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Spin polarization and many-body effects in Ni $ core-level photoemission
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Photoemission spectra are calculated for the ](Nc8re level within a small-cluster many-body scheme, and
compared to experimental results. The effects of spin-orbit coupling, electron-electron interaction, and extra-
atomic screening are understood by examining theoretical spectra for a variety of limiting cases. The transfer
of spectral weight between the satellites and the main lines is found to depend on the ratio of the valence
bandwidth to the effective Hubbard interactidh. Local final-state configurations are reported, and a
physical interpretation of the various spectral peaks is gil/®6163-182808)07501-§

[. INTRODUCTION coupling” nature of Ni that makes it a particularly fascinat-
ing system to study.

In a typical core-level photoemission experiment, mono- Up to now, most theoretical efforts to describe core-level
chromatic light of wave vectaq, polarizatione, and energy  photoemission from Ni have been based on an Anderson
f o impinges on a sample, exciting the core electrons intdmpurity model>® In this model, Ni is treated as an “impu-
free electron states far above the Fermi sea. The wave vecttity” within a Ni host, and extra-atomic screening is de-
k, kinetic energyE,, and perhaps also the spinof these scribed in terms of hybridization of valence orbitals with
photoelectrons are then measured. Knowfygand%w al- ~ adjacent atoms through an adjustable “mixing parameter.”
lows one to deduce the electron binding enekgyvia the An alternative approach is the periodic small-cluster
simple relationEg=%w—E, . The core-level binding ener- Model used by Victora and Falictwo describe the Ni
gies of the elements are well known, and so a peak in dalence-band photoemission spectrum, and by Mencfitro
photoemission spectrum at a certain binding energy serves & the Ni 2p core level. It is this model which we extend
a sort of “atomic fingerprint” for the presence of a given here to consider the case of photoemission from the Ni 3
species of atom. This makes core-level photoelectron spe€ore level. Unlike the Anderson model, this model contains
troscopy a powerful element-specific probe of condensediranslational symmetry due to periodicity. Translational sym-
matter systems. metry implies a band structure, which in turn describes the

The itinerant ferromagnets Fe, Co, and Ni are particularlyhopping of the valence electrons. Therefore, extra-atomic
interesting systems to investigate via photoelectron spectro§creening in this model is treated naturally by way of the
copy. In these systems, the core electrons are coupled to tiféectronic band structure.
spin-polarized valence electrons through the Coulomb and This paper is organized as follows: In Sec. Il we provide
exchange interactions. Therefore, core electrons with spid brief description of the model. We then present the calcu-
parallel to the majority in the valence band should see theilated Ni 3p spin-resolved spectra and make a detailed com-
average position shifted to higher binding energy. In spinfarison to experimental results. In Sec. Ill we present and
resolved x-ray photoelectron spectrosc¢BRXPS, the spin  discuss spin-resolved spectra for a variety of limiting cases.
of the outgoing photoelectron is also measured, and thesEhis analysis provides important insights into the underlying
spin-polarized spectra therefore serve as a direct probe of th#ysics. We also present results from a simple model that
local electronic and magnetic environment. Such SRXPSorrectly explains the transfer of spectral weight between the
studies have by now been carried out for both the shaffow satellites and the main lines. We then discuss hybridization
as well as the deép® core levels of the itinerant ferromag- effects betweent®, d°, andd*® configurations, and plot the
nets. local atomic configuration as a function of binding energy.

For the relatively delocalized transition metals Fe and CoConclusions are given in Sec. IV.
one-electron theorié$ reproduce experimental results rela-
tively well for 2p and 3 core levels. This single-particle Il. RESULTS
approach clearly breaks down for a localized atomiclike sys-
tem, where coupling between the core hole and the valence Our model has been described elsewHér8riefly, it
shell results in a complex multiplet structure. For such sysconsists of a tetrahedral cluster of four Ni atoms, with peri-
tems, the spectra cannot be described by considering only sbdic boundary conditions imposed to generate the full fcc
lines. lattice. Each atom in the lattice can be labeled by an index

