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Key features of the surface electronic structure of magnetic multilayer systems are derived by
analytical tight-binding Green function calculations for the simple model of a semi-infinite chain. In
the case of antiferromagnetic (AFM) coupling, for which the bulk is macroscopically nonmagnetic,
spin-up and spin-down surface states emerge in a bulk energy gap associated with the reduction
of the Brillouin zone with respect to the nonmagnetic case. Explicit expressions for the surface
state (ss) characteristics are obtained in terms of the main band parameters, displaying a strong
sensitivity of the ss energies to deviations of the surface magnetic moments from the bulk ones.
The simple model findings are confirmed and put on a quantitative feoting by means of relativistic
layer—Korringa-Kohn-Rostoker (KKR) calculations for multilayer systems FePt,,(001) consisting of
ferromagnetically ordered Fe monolayers coupled ferromagnetically (FM) or antiferromagnetically
through n = 0,1, 2 Pt layers. In particular, we retrieve for AFM coupling magnetic surface states in
symmetry specific bulk energy gaps. For magnetization normal to the surface, normal valence-band
photoemission spectra have been calculated by a relativistic one-step-model layer-KKR approach.
Spin-polarized features in these spectra reflect the magnetic surface states. Due to spin-orbit cou-
pling, they further exhibit an intensity asymmetry upon magnetization reversal known as magnetic
circular dichroism (MCD). For AFM coupling, the surface-induced MCD can in fact be stronger
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than the MCD found for the corresponding FM system.

L. INTRODUCTION

Current interest in the electronic properties of mag-
netic films and multilayer systems (MS) involves details
of the surface electronic structure and its manifestation
in photoemission spectra, the various aspects of sur-
face chemistry, surface transport phenomena, magneto-
optics, and, in particular, perpendicular recording sys-
tems (cf., for example, Refs. 1-10 and references therein).
A most widely studied class of MS is characterized by fer-
romagnetically ordered surface-parallel sets of monolay-
ers with perpendicular magnetization, which are coupled
either ferromagnetically or antiferromagnetically across
nonmagnetic spacer layers (see Refs. 11-16 and references
therein).

Particular insight can be gained by comparing
the electronic structure of these ferromagnetic- and
antiferromagnetic-type MS as arising by the exchange in-
teraction from the paramagnetic (PM) phase. In the FM
case, the magnetic exchange coupling leads to the usual
spin splitting of the paramagnetic states, whereas in the
antiferromagnetic (AFM) case, the spin-degeneracy re-
mains sufficiently far away from the surface. Due to the
increase of the magnetic structure period normal to sur-
face, the AFM Brillouin zone (BZ) is reduced in this di-
rection in comparison with the ferromagnetic (FM) (or
PM) BZ, resulting in a backfolding of the bulk energy
bands. These “umklapped” bands are narrowed by the
exchange interaction, such that energy gaps open near
the boundary of the AFM BZ. The size of these gaps
is of the order of the magnetic exchange energy. If the
latter is sufficiently large, the electronic structure of the
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AFM multilayer system can, therefore, be described as a
manifold of narrow states of specific symmetry separated
by wide energy gaps. As is well known (cf., e.g., Ref. 17),
the existence of bulk energy band gaps, whether genuine
or symmetry specific, can induce surface states, which are
located spatially in the surface region and energetically
in the band gap.

In spite of the variety and complexity of the elec-
tronic properties of magnetic MS, we first attempt to
uncover general characteristic features of the surface elec-
tronic structure by means of rather simple tight-binding
analytical calculations for a semi-infinite chain of mag-
netic atoms with FM or AFM coupling. This simple
model with only a single orbital is useful, because it
represents the projection of a real system onto the spe-
cial case of surface-parallel wave vector k| = 0 and of
some selected state symmetry type, and because bulk
states with a given k| and symmetry are—for a given ef-
fective one-electron potential—affected independently by
the surface. It is noteworthy that the practical usefulness
of a similar single-orbital-per-site approach was already
demonstrated in an application to superlattice systems
(cf. Ref. 18 for theoretically predicted Tamm-like surface
states and Ref. 19 for their experimental observation). In
this paper, the modulation of the potential is caused by
the magnetic structure instead of the different materials
in the superlattice.

To obtain more quantitative information on magnetic
surface states and to explore their manifestation in pho-
toemission, we have employed a relativistic multiple-
scattering formalism to calculate the bulk and sur-
face electronic structure, as well as spin-resolved and
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dichroitic photoemission for a prototype system consist-

ing of FM- or AFM-coupled ferromagnetic Fe mono-
layers and a varying number of Pt spacer layers. We
chose Fe/Pt(001), rather than the more popular system
Co/Cu(001), because the large magnetic moment of Fe
and the large spin-orbit coupling of Pt in conjunction
with the hybridization of Fe d states with Pt d states
should lead to stronger effects, in particular, stronger
magnetic dichroism. Furthermore, FePt is of interest
because there are open questions concerning its mag-
netic structure. While self-consistent linear muffin-tin
orbital (LMTO) calculations for the bulk (Ref. 20 and
our present work) favor a ferromagnetic ground state (at
T = 0), polar Kerr rotation angle spectra calculated for
ferromagnetic ordering?! were found to be substantially
larger than their experimental counterparts measured at
room temperature.?? Since a bulk antiferromagnetic state
is rather close in total energy, this suggests that some an-
tiferromagnetic coupling might actually occur, either as a
surface effect or in the form of a coexistence of ferromag-
netic with thermally excited antiferromagnetic regions.

