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Multiband d-electron model for the photoemission spectrum of ultrathin magnetic overlayers
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Many-body effect on the ground state and photoemission spectra of transition-metal/noble-metal overlayer is
studied using multiband-electron model and an exact diagonalization approach. A realistic band environment
and thed-d intrasite interaction are considered. The results show that the many-body effect drivendsg the
interaction is qualitatively different from those of single-particle and single-band Hubbard models. With
increasing interaction, four distinct ground states with different magnetization and particle occupation are
obtained. The spin polarization of the photoemission spectrum is different in various ranges of the interaction.
The spectral weight can be transferred between the states of different symmetries. The strong interaction can
drive the hole from the transition-metalorbitals to the noble-metalorbitals and induce the spin polarization
of the spectral weight by creating a noble-met#lole.
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[. INTRODUCTION hand this model is simple enough to make the many-body
problem fully tractable. On the other hand, both single-
Ultrathin magnetic overlayers on various substrates mayarticle and many-body aspects of the problem are properly
exhibit novel properties of interest to both fundamental studconsidered, allowing the extraction of interacting physics
ies of physics and potential new applications. Photoemissioffat is relevant for real materials systems. The calculated
spectrum(PES is one of the most frequently used experi- results show that the strorgrd Coulomb interactions pro-
mental tools to measure the electronic structure of thigluce different ground states with different spin and symme-
matter! Although theoretical understanding of the spectros-ries in the neutral state of the cluster. Some interesting re-
copy for ideal noninteracting and weekly interacting systensults, including the spin polarization of the spectra and the
is well established, it takes careful modeling, computationtransfer of hole between the TM and NM, have been ob-
and interpretation to understand the spectra of strongly coserved.
related system such asl3nagnetic transition-metal systems  The method used in this work is the periodic small-cluster
and obtain correct physics. The magnitude of the Coulomigpproach? It treats the band-structure effects and the
interaction between thel electrons in transition metal is €lectron-electron interaction on an equal footing. In this kind
close to, or in some cases even larger thandthand width. ~ of approach, a model Hamiltonian that explicitly includes
This strong electron-electron interactions invalidate the norband-structure effects and many-body interactions is solved
mal local-spin-density-approximation descripfichin some ~ €xactly. The problem is made tractable by modeling the
fundamental aspects. A well-known early example is thesample as a finite-size crystal with periodic boundary condi-
discovery of the “satellite” peak in the photoemission spec- tions. This is equivalent to solving exactly a many-body
trum of Ni and the subsequent theoretical explantifrits ~ Problem with integrals in momentum space restricted to a
many-body origin. Recently, various numerical schemedinite sampling. Its advantage is that there is no approxima-
have been developed to study many-body effects in spectrdion applied to the Hamiltonian. Quantum many-body prob-
scopic process in strongly correlated systems. These teckems are solved exactly in the numeric form. Therefore it
niques may involve various approximations on the interacProvides accurate information about the many-body effect in
tion terms? However, a lot of recent work has focused on the system. Its limitation is also obvious. Due to exponential
some ideal models, such as the single-band Hubbar@irowth of many-body states with the system size, only very
model®® Sometimes it is necessary to include the orbitalsmall systems can be studied using this method. In practice,
degeneracy and band-structure aspects in the model to cgince many spectroscopic process are fast and intrinsically
rectly describe different physical phenomena. This is particushort ranged, they can be well described by the small-cluster
larly true in the study of various spectroscopic behavior ofapproach. Numerous works on this subject have been re-
highly correlated systems. ported. It has been successfully applied to various systems
In this paper, we present the results of a theoretical studyhere local many-body effects are important: the photoemis-
on the many-body effect on photoemission spectra of a reakion behavior in bulk and surface R"** magnetic proper-
istic multibandd-electron model for transition-met&TM)/ ties of bulk and surface Fe, G63electronic, magnetic, and
noble-metal(NM) overlayer. Here the focus is on the effect superconducting properties of heavy-fermion syst&n® It
of d-d Coulomb interactions. We do not intend to include allis now generally accepted that the small-cluster approach
the details of the band structures in our model. Rather, werovide rather accurate description of many interacting sys-
construct a generic- and s-electron model to extract the tems, although careful modeling and insightful interpretation
fundamental physics involved. We study the effects of manyof the calculated results are always required.
body strong correlation on the photoemission in a model The rest of the paper is arranged as follows. Section Il
system with realistic single-particle band structures. On on@resents the model Hamiltonian and the method of calcula-
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than other single-particle levels because the magnetization of
the ground state is mainly contributed byl 3ioles of TM
and the NM does not provids hole. Third, it should be
1 2 pointed out that exact ratios of the single-particle parameters
@) do not affect the qualitative physics studied in this work. In
fact, we have tested several different sets of parameters; they
all yield similar results.
3 4 The intraatomic interactions, which is the dominant
contribution® include three terms: a direct Coulomb integral
o O Nm U for two particles on the santborbit, an exchange integral

