dé'fE de e teis (2D the linear muffin-tin orbita(LMTO) method in the atomic-
o . - _

spheres approximation including the combined correction
n..(€) is the spin-dependent orbital density dfsingle- term:® The tight-binding LMTO basis skthas been used,
particle valence states including nine orbitals ¢, p, andd) per atom. The Coulomb

and exchange parameters have been fixed to reproduce the

N ) n observed energy position of the valence-band satellite. In
nw(é):% |Can(K)|*0(e~€p), particular we have choseb,z;=Uq4q=1.95 eV andJ,g

=J4q=0.5 eV. Values ofU,q in the range 2.2-1.8 eV do
whereC! (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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FIG. 3. Comparison between angle-resolvedphotoemission
spectra(a), single particle local-densityapproximation(LDA) (b),
and quasiparticle3BS (c) results.The polar anglerangesfrom 0°
(bottom to 70° (top). The spincharacteis indicatedby A and V.

In Fig. 3 we focus onto the energyregion of a few hun-
dredmeV belowthe Fermienergy.The resultsof the angle-
resolvedphotoemissiorexperimentare comparedwith theo-
retical spectralfunctions. The measurecpolar angle ranges
from 0° to 70° andthe sampledk vectorshavebeencalcu-
lated to matchthoseof the experimentaldataassumingan
inner potentialof 10.7 eV anda work function of 4.7 eV *

Figure 3(a) showsthe raw experimentaldataas a quasi-
continuousseriesof energyspectraThe intensitydropat E¢
is clearlyvisible in all spectraOnecanwell distinguishtwo
bandscrossingthe Fermi level betweené,,=50° and 60°;
they have been identified as an exchange-splitsp band
closelyrelatedto the 3 ; band® Betweené,,=20° and30° a
single bandis observedassociatedvith the 3 bandin the
minority channel.Finally, the region betweené,,=20° and
normal emissionis crowdedwith bandsnearthe Fermi en-
ergy, with at least three different bands convergingvery
closeto E¢ for 6,,=0°. Here, statesnearthe X point of the
Brillouin zoneare probed®

Figures.3(b) and 3(c) show the spectralfunctions D

obtainedwithin the single-particlepictureandincluding self-

energycorrectionsyespectively Theinclusionof correlation
effects strongly modifies the spectra:all the structuresare
pushedup towardsE; by self-energycorrectiongeproducing
muchmore closelythe experimentaresultsbothin termsof

energypositionanddispersion.

We wantto stressheresomebasicissuesthat turnedout
to be very importantin orderto obtain a quantitativecom-
parison betweentheory and experiments:as already men-
tionedanddiscussedn detailin a previouspaper:’ the self-
energyis, in the present3BS approacha k-vector-,energy-,
and spin-dependentomplex function [see Eq. (4)]. The k
dependencin particularis essentialn orderto reproducehe
energydispersionobservedexperimentallysincethe single-
particle resultsare inadequatéboth in termsof energyposi-
tions and dispersions.The presentapproachfully includes
the hybridizationbetweensp andd statesaccountedor by
first-principlesbandtheory. The self-energyturnsout to be k
dependentdependingon the weight of the d orbital contri-
bution, and band statesat different k points are thus differ-
ently shifted.

The spin dependencef the self-energy arising from the
different efficiencies of the scatteringchannelsinvolving
majority- and minority-spin electrons,strongly affects the
spinpolarizationof the quasiparticlestatesasit appeargjuite
clearly in Fig. 3. For this particularregionin k space four
spin-upandfour spin-downbandsaretheoreticallypredicted
in the energyregion of interest.While in the single-particle
pictureonespin-upbandandfour spin-downbandscrossthe
Fermienergy,all four spin-upbandscomecloseto E after
the inclusion of correlation effects. Moreover, the energy
separationbetweenthe spin-up and spin-down bands be-
tween 6,,=50° and 60° is reducedby self-energycorrec-
tions. All thisis in excellentagreementvith the experimen-
tal data.

The role of correlationin improving the agreemente-
tweentheory and experimentsappearsvenmore clearly in

Single particle (LDA)

0,=27°

—0.5 0.0 0.5

-1.5 -1.0 -0.5 0.0 0.5 -15 -1.0 —0.5 0.0 0.5
E—Ef(eV) E—Ef(sV) E—Ef(eV)
Quasi particle (3BS)
0,=5° M O,

15 0
E-Ef(aV)

o5 9o o
E—Ef(ev)

-15 -1.0

-0.5

o5 6o O
E—Ef(aV)

0.0 0.5 -15 -1.0

FIG. 4. Comparisonbetweenk-resolvedphotoemissionspectra(doty and theoreticalspectralfunction (continuousline) calculated
accordingto single-particleLDA andquasiparticle3BS approachesThe k points correspondo the reportedvaluesof the polarangled,, .



TABLE I. Valuesof polar angles é,, where bandscrossthe
Fermilevel.

Expt. LDA QP (3BS
S4 54.5° 52.5° 55.5°
) 49.5° 44.5° 49.5°
54 27.0° 20.5° 24.5°

Fig. 4, whereexperimentaturves,single-particleand quasi-
particle (3BS) spectralfunctionsare comparedat somepar-
ticular k points. From this figure it is obviousthatthe quasi-
particle spectral functions provide a rather accurate
descriptionof the measuredghotoemissiordata, with some
shifts in the order of 150 meV remainingfor the d-band
excitationnear600 meV binding energy.The single-particle
calculations,on the other hand, fail completelyto describe
the data.As expectedthis failure is lesspronouncedasre-
gardsto the angularpositionsof the Fermi-level crossings,
i.e., the shapeand the volume of the Fermi surface®* Nev-
ertheless,Table | showsthat the quasiparticleFermi-level
crossingsarein all measurableasestloserto the experimen-
tal onesby a significantamount.

Finally, since the calculatedself-energyis a complex
functionwith both a realand animaginarypartthe resulting

quasiparticlestateshaveintrinsic, finite lifetimes. This is not
the case when other approximate forms of either the
self-energy* or of the Green’s function'’ are adopted.A
gquantitativeanalysisof linewidths is, however,beyondthe
aim of the presentpapersinceit would requirea full treat-
mentof both photoelectrorand photoholelifetimes®

The main approximationof the presenttheoretical ap-
proachis relatedto the truncatedconfigurationexpansion
including up to three particles(one hole plus one e-h pair);
for the particularcaseof nickel, dueto the small numberof
empty d states,configurationswith more than one e-h pair
areexpectedo play a minor role 1°

In conclusion,we have shown that on-site correlations
that are known to affect the high binding-energyregion of
the valencespectrumof nickel, modify alsothe low-energy
excitations.The inclusion of realistic band-structureesigen-
valuesand an accuratetreatmentof many-bodyinteractions
areessentialn orderto obtainatheoreticaldescriptionof the
electronstatesnearthe Fermi surfacein quantitativeagree-
ment with high-angularand high-energyresolution photo-
emissiondata.
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