The paper is organized as follows. Section II is devoted
to existence condition and main properties of magnetic
surface states for a semi-infinite chain model in terms of
a tight-binding Green function approach. In Sec. III, we
briefly recall a relativistic layer-KKR formalism, specify
the geometry and potential input for our calculations,
and then present and discuss numerical results for the
layer-, spin-, and symmetry-resolved densities of states
and for spin-resolved normal photoemission spectra by
circularly polarized light.

II. MODEL CALCULATIONS

In spite of the complicated interrelations between
structural, magnetic, and potential characteristics in
multilayer systems, we will be attempted to perform
a reasonable picture of the electron structure, mostly
affected by the perpendicular magnetic modulation, in
terms of a one-dimensional chain with a single atomic
orbital at each lattice site. The sensibility of such a sim-
ple one-dimensional approach is supported by the follow-
ing arguments. First, it concerns the spatial distribution
of the magnetic modulation of the system in question,
where the local magnetic moments are aligned along the
surface normal. Therefore, comparing electron scattering
in the PM system (FM system) with that in the AFM
system, one can conclude that the electrons with a certain
spin projection in the AFM system suffer an additional
scattering, due to the spin-dependent modulation of the
effective potentials. It means, in particular, that the elec-
trons are subject to the influence of the magnetic poten-
tial wells in the region close to the surface, which appear
due to the truncation of the one-dimensional magnetic
modulation at the surface.

In the AFM system the period of the magnetic scat-
tering potentials is twice as large as in the FM system,
which leads to the aforementioned effects of band nar-
rowing on one hand and arising of AFM gaps on the
other. Obviously, these additional scattering processes
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have essentially one-dimensional character, and only in
this sense the label “one-dimensional” will be intention-
ally used, although the importance of the intralayer elec-
tron scattering, leading to the usual dispersion (i.e., k;
dependence) of the surface electron structure, may not
be diminished.

We assume equidistant spacing of the atoms, with a
being the lattice constant. Furthermore, orbitals | n, ),
which can be completely characterized by their lattice
site, n € N, and their spin, 7 = =+, on different sites are
orthogonal. The on-site integrals €

e=(n,7| VO — yatem | m,T), (1)

are identical for all orbitals. Taking into account only
next-neighbor interaction, the intersites hopping matrix
elements read

lnrntirt = <’I’L,T I VO _ yatom | nI’T'>
_Jtn-n"|=1
N { 0 otherwise, (2)

where VO (Vato™) is a one-particle Coulomb potential
of the infinite chain (isolated atom). The magnetic ex-
change is incorporated into the Hamiltonian via a Zee-
man term, Bo,. In our model calculations, we ignore
spin-orbit coupling.

The Hamiltonian of the bulk system (one-dimensional
infinite closed chain) reads

H©O = E | nT)(e + Bp1){nT |

n,7==

+t Z (Inm){n+ 1,7 |+ | n+1,7){nT]). (3)

n, 7=+

For the ferromagnetic system, the local magnetization is
given by B, = B, whereas for the antiferromagnetically
ordered system, we have
+B for even n
By = { —B for odd n, (4)
B being the exchange energy. Note, that the unit cell of
the AFM system is twice as large as that of the FM sys-
tem. The Hamiltonian possesses two important symme-
tries: it remains unchanged, if, first, the local exchange
and the spins are reversed (B — —B and 7 — —7), or if,
second, the lattice index is increased by one and the spin
is reversed (n > n+1 and 7 — —7).
Solving the Schrodinger equation with H(®) from

Eq. (3), we obtain the bulk band structure for the FM
system as

Eyr = €+ 7B + 2t cos(ka), (5)

i.e., the FM bulk band structure is that obtained in the
paramagnetic case (B = 0), but exchange split by 2B.
The lower band is associated with “majority” states, the
upper with “minority” states. The BZ is given by k €
[0,27/a].

In the case of the AFM system, we arrive at



52 SURFACE STATES AND PHOTOEMISSION OF MAGNETIC. ..

Exar =€+ A/B? + 2t2[1 + cos(2ka)], (6)

where A = + enumerates the AFM bands. Note that
Ejr is independent of the spin 7, due to the macroscop-
ically vanishing magnetization. Because of the enlarged
unit cell (with respect to that of the FM system), we are
concerned with an umklapp process, i.e., the BZ is given
by k € [0,7/a]. Furthermore, in contrast to the para-
magnetic system, which shows also macroscopically zero
magnetization, there is band gap of width 2B, which is
due to the local exchange B.