FIG. 1. The tetrahedral cluster in the two-layer fcc TM/ Ju,,, for two particles on MO d|fferentzg' orbitals, an'd an-
NM(001) structure with periodic boundary conditions. other oneJe, for two particles on two differeng, orbitals.
The Coulomb interaction for two particles in differestor-

tion. In Sec. lll, the properties of the ground state and thebitals is U’=U—2J. All intraatomic d-d interactions are
photoemission for differend-d interaction are calculated. expressed in terms dfJ, an average exchange integkl

The results and discussions are also given in Sec. Ill. =(Jtzg+Jeg)/2, and an exchange anisotropﬁJz(Jeg
—Jtzg)/2. The interaction parameters are set in the ratios
Il. THE MODEL HAMILTONIAN U:J:8J=40:8:1, based on the consideration of the con-
AND COMPUTATIONAL METHOD straints imposed by the atomic data and the screening effect

In this work, we choose a tetrahedral clustege Fig. 1, I metals'® The fundamental physics extracted from the cal-
the smallest nontrival fcc crystal, and apply periodic bound-culated results is insensitive to exact values of these ratios.
ary conditions in two dimensions to construct the fcc Tim/ This leavesU the only variable parameter in the present for-
NM(001) structure, in which the two TM sites are in the top Mulation. Below we will systematically study the effect of
layer and two NM sites in the bottom layer. Only the inter- the d-d interactionU on the behavior of the photoemission.
face NM layer is explicitly included to allow the electron ~ With five d orbitals per TM atom per spin and orse

(hole) hopping between the TM and NM sites. We only, Orbital per NM atom per spin, there are 24 orbitals in the
explicitly, include the TMd and NM s orbitals and the four-atom cluster for the TM/NND11) structure. As an ex-

nearest-neighbor interactions in the calculation. ample we consider in the neutral state taoles per TM
The model Hamiltonian contains both single particle and@om and zercs hole per NM atom. Simple combinatorial
interaction terms: arguments yield 10 626 many-body states in the neutral state

of the cluster. The photoemission process introduces another
hole, yielding 42 504 final states, respectively. The space and
H=— 2 tiM,ij;r,ijwfz EMC?M(TCWU spin symmetries inherent in the Hamiltonian must be ex-
b e ploited in order to diagonalize the complete many-body
Hamiltonian matrices. First, total spin and Ztsomponent in

+
+ > VuvaiTWCi,,,,/Ciw'Ci(zw, (1) the cluster are good quantum numbers. Furthermore, space-
Buvhdioo group decomposition reduces the sizes of Hamiltonian ma-
hereciTW (¢j.0) denotes hole creatiofannihilation opera- trices in a very efficient way. The cluster studied in this work