For Ni, the situation is complicated by the fact that it not 1-4, and is surrounded by 12 nearest neighbors of a different
only exhibits a multiplet structure, but also displays extra-index. Such periodicity dictates that all Bloch states must
atomic screening effects. Therefore, both thealizedand transform according to eithdf or X in the Brillouin zone.
the delocalizedproperties of the valence electrons are mani- Our Hamiltonian contains three types of terms: core-level
fest in the photoemission spectrum. It is this “intermediatespin-orbit coupling, intrasite electron-electron Coulomb re-
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experimental results are characterized by three main features:

| a) Experiment A a broad main lingllabeledA), and two satellite structures
) P (labeledB and C) centered about-72 and~77 eV. The
— 1, Minority) main line displays a strong minority-spin polarization, as

Ly (Majority) 2 does sate!lith. Sz_ﬂellite(;, on the other hand, exhibits a
S strong majority-spin polarization.

In Fig. 1(b) we present the corresponding theoretical spin-
resolved spectra, which were calculated for normal emission
and a grazing-angle geometry, i.e., photpwas taken par-
allel to magnetizatioMM, with photoelectrork normal toM.

We use channel matrix elements taken at Mg photon
energy*® Lines were convoluted with a Gaussi&h.6 eV
FWHM) to simulate instrumental broadening, and by Lorent-
zians(1.5 eV FWHM forA andB, 2.5 eV forC) to simulate
lifetime broadening. For narrower broadenings, the well-
known 2-eV shoulder emerges in the main line. For the rela-
tively wide broadenings used here, however, this shoulder is

Counts (Arbitrary Units)

g4 © Theory hardly discernible.
5S4 AN Experiment The theoretical results correctly reproduce all the princi-
o pal features of the experimental spectra. Furthermore, the
E X25 e relative positions and intensities of peaksB, andC agree
’ s very well with observations.
T T T =t In Fig. 1(c) we plot the theoretical and experimental spin
85 80 75 70 65 60 polarizations. In both theory and experiment, feafrbas a
Binding Energy (eV) strong majority-spin polarization, whereas featuteand B

exhibit minority-spin polarizations. While the theoretical re-
sults correctly predict thesign of the spin polarization
mental results taken aiw=1253.6 eV.(b) Theoretical results. throughout the _spectrum, theagnltpdels overestimated at
Lines were convoluted with GaussiaFWHM=1.6 eV) and C and underestimated AtandB. This could be due to a net

Lorentzian(1.5 eV FWHM atA andB, 2.5 eV at G line shapes to Minority background spin polarization within this energy
simulate instrumental and lifetime broadenings. Theoretical and ~ fange. Since the core is fully occupied in the initial state, the
experimental spin polarizations, multiplied by 2.5 for clarity. spin polarization integrated over the energy range of the core
shell should vanish:
pulsion, and valence-band hopping. For the spin-orbit split-
ting between thg = 3/2 an_dj =1/2 core levels we use 1.74 J' (1o~ gowr) dE=0. (1)
eV, a value used by previous workér§he Coulomb inter- c
action is described in terms of the standard Slater integral
and we again adopt the values of previous workefhe
valence-band hopping is described by means of the ele
tronic band structure. We match the energies of the Bloc
states afl” and X in our model to the spin-averaged band-
structure calculations of Wang and Callawy. Ill. DISCUSSION

The ground state in our model is ferromagnetic with @ tpe Nj 3p spectrum exhibits several complex subtleties
50%d" and 50%d""initial-state configuration, leading 10 & qe to the interplay between Coulomb and exchange interac-
spin moment of 0.50g per atom. In this work, we use the jon spin-orbit coupling, and extra-atomic screening. In or-
sign convention that the magnetization direction is “Up,” ger tg gain physical insight into the underlying structure, we
meaning that the majority electrons are spown Spectra  ongjder here a variety of limiting cases. From Fig. 1, we see

are calculated using Fermi’s golden rule within the electricy,a¢ the satellites are spread over a manifold of more than 12
dipole approximation. We include interference between the,, Spin-orbit splitting, on the other hand, is only 1.74 eV.