Because the PM case is identical to FM case at B = 0,
which has been studied in detail in the literature (cf. Ref.
27), we focus, in the following, exclusively on the AFM
case. The complete information of a system can be ob-
tained from it’s Green function G = (E — H)~!. A stan-
dard resolvent technique (see Refs. 17, 23-34 for the ac-
tual and related topics) leads to the surface Green func-
tion,

(0,7 | G(E) | 0,7)

- —%(X +Y) e -6 - ValG+6&+2)
X, + (Y -V [X +7Y] )Y (1)

where the reduced energy X = (E —€)/2t, Y = B/2t,
X, = (€, — €)/2t is a measure of the difference between
surface and bulk Coulomb integrals, Y, = B,/2t stands
for the reduced surface Zeeman half splitting, and

€12 = Z Fsgn(2)(Z2% - 1)*/2, (8)

with Z = 2(X2-Y?2)—1. The roots of the denominator in
Eq. (7) correspond to the positions of the surface states,
provided that the energy F is out of the band range,
ie, Y < X <Yor X < —vVY2+1,X > VY2 +1.
Within the antiferromagnetic gap, ie., -Y < X < Y,
the existence condition of the surface states reads

X, <Y ~-Y, or e+ B,<e+ B. (9)

There is a second surface state within the AFM gap cor-
responding to the opposite-spin projection. The splitting
of these surface states is of the order of the bulk exchange
splitting 2B at small surface relaxation, i.e., €, ~ € and
B, = B.

In the energy ranges X < —vY2+1 and X >
VY2 +1,i.e., the “outer” energy ranges, the correspond-
ing surface state existence condition reads

1
X, +Y,>Y + )
2(Y +VY%2+1)

or

€& +B,>e+B+ (10)

2t
2(B+vVB?+4t%)

The energy splitting between these surface states is
2v/B? + 4t2 for small relaxation.

The energetic splitting of the surface states appearing
within the AFM gap is close (and indeed proportional) to
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the surface exchange, whereas the splitting of the surface
states, which arise in the outer range, exceeds the surface
exchange by a value of 2t2/(B + /B2 + 4t2).

Some specific properties of the surface electronic struc-
ture of the AFM system can be easily revealed from
Eq. (7) for the surface layer (and in a similar manner
for the other layers) and figured out in terms of the spin-
resolved layer density of states (LDOS). In the following
considerations, we have chosen € = 0 eV, B = 1 eV,
and t = 0.5 eV, e.g., Y = 1. The imaginary part of the
energy, 7, is set to 0.01 eV.

In Fig. 1, we present the bulk band structure of
the AFM system together with the LDOS of bulk (B)
and surface located layers (S,...,S — 3). The surface
Coulomb integral €, is set to €. As is evident from our
analytical considerations, the surface states are spin po-
larized and are strongly located at the first three surface
layers, the largest contribution at the first layer (). If
the surface exchange splitting is reduced with respect to
that of the bulk (for example, B, = 0.6B), the surface
states lie within the AFM gap, i.e., the reduced-energy
range from —1 up to +1. For a small surface relaxation,
i.e., B, = 1.2 ¢V, we observe a surface resonance, which
shows a rather large LDOS at the third layer. For an
increased surface exchange energy (B, = 1.8 eV), the
surface states show up to lie in the outer range, i.e.,
X < —v2 or X > /2. Due to the symmetry of the
Hamiltonian, the LDOS of bulk sites with an even layer
index and spin 7 is that for those of sites with an odd
index and spin —7. The energy of the surface states as
a function of the surface exchange splitting and surface
Coulomb integral shows an almost linear dependence of
their position on the surface exchange energy B,. This
holds for various values of ¢, and is in line with our ana-
lytical results.

Additional calculations for n ferromagnetically coupled
layers, i.e., thin films, on an antiferromagnetically cou-
pled substrate, show n states, which are confined to the
thin film. The thin film states evidently occupy the en-
ergy range of the FM bulk bands.

III. RELATIVISTIC LAYER-KKR APPROACH
A. Model specifications

The present numerical calculations are based on a fully
relativistic layer-KKR (LKKR) formalism for magnetic
half-space crystalline systems allowing for overlayers and
an arbitrary set of atoms with arbitrary magnetization
in the unit cell of each two dimensionally periodic mono-
layer (cf. Ref. 35 and references therein). We briefly recall
some of its key features. It relies on the muffin-tin ap-
proximation, which should be reasonable for close-packed
metallic systems.