tor. The indices, j label atoms in the cluster, », , and¢ ~ Nave C4 point group symmetry at the surface. The space
label the TMd and NM s orbitals; o ando’ are spin labels. 9roup is the direct product of th€, group and the finite
The first-two terms are single-particle hopping and Orbita|_transl_atlonal group of the perlqdlc—cluster structure. There
energy terms, and the third term describes the intraatomig'® €ight irreducible representations, four atlihend four at
interactionon the TM sites onlyThe single-particle param- the X point. This corresponds to sampling thiepoint, the
eters are obtained according to the Slater-Koster schéme center of the two-dimensional surface Brillouin zone, and the
In the following calculations we use a set of single-particlex point, the center of the zone boundary. All representations
parameters based on previous work on sordetr@nsition- ~ areé nondegenerate. However, two pairg:T"y and X3-X,,

metal systent? (ddo)=1.0 (its magnitude is chosen as the @€ degenerate due to time-reversal symmetry. With these
energy unit in the following calculation (ddw)=—0.8,  representation the symmetrized basis functions are generated

(dd8)=0.2, (sdo)=0.9, (ss0)=2.0, E,=3.0, E;=3.5 and then used to construct the Hamiltonian matrix that are in

E,=2.8, E;=E,=3.4, andE,=20. The subscripta, 8, , block-dlagqna]lzzg form, partitioned .acc_ordmg tq various

8, and e refer to the fived orbitals of symmetryr2— 322, symmetry indices? The largest Hamiltonian matrix is of
order 2134, a significant reduction from the original order of

x2—y?, xy, yz, and zx, respectively.E labels the single- : { re _ :
particle energy o6 orbitals of noble metal. Three points are 42 504. Direct diagonalization of these matrix provides exact

worth mentioning here. First, these are the renormalized pa°lutions to the Hamiltonian.

rameters with only nearest-neighbor interactions among TM

d orbitals and NMs orbitals explicitly included, not the Il RESULTS AND DISCUSSIONS

“bare” band parameters as one would get in an all-electron The spin-resolved photoemission spectral function is de-
single-particle tight-binding fit. Second is much larger fined as
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TABLE I. Single-particle energy levels for TM/NM overlayer 2.0 , ' T ' T , '
cluster[energies are in the unit ofddo)]. The symmetry corre-
sponds to representations of space group. The degeneracy is per
spin. The orbital is one of five atomic orbitals.
L5t -
Energy Degeneracy Symmetry orbital é f
—0.400 1 X, y =
0.300 1 r, B Fg Lo \ -
1.400 1 X3 a ~
2.200 2 | P DA S,€ % I ]
4.565 1 r, a Aol |
4.600 2 X3-X4 S,€ f
6.000 1 r, y L \f ]
6.276 1 X, B j /
12.42 1 Xy s 0.0 L 1 L L ! \
28.03 1 T, s -35 -30 25 20 -15 -10 -5 0 5
Binding Energy
FIG. 2. The single-particle photoemission spectitd=(0),
FpE(w,a)=Zk |<¢w+1|c;rw| o2l w— (ERTT—EN)], which is degenerate with respect to majority-spin and minority-
My

2 spin.
Whereqsg and ¢E+l are theN-hole ground state and thieh I, and twofqld degeneraté gnd € orbitals with ES,=4.§O
(N+1)-hole final state, with energids, andEEH, respec- and symmetrie$’5-I",. The third peak at abolE=—6.0 is

: . . igi d fromy orbital with Eq;=6.00 and symmetry's,
tively. The operatorc;‘w creats a hole with spi on the ggglnate . : - S
: : B orbital with Eg;=6.28 and symmetr,. The fourth
lcz)rvt?lli;al ;;h;hreuf:easl.culated results are checked against the fo'beak atE=— 12 and the fifth peak @ = — 28 are produced
9 ' by the NMs orbitals with symmetry, andI';, respectively.
From Fig. 2 we also find that the weight of the second peak
f Fpe(w,0)do=M—N,, (3)  is greater than the first peak although they should be nearly
same actually. This is due to some overlap between the sec-
ond peak and the third peak.
When thed-d interactionU is turned on, but is weak
d(e.g.,U<3) there is still no spin polarization in PES. In this
case the many-body effect is weak and the PES exhibits the