|1 channels, and use the channel rggtrix elements anglhig syggests thatS coupling is a reasonably good starting
phase shifts of Goldberg, Fadley, and Kori&hotoelectron  qint for describing the satellite structures. We then discuss
diffraction effects are not considered in this work. the transfer of spectral weight between satellites and main

In Fig. 1(a) we present experime?r;tal Np3spin-resolved  jines, and show that the effect can be understood in terms of
spectra due to See and Klebandff\ single-crystal Ni 5 gimple 2<2 model. Finally, we turn to the question of

sample, remanently magnetized in the surface plane, was ify | state configurations. This allows us to describe in a

radiated with a MgKa x-ray source. Photoelectrons were e quantitative way the physical nature of the final states.
collected normal to the surface and their spin measured along

the magnetization direction. Instrumental resolution was es-
timated at 1.6 eV full width at half maximuntFWHM).
Solid (dashedl lines are for photoelectrons with spin parallel  In this section we present theoretical spin-resolved spectra
to the minority(majority) electrons in the valence band. The for a variety of limiting cases, with the same grazing-angle

FIG. 1. Experimental and theoretical SRXPS resy#sExperi-

ore

?t is apparent that the experimental spectra do not satisfy this
ondition. Agreement between theory and experiment would
ge clearly improved by removing such a background.

A. Spin polarization



57 SPIN POLARIZATION AND MANY-BODY EFFECTS IN ... 1003

10 For this simple limit, it is instructive to examine in greater
g - detail the underlying structure of the spectra. If the core hole
is created at a site that is localii?, then the core hole and
6 the valence hole angular momenta couple according to the
4 1 LS scheme. The resulting terms, in order of increasing bind-
2 - ing energy, are3F, D, °P, 3D, P, and 'F.
g‘ 0 The spectrum in this limit therefore contains exactly
CE. seven lines: a singlé'® line and six lines for thel® configu-
> ration. The leading edge of the main line is found tod3&
g 67 with the 3F and !D lines being~1—2 eV higher in binding
2 4- energy. StructuréB is due to the®P and ®D terms, and
2 2- structureC is due to!P and !F. The spin-resolved intensi-
:;, 0 ties of these lines obey the following properties:
g g - (a) Thed®line, being intrinsically nonmagnetic, is unpo-
f‘é larized.
= 6 (b) The net intensities of thd® andd'® lines are in exact
S 44 proportion to their ground-state populations; i.e., 50% of the
2 24 line strength isd® and 50%d*°.
§ 0 (c) The d® triplet lines are minority-spin polarized in the
E g - ratio 2:1; the singlet lines are 100% majority-spin polarized.
& 6 (d) The spin-integrated strengths of tt lines are pro-
portional to the number of states in the terms: e.g.,
44 ICP)/I1(*P)=3:1,1(3D)/1(3P)=5:3, etc.
2 4 Therefore, in this limit, the leading edge of the main line
0 is d' but the spin polarization is due to tH€ term. Feature
20 10 0 10 B, composed of triplet lines, is strongly minority-spin polar-

ized, whereas featur€ is due to singlets and is therefore
Relative Binding Energy (eV) 100% majority-spin polarized.
As our next case, we introduce a realistic spin-orbit split-
FIG. 2. Theoretical spin-polarized photoemission spectra, witring of 1.74 eV betweeips, andpy/,, but maintain the va-

spin-up (down) corresponding to minoritymajority) photoelec- l€nce bandwidth at zero. With nonzero spin-orbit coupling,
trons. All lines were broadened with Gaussi@wWHM=1 eV) and  totalL and totalS of the core-hole atom are no longer strictly
Lorentzian(FWHM=1 eV) line shapes(a) SRXPS for zero core- good quantum numbers. Total angular momentumf the
level spin-orbit splitting, and zero valence bandwidih). SRXPS  core-hole atom is still rigorously a good quantum number,
for 3p spin-orbit splitting of 1.74 eV, and zero valence bandwidth. and the triplet terms break up into individual lines of definite
(c) and (d) SRXPS for 1.74 eV spin-orbit splitting, with 50% and J. Therefore, in this limit, the spectrum consists of 14 lines:
100% valence bandwidth, respectively. the spin-orbit splitd'® lines and the 121° lines.