The muffin-tin potential input for the LKKR calcula-
tions was obtained from bulk potentials, which we cal-
culated self-consistently, using the LMTO-ASA method.
For Fe, this was done for a hypothetical fcc-Fe lattice,
with the Pt lattice constant. The resulting spin magnetic
moment per atom is 2.70up and 2.40pp in the FM and
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AFM phases, respectively. For Fe/Pt,, n = 1,2, we per-
formed LMTO calculations for a large unit cell, which
includes the FM or AFM coupled Fe layers, as well as
the Pt spacer layers. The latter were allowed to become

1.8 12 06 Y, 0.6 1.2 1.8

R

LDOS (arb. units)

IR
rervem

T/a

0
20 -15 -10 05 00 05 1.0
Reduced Energy

1.5 20

FIG. 1. Spin-resolved layer density of states of the
one-dimensional AFM model system, for the first four sur-
face layers (S,...,S — 3) and the bulk layers (B, even and
odd layer index). Three values of the reduced surface ex-
change splitting, Y, = 0.6 (solid for 7 = + and fine dotted
for 7 = —), Y, = 1.2 (dashed for 7 = + and broken dotted
for 7 = —), Y, = 1.8 (fine dashed for 7 = + and dotted for
T = —), T being the spin projection. The surface exchange
splitting is indicated at the surface state position (see top
panel). In the first case, surface states are located within the
AFM gap, whereas in the second these interfere with bulk
states (surface resonances). In the last case, surface states
are located outside of the band range. In the lowest panel the
bulk band structure is shown. The energy scale refers to the
reduced energy X.
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magnetically polarized by the adjacent Fe layers. Self-
consistency was reached for prescribed FM or AFM cou-
pling. The bulk magnetic moments in Fe/Pt system on
Fe (Pt) thus obtained are Mp. = 2.80up (Mp; = 0.25up)
for the FM ordering and Mp. = 2.84up (Mpy = 0.13up)
for the AFM ordering. Similar values have been derived
for the moments in the Fe/Pt; system on Fe (Pt) sites:
Mg, = 2.80up (Mpﬂ = Mpyy = 0.29;1.3) for the FM or-
dering and Mype = 2.83up (Mpy1 = —Mpgz = 0.18up)
for the AFM ordering. Note that the amplitudes of the
magnetic moments on Fe sites of Fe/Pt,, n = 1,2 sys-
tems are almost independent on the nearly nonmagnetic
spacer (Pt) thickness and their magnetic interlayer or-
dering.

Hole-lifetime effects are included in LKKR from the
start via an imaginary part of the inner potential. The in-
formation on the occupied states (in the quasihole sense)
is contained in a Green function matrix Gnon . N (k), E),
where N and N’ enumerate the monolayers, and n and
n' refer to the basis atoms in the two-dimensional unit
cell. The k-, layer-, and symmetry-resolved density of
states (LDOS) is then

Nun,s(ky, E)

= L lim tr Im(S | Gunmn (g, E +7) | S), (11)
™ n—0t

where S gives the symmetry type, e.g., basis functions of
the irreducible representations of the appropriate mag-
netic double group [e.g., for k; = 0 and magnetization
M normal to a (001) surface, the one associated with the
magnetic single group 4mm]. Further projections onto
spatial symmetry types and spin orientation relative to
M are useful. We note that due to spin-orbit coupling
dominantly majority-spin, LDOS features are generally
accompanied by (smaller) minority-spin ones, and vice
versa.3%

The hole Green function G is used secondly for photoe-
mission, within the one-step model, in relativistic dipole-
transition matrix elements to a time-reversed LEED state
(r| L, g)» describing the photoelectron with spin 7 at

the detector by a 2 x 2 spin-density matrix

1

ﬂ (ﬁ-r,'r’ - ﬁ:’,r) ) (12)

Pr,r —

where

. 1 .
p.,.,.r:(k”,E) = —-;k/dr‘/dr'(‘llk” |I‘>A
xG(r,r' Ky, E — hw)A* (e | 9T ), (13)

and the interaction of the electron with a monochromatic
electromagnetic field A(r) exp(iwt) is expressed through
the Dirac matrix & as A = &A. We use the dipole ap-
proximation, i.e., A spatially constant. Magnetic dichro-
ism is characterized by the change of the photoemission
intensity upon reversal of the magnetization.

As a prototypical magnetic multilayer system, we
choose Fe/Pt,, where n = 0,1,2. Along the [001] direc-
tion, there are ferromagnetically magnetized Fe monolay-
ers separated by n Pt monolayers. The bulk geometry is
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simple tetragonal with an appropriate atomic basis. Con-
cerning the exchange coupling between the Fe layers, we
investigate both the ferromagnetic and the antiferromag-
netic case. The semi-infinite system with (001) surface
is taken as a truncated bulk with a Fe monolayer at the
surface. The magnetization axis is chosen as [001], i.e.,
normal to the surface, which allows a fairly simple inter-
pretation of the influence of spin-orbit coupling, since the
magnetic electronic states can still be classified in terms
of the irreducible representations of the (nonmagnetic)
double group associated with the single group 4mm, i.e.,
C4p in Schonflies notation. Further, perpendicular mag-
netic anisotropy is likely to be more relevant for practical
purposes. Variation of the number of monolayers con-
stituting the Pt spacer layer reveals the influence of the
magnetic period (i.e., the effects of multiple BZ backfold-
ing) on the number and the energies of magnetic surface
states and on magnetic circular dichroism (MCD) in pho-
toemission.