whereM is the total number of orbitals in the cluster axg
is the total number of holes with spinin the ground state of
the N-hole system. This sum rule is satisfied in all reporte

cases. characteristics of single-particle spectrum since the interac-
In order to study the effect of thé-d Coulomb interac- gie-p p

tion U on the photoemission spectra, we calculate the groun{:LOen thJ)t:I ;nqrtl:holfetshsetf;]aen ttrgle Srlgg:fépstr;;gggbgndpgdttﬁeand
state in the neutral state with 4 holes. It is found that Withvalue of Upilncreases tou3 0 q[heu total spin of .the neutral
increasingU the ground states with different spins and sym- ) P

metries can be obtained. Below we will find that the differentgrour.]d s',[thate '§.: 1t Du.e to g‘? Ilr:tera?tlomt, tth]qe ho_le O?
photoemission spectra is actually due to different configura9Upylng € majority-spirg orbital transfers to the minority-

tions of spin and symmetries of the ground state and the finact_pin a orbital. It predicts a spin polarization in the spectra

states. When the interactiai is turned off the total spin of since the numbers of holes with different spins are different

the ground state iS=0. The calculated one-particle energy n th? gr_ound state. The _foIIowmg sum rule Qf the .relat|ve
levels of the cluster are listed in Table 1. Two holes with polarization should hold in the PES calculations since the

reverse spin occupy th@ orbitals and another two holes ratio of up- and down-spin states in the ground state should

with reverse spin occupy orbitals. The integrated PES of be 11/9(three hol'es. are in mnor@y—spm levels af 4, and
the cluster is shown in Fig. 2 fog=0. This is a single- 7 and one hole is in majority-spin level o,

particle spectrum without spin polarization. It is seen that
there are five peaks located at different eneigy EB‘

—ER"*, which is negative and its magnitude means the enwherel , andl _ are the total intensities of the majority- and
ergy below the Fermi level or binding enerfyThe first  minority-spin states. Figure 3 presents the spin-resolved PES
peak at abouE= —2.0 is mainly contributed by the follow- in this case. It is clearly seen that the spectral weight of the
ing three single-particle levels: twofold degeneratande  majority spin is greater than that of minority spin. To illus-
orbitals withEg=2.2 andI'5-I'y symmetry, and nondegen- trate in more detail the many-body effects in PES, it is in-
erate« orbital with Eg;=1.40 andX; symmetry. HereEg, structive to project the PES onto the spectral weight from
labels the single-particle level. The second peak at aBout various symmetries. The projected PES are shown in Fig. 4.
= —4.5 results fromx orbital with Eq;=4.57 and symmetry One can see that the spin polarization in the integrated PES

(1 =1 )1, +1)=(11-9)/(11+9)=10%, (4)
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FIG. 3. The photoemission spectra for the interactibn3.0.  FIG. 5. The photoemission spectra for=7.0. The solid and
The solid and dashed lines represent minority-spin and majoritygashed lines represent minority-spin and majority-spin results, re-
spin results, respectively. spectively.

comes from states df, and X; symmetries. The spectral orbitals @, 8, y leads to the spin-polarized spectra weight
weight fromI’, states is fully spin polarized in majority-spin with X; symmetry. The spectral weights from the states of
orientation. Comparing the PES far=0 with those forU other symmetries are also spin resolved although these spec-
=3, it is found that the interactiot drives the spectral tra weights with opposite spin are nearly the same. This is
weight from thel’, states of minority spin to th¥, states of because thé-d interaction splits the energy levels with op-
majority spin. In the many-body approach, configuration in-posite spin. It is noticeable that the spectral weight from the
teractions mix all single-particle energy levels. A full many- noble-metal s orbital still exhibits the characteristics of
body picture is necessary to understand the photoemissiaingle particle because its energy levels are deep and the
results. The spectral weight df, symmetry comes from configuration without NMs holes in the ground state is kept.
creating a majority-spin hole with the mixed configuration of In the intergrated PES-ig. 3), the position and the intensity

a and B orbitals. The many-body states with mixture of of the spectral weight from NM orbitals are the same as
those forU=0. However, its weights aE=—12 andE

= — 28 result from the states &f; andX, symmetry, respec-
tively, which is different from the case df=0. This is

04 a
@ ®) because that although the levelssafrbitals are not changed,
02 otherd orbitals are changed by thd interaction and the
) configuration of many-body states thadrbitals belong to is
different from that in the case & =0.