The spin-resolved spectra for this case are presented in
geometry described in Sec. Il. Lines were convoluted withFig. 2(b). SatelliteC is almost unchanged from the stric
Gaussian(FWHM=1 eV) and LorentzianFWHM=1 eV) limit case. However, satellitB is noticeably broader due to
line shapes and the channel matrix elements were taken tite splitting of the 3P and D terms. The most obvious
400-eV photon energ}? change with the introduction of spin-orbit coupling is the

As our first case, we consider the spin-resolved spectra inppearance of a “twin peak” structure in the main line.
the limit of LS coupling and zero valence bandwidth. We  Again, since the number of lines is so limited, and be-
obtain the zero-bandwidth limit by setting the energies of allcause each line can be unambiguously assigned, it is instruc-
the Bloch states to zero. For this case, because there is tige to examine in greater detail the intensities of the lines.
hopping, the number of valence electrons on the core-hol¥V/e note the following observations:
atom in the final state is a good quantum number. In this (2) Thed® lines are unpolarized. The' lines are intrin-
way, each line in the spectrum can be assigned a precissically nonmagnetic and so can exhibit no exchange-induced
physical interpretation. We obtain theS limit by setting the  spin polarization. Although there can be spin-orbit-induced
spin-orbit coupling to zero. In this case, the tdtahnd total ~ spin polarization in & line,** in the nonchiral geometry
S of the core-hole atom are good quantum numbers. considered here such effects are not present. Therefore, the
The spin-resolved spectra are presented in Figl. As  spin polarization is determined exclusively by tte con-
before, majority electrons are spin down. Even in this limit, figuration.
already the gross features of the actual Ni Spectra are (b) The relative intensities of thes,d°to p;,d*°lines is
apparent: i.e., a main lind and two satellite® andC, each  2:1, a reflection of the 2+ 1 multiplicity of the levels.
with the correct spin polarization. The most obvious discrep- (c) The relative spin-integrated intensities of tti2lines
ancies between these spectra and the actual SRXPS spectr& proportional to the multiplicity 2+ 1.
are that the satellite intensities are too large and that there is (d) The spin polarization of théD, line is effectively
no 2-eV shoulder in the main line. neutralized through strong mixing with th&F, line. This
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example clearly demonstrates the strong hybridization efellite and ad'® main line. In particular, we wish to determine
fects that occur when two energetically nearby lines are alhow this transfer depends on the valence bandwidth and sat-
lowed to mix. Before spin-orbit coupling is turned on, the ellite position.

D line is 100% spin down, and energetically separated by From Fig. 2 we see that each satellite maintains its rela-
only ~0.5 eV from the®F line, which is primarily spin up. tive spin polarization as intensity is transferred to the main
With spin-orbit coupling, the lines repel antD, acquires line, although satelliteB and C do not transfer intensity in

much of the spin-up character éF,, and vice versa. the same proportion. In other words, to first order, the trans-
(e) The main-line leading edge is;,d'° and the high- fer of spectral weight does not depend on spin, but rather on
binding-energy “twin peak” is due t¢’F and p,,,d*°. relative binding energy. This suggests that we can neglect

Next we consider the effect of extra-atomic screening byelectron spin when modeling the effect.
introducing a narrow valence bandwidth. This is accom- We choose as our simple model a two-atom system with
plished by multiplying the energies of the Bloch states ofperiodic boundary conditions and one valence orbital per
Wang and Callaway by a scaling factor of 0.50. The result- site. In our initial state we have one hole in the valence band,
ing spectra are presented in FigcR With a small but non-  so that the local occupancy fluctuates between zero and one
zero bandwidth, configurations can mix, meaning that théholes. This is in direct analogy to the case of Ni, where the
electron occupancy of the core-hole atom is no longer a goodominantd'® and d® configurations also lead to local fluc-
guantum number. Also, line strength is now transferred fromuations of zero or one holes. For spinless electrons, the basis
the high-binding-energy side of the spectrum to the low-states are given by
binding-energy side, i.e., satellit®sandC lose intensity to

the main line. This is also trugithin the main line: the |f1>=cIl|0> (29

high-binding-energy “twin” in the main line transfers inten-

sity to the low-binding-energy side, and thereby reduces it- |f2>:C’r |0) (2b)
U2 !