To reach maximal information on the occupied elec-
tronic states — for k; = 0 — we calculate simultaneously
the bulk band structure along [001], spin-, symmetry-,
and k-resolved layer densities of states (LDOS) and pho-
toemission spectra. For the latter, we choose circularly
polarized light at normal incidence, which gives rise to
MCD. The real and imaginary parts of the uniform inner
potential Vj for the occupied states are taken as 12.2 eV
and —0.02 eV in the LDOS calculations, respectively. In
the photoemission calculations, however, we used linear
increasing (in absolute value) imaginary parts. For the
lower states, we chose ImVy = 0.025(F — EF), for the
upper states ImVy = —0.06(F — Er), Er denoting the
Fermi energy.

For the surface potential barrier, we adopt the sim-
plest model of a step function. As is known from earlier
work (see Ref. 38), this model is, for a suitable choice
of the step location, capable of correctly reproducing the
positions of occupied surface states (below Er). In the
absence of a self-consistent determination of both surface
barrier and surface magnetization together, we take the
surface magnetic moment and the step position as pa-
rameters to be ultimately adjusted such as to reproduce
surface state position determined by photoemission ex-
periments. As our numerical LKKR calculations show,
however, the surface state positions are far more sensi-
tive to possible enhancements of the surface magnetic
moments than to changes of the surface barrier position
within physically reasonable limits. This can be made
plausible by regarding the surface barrier roughly as a
potential well of finite depth in front of the muffin-tin
potential of the atomic layers. The width a of this well is
determined by the position of the actual surface barrier,
and its (spin-dependent) depth U is essentially governed
by the amplitude of the magnetization in the topmost
atomic layer. An elementary calculation for typical val-
ues a < 0.5 Bohr and U of about 0.2 Ry shows that the
energy of electron states in this well is proportional to the
depth U, with a entering only in a small correction term.
This implies that surface states depend far more weakly
on reasonable changes of the surface barrier location than
on changes of the surface magnetization.
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B. Layer density of states of Fe(001)

As the first and most basic system in our series Fe/Pt,,,
we take, for n = 0, a hypothetical fcc Fe with a lattice
constant 3.88 A terminated by a (001) surface. This sys-
tem may be viewed as obtained by epitaxial growth of Fe
on a Pt(001) substrate. Although perhaps less realistic
than, e.g., the intensely studied system Fe/Cu(001) (see,
for example, Ref. 37 and references therein), it exhibits
qualitatively the same features and is more adequate for a
systematic study of effects produced by the introduction
of Pt spacer layers. We investigate the following three
magnetic phases of this fcc Fe: (i) nonmagnetic (PM)
phase and phases with (ii) ferromagnetic and (iii) an-
tiferromagnetic interlayer coupling of ferromagnetically
magnetized monolayers.

Figure 2 shows the band structure for these phases nor-
mal to the surface, i.e., in the direction I"' — Z of the AFM
BZ. Bands and electronic states are characterized by the
four double-group symmetry types Ag+ and Az=%. For
the sake of clarity and without any restriction of general-
ity, our further analysis focuses on states with dominant
spatial parts of A® single-group symmetry, which pro-
vide the main contributions in the important cases of
normal photoemission by s polarized and by normally
incident circularly polarized light. We denote the cor-
responding contributions to the LDOS for k; = 0 by

M — A
5 . A_,s ‘
50 N(E,k" =, Surface Fe
25 A659A75)
. J
NEK|=0, BULK Fe
B Aas:A75) ,‘ {
01—
1 / ‘*\
[
n:
NEX|=) BULK Fe
" JJJ\,\
0 R
NEK|=0) Surface Fe Surface Fe+ ¢
) /\//L 3
0 AN |
2 4 0 1 2 2.1 0 1 2 2 4 0 1 2
Energy (eV)