—~ 00 As the interactionU is enhanced continuously, b
*é 0.4 © () <7.0, the total spin of the ground state is s8#1. The
= total spectral weights with majority spin and minority spin
< o are the same as those in the cas@Jef3.0. The peaks are
E‘L broaden and driven to higher bind energy by the interaction.
wn When thed-d interactionU increases to 7.0, the ground state
E 00 is fully polarized and its total spin iS=2. Comparing with

041 (o) ) the case ofJ=3.0, the hole occupying the majority-spin

orbital transfers to the minority-spif or e orbital. The over-
0.2 all calculated relative spin polarization of the PES is 20% in
f the majority-spin orientation. However, it is not distributed
0.0 w3 homogeneously. From Fig. 5 we find that the spin polariza-
30 -20 -10 0 -30 -20 -10 O tion is very weak near the Fermi level, while that with higher
binding energy is very high. The projected PES onto the
states of different irreducible representations are shown in
FIG. 4. The photoemission spectra projected onto different symfFig. 6. In the part of PES close =0, the spectral weights

metry states fok) =3.0. Results in@—(f) correspond to the sym- from states ofl’;, X;, and X, symmetries are polarized in
metry 'y, T',, T's-T'4, X1, X,, andXz-X,. The solid and dashed minority-spin orientation, while those from the stateslgf

lines represent minority-spin and majority-spin results, respectivelyand X3-X, are polarized in majority-spin orientation. The

Binding Energy
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Binding Energy dashed lines represent minority-spin and majority-spin results, re-

spectively.

FIG. 6. The photoemission spectra projected onto different sym-
metry states fot) =7.0. Other captions are the same as in Fig. 4. quite different from those in the cases of weak interaction.

There are four spin-resolved peaks that are highly spin po-

combination of the contributions from states of various sym-arized. The first peak in Fig. 7 is polarized in the minority-
metries results in a very weak spin-polarized spectral weighgpin orientation, while other three peaks are polarized in the
in this part of the PES. This does not mean no many-bodynajority-spin orientation. The projected PES shows that the
effect although it is weak in this part of the PES. It is worth polarization is different with respect to different irreducible
noting that the spectral weight from statedgfis nearly full  representations. The peak observed at alioat-40 is al-
polarized in majority-spin orientation. This is because onlymost polarized in majority-spin orientation. This is a typical
the many-body states with the majority-spin holes introducednany-body effect caused by the reduced probability of cre-
by PES process can match with the final states with symmeating two holes on the same orbital in that energy range.
try I',. In the main line of the PES, the part with higher There is a significant amount of spectral weight beyond the
binding energy is obviously spin polarized in majority-spin range of single-particle levels. It is apparently driven by the
orientation. The second peak &t —20 in Fig. 5 is almost
fully polarized in majority-spin orientation and originated
from the states of the symmetrids;-I", and X3-X,4. All
these results show that the correlation effects causedtdby
interaction are quite strong. Comparing the PESUer 7.0
with the single-particle results we can study the interaction-
driven spectral weight transfer between the states of different
symmetries. Thed-d interaction drives the spectral weight
from the minority-spinl’, andX, states toward the majority-
spinI'3-I", and X3-X, states. The spectral weights by creat-
ing NM s holes are not spin polarized and their position and
intensity are conserved just as the case of weak interaction
(e.g.,U=3.0). However, these spectral weights are contrib-
uted by the many-body states with the symmettigd™, and
X3-X4, which are different from those in the case Of
=3.0.