self to a shoulder.
; 9 - . .
Although satellite peak® and C are no longer purel®  \herec! creates a valence hole at sitef t is the hopping
due to hybridization, the peaks are still clearly identifiable. In !
this sense it is still meaningful to assign satellite C-Band
IF terms, and satellit® to *P and D terms.

parameter for holes, then the Hamiltonian matrix is given by

. . ; o - 0t
Caution must be exercised in assigning the main line. Be- H= ) 3
faore t?e valence bandwidth is turned on, we find that the t 0
F,, °F3, andpy lines are energetically separated by only L
12(2) meV. Any mixing between these lines will lead to very The ground state has energyt and is given by
strong hybridization, as discussed previously. Therefore, al-
though the Ni ® main line cannot be unambiguously de- 1G9 = f)—1f2) (4

fined, we can say that it consists of a heavily hybridized V2
mixture of py,,d1% 3F, andp;,d*C lines. _ _ _

As our final case, we set the valence-band energies equah€ antibonding state is at energyt and hence the valence
to their full value as calculated by Wang and Callaway. bandwidth isBW=2t. Upon photoemission, a core hole is
The resulting spectra are presented in Figl) 2As the band- ~ created, and our new basis states become
width is increased, extra-atomic screening transfers addi-

_at
tional spectral weight from thd® satellites to the main line. |91>—Cc1|f1>= (5a)
While satellitesB and C both lose intensity, careful exami-
nation of Figs. P0)—2(d) show that as the bandwidth is in- |92>zczl|f2>, (5h)

creased from 0 to 100%, satellig: loses agreater propor-

tion of its intensity. This transfer of spectral weight, which wherec;‘ creates a core hole at site 1. The Hamiltonin
depends sensitively on relative binding energy, is discussegq, phétoemission is given by

in greater detail below.

We observe further that as the bandwidth is increased, the U t
positions of satellite® and C are shifted to higher binding H = } (6)
energy. This is because a locHl excitation, when viewed in t 0

k space, must contain sizable components of Bloch stat&ghere U is the Hubbard term which describes the intrasite

from below the Fermi level. As the bandwidth is increased,cqy10mb repulsion between the core hole and the valence
the energetic cost of promoting these electrons is also ingga The(un-normalized eigenstates of’ are

creased, and the line shifts to higher binding energy.

Finally, we observe that line strength continues to be ety=(U+ U2+ 4t2 +92t 7
transferred within the main line from the high-binding- lem)=( )lgw) 192). (73
energy side to the low side. In doing so, the 2-eV shoulder le™)=2t|g,)— (U + \/m)m ) (7b)

- 1 2/

becomes less pronounced.
In the limit t—0, we seele®)~|g,) and|e”)~|g,). In
other words|e™) corresponds to the satellite ajel ) to the

In this section we investigate in greater detail how extra-main line. We obtain the satellite intensity in the sudden
atomic screening transfers spectral weight betwedn sat-  approximation by projection

B. Transfer of spectral weight
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FIG. 3. Spin-integrated intensities of satellitBsand C as a ]
function of valence bandwidth, for unpolarized excitation. Satellite ]
intensities are given as a percent of total Ni Bne strength. The “m 0.5
solid lines are the result of an exact numerical integration using the ] d)
full many-body eigenstates. The dashed lines are the results of a ]
simple 2<2 model described in the text, usirigt 100% band- 0.0 — T Ore—r———
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|sat:T- 8 FIG. 4. Local final-state configuratiofe) Ni 3p spin-integrated
(e’le”) results for unpolarized excitatiob)—(d) Fraction ofd'’, d°, and

If we define the dimensionless parameterBW/U, then the d® local final-state configuration as a function of binding energy.