FIG. 2. Fe(001) (fcc with Pt lattice constant) in para-
magnetic (left-hand column), ferromagnetic (central column),
and antiferromagnetic (right-hand column) phase with per-
pendicular magnetization. Central row of panels: bulk band
structure normal to the surface, with bands of A} and A3
symmetry drawn in the case of AFM by solid and dashed
lines, respectively; lower two rows: complete bulk and surface
layer-DOS for k| = 0; upper two rows: LDOS contributions
of spin-up (down) A} + (=) and A + (—) symmetry, with
surface states marked as S=+.
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A% and A (see top panel of Fig. 2). In the nonrela-
tivistic (without spin-orbit coupling) limit they become
double degenerate, with symmetry A®. In the FM case,
the PM electron states with A and A% symmetry are
seen to be simply spin split by the exchange interaction,
as one would expect. For AFM interlayer coupling, the
umklapped bulk bands become split at the BZ boundary
and strongly narrowed, while retaining their spin degen-
eracy. As is demonstrated in Fig. 2, in the surface LDOS,
the van Hove singularities have disappeared in all cases.
For AFM, there are in addition very pronounced surface
states, which are clearly split off the bulk LDOS and
bands. The energy distance between lower A+ (A3+)
and upper AS— (A3-) states (about 2.8 eV) is directly
related to the exchange splitting on the surface. Here,
+ and — stand for the global-frame spin projections nor-
mal to the surface, i.e., parallel and antiparallel to the
magnetization of the surface layer. The angular parts
of the basis orbitals of these symmetries, are of d,, and
dy, types, i.e., they are essentially spatially distributed
in planes normal to the surface (assumed as z axis) and
are obviously sensitive to the magnetic structure along
the surface normal. The influence of spin-orbit coupling,
leading particularly to the separation of the nonrelativis-
tic A% into A} and A} states, is rather weak (about
0.07 eV) in the case of Fe, as can be seen by the split
van Hove singularities in Fig. 2.

The evolution of the bulk LDOS of symmetry A} to
the surface LDOS is presented in more detail in Fig. 3.
To demonstrate the usefulness of tight-binding calcula-
tions for a semi-infinite one-dimensional chain discussed
in Sec. II, we also show results obtained (without spin-
orbit coupling) by this simple method. The parameters
of the latter were chosen to fit the LKKR bulk bands
of symmetry A3: hopping integral ¢ = 0.39 eV, local
magnetic half splitting B = 1.17 eV. For the LDOS, an
inverse hole lifetime = 0.02 eV [cf. Eq. (11)] was chosen
in both cases. As can be seen in Fig. 3, for the individual
layers (from bulk to surface), the LDOS results obtained
by the two methods are almost identical. This indicates
the essentially one-dimensional character of the spatial
extension of the “interference states”!” (which become
surface states in the AFM case).

If there is an additional FM monolayer at the surface,
i.e., a thin FM film (consisting of two monolayers) on
the AFM substrate, there are two magnetic majority-
spin surface states (see Fig. 4) instead of the one shown in
Fig. 3. Let us first consider the case that the magnitude
of the magnetization in the two top layers is equal to
the bulk value M,. As is seen in the left-hand column
of Fig. 4, one majority surface state is below and the
other above the lower-energy bulk band. Corresponding
minority-spin surface states (not shown) occur around
the higher-energy bulk band. Thus, a majority /minority
pair of surface states resides within the AFM gap, and
another pair is located exterior to the AFM band range.

The two top FM monolayers are now given enhanced
magnetizations described by M; = 2M, (first layer) and
M, = 1.3M, (second layer). As the right-hand part of
Fig. 4 shows, the two majority-spin surface states are
considerably shifted towards lower energies and they are
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FIG. 3. Fe(001) with perpendicular magnetization FM
(left-hand column) and AFM (right-hand column): occupied
LDOS of A? symmetry for bulk and surface layers as obtained
by relativistic layer-KKR (thick lines) and one-dimensional
tight-binding (thin lines) calculations.
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FIG. 4. Fe(001): same as AFM part of Fig. 3, but for a sys-
tem with two FM-coupled monolayers at the surface followed
by AFM-coupled monolayers. In the left-hand column of pan-
els, the magnitude of the magnetization in each monolayer has
the bulk value Mo. In the right-hand column, the magneti-
zation of the first and the second monolayer is enhanced by
100% and by 30% relative to the bulk value Mo.
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wider apart from each other. The minority-spin sur-
face states (not shown) are correspondingly shifted to-
wards higher energies. The distance between the ma-
jority and minority partners in each pair scales approxi-
mately linearly with the averaged surface magnetization
(see Sec. II).

Noting the agreement between the linear chain results
and the layer-KKR results, also for the above cases in-
volving two FM top monolayers, we would like to empha-
size that this was reached without fitting any further pa-
rameters, such as surface tight-binding parameters. Since
the simple model calculations, using the one-dimensional
version of the Green function method of Ref. 23, can be
rapidly done on a personal computer, they are useful in
exploring in detail the influence of variations of the mag-
netic structure on the surface electronic structure.

C. Layer density of states of Fe/Pt,(001)

The introduction of Pt spacer layers involves three
types of effects. First, the unit cell normal to the surface
is increased by a factor n + 1, which entails increased
backfolding (umklapp) of bands and consequently more
gaps and separated AFM bands. Second, the chemi-
cally different species Pt complicates the band structure.
Third, the large atomic number of Pt together with a
strong hybridization of the Fe states with the Pt states
leads to much stronger spin-orbit coupling effects.