Because the single-particle levels of Nd\rbital are very

(b)

(d

PES (arb. units)

deep, the holes of the cluster avoid occupying these levels if
the interactiorlJ is not strong enough. However, if the inter-

0.1 3 J
0.0l el N1

40 30 -20

110 0 -40 30 20 -10 0

action U>18 the holes can be driven to the NM minority-
spin s levels from the TM minority-spird orbitals (e or &

orbitalg. The ground state is still fully polarized and has spin
S=2. Figures 7 and 8 show the integrated PES and FIG. 8. The photoemission spectra projected onto different sym-
symmetry-projected PES fdd =20. The feature of PES is metry states fot) =20.0. Other captions are the same as in Fig. 4.

Binding Energy
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FIG. 9. The photoemission spectra fdr=30.0. The solid and . 4.
dashed lines represent minority-spin and majority-spin results, re- Bmdmg Energy

spectively.
FIG. 10. The photoemission spectra projected onto different

d-d interaction. Comparing the present PES with the singleiymmetry states fdd = 30.0. Other captions are the same as in Fig.

particle results, dramatic spectral weight transfer occurs. The’
spectral weight from the minority-spifi; andI', states is ) )
transferred to the majority-spifi; and X, states. From Fig. many-body effect and can be understood using the following
8, it can be seen that the total number of spin-resolved peal@xplanation. Due to thd-d interaction the density of many-
of various symmetries is much more than the number obody states in the final states is not distributed uniformly
single-particle levels. This is because there is so many corwith respect to spin configuration and energy. On the other
figurations of many-body states in the ground states and thieand, the configuration of many-body states in the ground
final states, and the strong interaction separates intensivly ttetate is not symmetric with respect to spin. Therefore, the
energies of the final states with different configurations ofprobability of creating a hole with different spin in the dif-
many-body states. More interestingly, the spectral weighferent range of energy is different. It is noticeable that the
coming from the NMs orbitals is also spin-polarized because spectral weight from the NM orbitals is almost not polar-
in the ground-state configuration nearly one [Mole is in  ized because in the ground-state configuration the numbers
minority-spin states and thus majority-spin holes introducedf hole occupyings orbitals with opposite spin are nearly the
by photoemission have higher probability to experiencesame. This part of the spectral weight is mainly contributed
stronger interaction due to Pauli principle. The detailed studyy the states of'; symmetry.
shows that this spin-polarized part of the spectral weight In summary, we have studied the PES of transition-metal/
coming froms orbital is located at abol= —12 and origi- noble-metal overlayer using a multibakelectron model.
nated from the states of symmetty;, while the nonpolar- The many-body effect driven by thied interaction is quali-
ized part of the spectral weight &t= — 28 results from the tatively different from those of single-particle and single-
X, states. band Hubbard models. The results show that there are four
When thed-d interaction increases 1d>29, the holes of  distinct ground states with various configurations of spin and
the system will transfer continuously from TM minority-spin hole occupation when the interactidhincreases. As a re-
[ orbitals to the NM majority-spirs orbitals. The total spin  sult, the relative spin polarization of the PES by creating a
of the ground state becom&s=1. The relative spin polar- hole from one of these ground states is different. This polar-
ization decreases to 10% in the majority-spin orientationization is not evenly distributed in the different irreducible
Moreover, the spin polarization is not evenly distributed. Therepresentations and different ranges of energy due to the
integrated PES and the projected PES are shown in Figs. €rong correlation effect introduced by tlded interaction.
and 10 forU = 30. From Fig. 9, we find that the main line is The symmetry-projected PES shows that the spectral weight
spin polarized in the minority-spin orientation. This indicatestransfer occurs between the states of different symmetries.
that there is a higher probability of creating a minority-spinWhen the interaction is strong enough the hole can transfer
hole, in this range of energy, although most holes in thébetween the TMl orbitals and the NMs orbitals. The com-
ground state have minority spin. The second peak is stronglipination of thiss-d hybridization andd-d interaction results
polarized and the third peak is almost fully spin polarized inin the spin polarization of the spectral weight by creating a
the majority-spin orientation. These results show a strondgNM s hole. It is noticeable that some quantitative changes
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