result is given by C. Final-state configuration

— In this section we examine in greater detail hybridization
lea= o 1ot (1-DV1+ 7 , (9)  effects and the nature of the final state. Upon photoexcita-
1+ 72+ 1+ 7 tion, a localized core hole is created at a particular site, lead-

ing to a sudden attractive potential for nearby electrons. If

wherelq is the satellite intensity in the limit of zero valence the core hole is created at a site that is localfy then an
bandwidth (in this example|;=0.5). In the narrow band- electron from a neighboring atom can hop into the unoccu-
width limit, Eq. (9) reduces td s;=o(1— 7); i.e., the satel- pied valence orbital, thereby screening the core hole. This
lite intensity is predicted to decrease linearly with increasingextra-atomic screening leads to mixing of the configurations.
valence bandwidth. For a given final eigenstat&;), of energyE;, we wish

To study how well Eq(9) describes the screening processto know the local number of valence electrons on the core-
in Ni, we must first determine=BW/U for the satellites. hole atom. Let|d}) be thekth basis state with exactlp
The Ni valence bandwidth is 4.31 €¥For U, we must use valence electrons on the photoexcited atom. We then calcu-
the effectiveHubbard interactiorl) oy, defined here as the |ate the local atomic configuration according to
energy separation in the limit of zero valence bandwidth be-
tween the satellite and the leading edge of the main line. This
is roughly 5.4 eV for satellitdB and roughly 10.4 eV for
satellite C. Hence, for full valence bandwidth, we have N . , . o
75=0.80 andrc=0.41. In Fig. 3 we plot the intensities of v_vhere_F (E¢) gives the fract|_onal probability of finding the
satellitesB andC as a function of valence bandwidth. These final €igenstate of enerdy; with n valence electrons on the
intensities were calculated two different ways: first by mean&ore-hole atom. We then average over a sufficiently small
of numerical integration using the full many-body calcula- €N€rgy interval to obtain a smooth function over the energy
tion and second by using E(). The two approaches yield ange of core level. Since the valence configuration fluctu-
results that are in excellent agreement, indicating that th@tes between 8, 9, and 10 electrons,
important quantity governing the transfer of spectral weight F8+E94+F10=1.0 (11)
is the ratio of the valence bandwidth to the effective Hubbard '
repulsion. must hold for every eigenstal& ).

F“(Ef>=§ [(dplW )2, (10)
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In principle, such a description could be misleading. Con- Finally, we observe that most of thé® states occur
sider the zero bandwidth limit. In this case, each line in the20—25 eV to the left of the main line. These states are not
spectrum can be unambiguously assigned to eiffier d*°  excited in our model due to the absencealdfin our ground
configurations, e.g., the satellites are puat®final states. State.
However, there may bd? states(of zero intensity in the
energetic neighborhood of th¥ satellite. In such a case, we
would not wish to include thesg'® lines in our average, as We have presented theoretical N hotoemission spec-
this would imply that the satellite were not pufé One way  fra calculated within a periodic small-cluster model. Theoret-
around this would be to eliminate from our average all linesic@l results were found to compare very favorably with ex-
below some cutoff intensity, say 2% of the intensity of thePerimental spin-resolved spectra. We examined theoretical

strongest line in the spectrum. In practice, such a distinctioyPEClra for a variety of limiting cases, thereby gaining con-
introduces onlv relatively minor differences in the theoreticalS|derable physical insight into the underlying structure. We
" u Y Ively mi ' . ' ) ““’showed that, upon introduction of a valence bandwidth, there
final-state configuration. The reason is that all neighborin

k o e "NYs a strong transfer of spectral weight to the main line. We
lines are sufficiently well hybridized so that the calculation ghowed further that this spectral weight transfer depends on
using either method yields similar results. the ratio of the valence bandwidth to the effective Hubbard
In Fig. 4 we present the local®, d°, andd'® configura-  interactionU . Finally, we discussed hybridization effects
tions calculated according to E(LO), with the Ni 3p spin-  and configuration mixing in the final state, and calculated the
integrated spectrum plotted on the same energy scale fdocal atomic configuration as a function of binding energy.
convenient reference. We see that the leading edge of the
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