For Fe/Pt,(001), bulk bands and LDOS below Ef are
shown in Fig. 5. The electron states of the FM phase
on the surface are fairly smoothed in comparison with
their bulk counterparts. For the AFM phase, there are
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FIG. 5. Fe/Pt: bulk band structure E(k.) of FM and AFM
phases (bottom panels); symmetry- and (k; = 0)-resolved
LDOS, Fe+ (Fe—) belong to the layer magnetized in (out of)
the surface. For other notations see caption for Fig. 2.
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now two mainly Fe bands with dominant A} and A3
symmetry (instead of one for pure Fe) and consequently
two majority-spin surface states (labeled S;+ and S2+).
Also, in contrast to the pure Fe case, the spin-orbit
splitting between A2 and A} symmetry types is now
fairly large (about 0.4 eV). These features might be ob-
servable in angle-resolved photoemission measurements,
where each symmetry type of the electron states can be
explored by using an appropriate light polarization and
geometrical setup. In particular, the use of right (left)
circularly polarized light makes possible the resolution
between magnetically split A3+ (AS3+) states.

As the thickness of the nonmagnetic spacer is in-
creased, the corresponding enhancement of the local mag-
netic moment of Fe makes the amplitudes of the mag-
netic surface states more pronounced. This can be seen
in Fig. 6 (only spin-majority counterpart is shown). The
reduction of the Fe/Pt, AFM BZ, which is only 1/3 of
that for Fe, gives rise to additional magnetic surfaces
states. In the majority-spin range, there are two promi-
nent ones, labeled S;+ and Se+. If the number of Pt
layers increases further, there remain eventually only one
majority- and one minority-spin surface state, i.e., the
surface electronic structures approaches that of an iso-
lated FM monolayer on a Pt substrate.

D. Photoemission

The above electronic structure and, in particular, the
surface states of our sequence of FePt, systems mani-
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FIG. 6. Fe/Pt2: analogous to Fig. 5.
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fest themselves in greatest detail in spin-resolved (nor-
mal) photoemission by normally incident circularly po-
larized light. For normal incident right-handed circular
polarized light and normal emission from a (001) surface,
dipole selection rules imply in the nonmagnetic (or para-
magnetic) case, that photoelectrons excited from initial
states with Ag symmetry (A7 symmetry) show a com-
plete spin polarization parallel (antiparallel) to the sur-
face normal, i.e., P, = +1 (P, = —1). Reversal of the
helicity changes P, into —P,, the intensity, however, re-
mains unchanged, due to Kramer’s degeneracy. In other
words, right-handed circular polarized light detects only
one part of the Kramer’s doublet. Reversing the helicity
detects the other (degenerate) part. In the magnetic case,
Kramer’s degeneracy is lifted and the initial states are
‘themselves spin polarized, i.e., majority (minority) states
with spin parallel (antiparallel) to the surface normal.
Therefore, with right-handed circular polarized light one
detects only the majority (minority) part of initial states
with Ag symmetry (A7 symmetry). Thus, we expect that
spin-polarized surface states can be observed only by one
helicity of the incident light.

For fixed magnetization direction normal to the sur-
face, there are four inequivalent partial intensity spec-
tra IZ, where 7 = =+ is the sign of the photoelectron
spin-polarization direction and o = = refers to posi-
tive/negative helicity of the light. According to relativis-
tic dipole selection rules, I} is associated with initial
states of symmetry Ag and I- with Ax.

Spectra calculated for 21.2 eV photon energy are shown
in Fig. 7. The simplest case is FM Fe (left-most col-
umn of panels): the relevant initial states have majority
spin, and Ag states are separated slightly from A7 ones,
due to a small spin-orbit interaction (as was shown in
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FIG. 7. Spin-resolved normal photoemission intensity spec-
tra I(ii) for (from left to right) Fe, Fe/Pt, and Fe/Pt> MS in
their FM and AFM phases, photon energy Aw = 21.2 eV, sub-
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scripts of I}’ mean the spin projection, superscripts stand
for right (left) circularly polarized light; lowest panel demon-
strates MCD as the difference between spin-averaged I(+) and
I intensities.

S. V. HALILOV, J. HENK, T. SCHEUNEMANN, AND R. FEDER 52

Fig. 2). Consequently, there are only Ii and I spectra,
which differ from each other, i.e., there is magnetic circu-
lar dichroism. (For details and references to earlier work
on MCD, see Ref. 36.) In the AFM Fe case, there are
two prominent spin-up peaks (labeled S7 and S¢), which
are associated with the surface state S+ in Fig. 2. In ad-
dition there are two spin-down peaks, due to oppositely
magnetized deeper layers. The resulting MCD is seen to
be much larger than in the FM Fe case.

For FePt; in the AFM phase, a large MCD originates
from the majority surface states S;. The distance be-
tween the opposite-sign peaks in the difference spectrum
corresponds to the spin-orbit splitting, which is large due
to the large atomic number of Pt (Z = 78).

For all three systems, MCD effects in the AFM-ordered
phase exceed (with other conditions being the same)
those in the FM phase. They are enhanced by and in-
deed owe their very existence to the magnetic surface
states of symmetry types Ag and A7. The size of these
surface states changes only weakly as the period of the
magnetic structure normal to the surface is increased
by increasing the number of nonmagnetic spacer layers.
Since for a few spacer layers there remains only one domi-
nant majority-spin surface state (of each symmetry type),
and since elastic and inelastic scattering lead to a small
escape depth of the photoelectrons, the limit case of a
mono-atomic ferromagnetic overlayer on a nonmagnetic
substrate is practically reached as the magnetic period
becomes more than a few interlayer distances.

IV. CONCLUDING REMARKS

We have investigated the electronic structure of anti-
ferromagnetically coupled layered systems first in terms
of a tight-binding Green function approach for a simple
model, and second by relativistic layer-KKR calculations
for a more realistic effective one-electron potential. As
the simple model system, we chose a one-dimensional
semi-infinite chain with one atomic orbital per lattice
site. An analytical Green function calculation resulted
in explicit formulas for the existence of surface states
and for their energy as a function of the tight-binding
parameters, especially the surface Coulomb integral and
the surface exchange energy. For the antiferromagneti-
cally coupled system, spin-polarized surface states were
found, the energy of which lies within (outside) the AFM
bulk energy gap, if the surface exchange is reduced (en-
hanced) with respect to that of the bulk. The energy
position of the surface states depends almost linearly on
the surface exchange energy. Switching the AFM cou-
pling between the outermost atoms to FM and leaving
the remainder unchanged, Green function renormaliza-
tion technique calculations revealed an extra surface state
outside the gap, which does not exist in the original AFM
coupled system. More generally, the number of surface
states is proportional to the number n of FM-coupled
monolayers in the surface region (with n = 1 correspond-
ing to the simple AFM system).

Our expectations from general arguments and from our
simple model calculations are corroborated by relativistic
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layer-KKR calculations and carried out for FePt,(001)
systems. In particular, n magnetic surface states occur
for AFM systems, with n FM-coupled monolayers on top.
Their energies are very sensitive to the size of the magne-
tization in these monolayers and more mildly so to physi-
cally reasonable variations of the surface barrier position.
Since we have not determined surface magnetizations and
surface barriers self-consistently, but regarded them as
parameters to be adjusted by comparison with photo-
emission experiments, the present surface state energies
are prototypical rather than real a priori predictions.
Due to spin-orbit coupling, the majority- and minority-
spin surface states occur in pairs of double-group sym-
metry types Ag and Az, which are separated in energy.
This separation is strongly enhanced by the presence of
Pt layers, as a consequence of the large atomic number
of Pt and the hybridization between Fe and Pt orbitals.
The manifestation of the surface states in photoemis-
sion was explored by relativistic calculations within the
one-step model of photoemission. In general, the pho-
toelectron intensity spectra exhibit spin-polarized peaks
at the surface state energies. For circularly polarized
light, the photoemission spectra, even if not spin re-
solved, depend on the helicity of the light, i.e., there is
surface-induced MCD. Somewhat surprisingly, this MCD
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can even be stronger for AFM-coupled systems than for
FM-coupled ones. Photoemission experiments employing
spin analysis and/or circularly polarized light, are there-
fore recommended for the study of AFM-coupled multi-
layer systems with perpendicular magnetization. Specif-
ically for the magnetic structure problem of FePt ad-
dressed in the Introduction, an experimental search for
our surface states and their magnetic dichroism might
reveal the presence of AFM-coupled regions. In making
contact between our results and experimental data, in
addition to having to adjust our parameters surface mag-
netization and surface barrier location, two restrictions
have to be borne in mind. First, the measurement tem-
perature has to be well below magnetic phase-transition
temperatures. Second, the surface has to be rather per-
fectly ordered, since peculiar geometrical reconstructions
like the one recently determined for ultrathin Fe films
on Cu®7 can be expected to strongly affect the electronic
structure.
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FIG. 1. Spin-resolved layer density of states of the
one-dimensional AFM model system, for the first four sur-
face layers (S,...,S — 3) and the bulk layers (B, even and
odd layer index). Three values of the reduced surface ex-
change splitting, ¥, = 0.6 (solid for 7 = + and fine dotted
for 7 = —), ¥, = 1.2 (dashed for 7 = + and broken dotted
for 7 = —), Y, = 1.8 (fine dashed for 7 = + and dotted for
7 = —), 7 being the spin projection. The surface exchange
splitting is indicated at the surface state position (see top
panel). In the first case, surface states are located within the
AFM gap, whereas in the second these interfere with bulk
states (surface resonances). In the last case, surface states
are located outside of the band range. In the lowest panel the
bulk band structure is shown. The energy scale refers to the
reduced energy X.



