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ABSTRACT

The electronic structure and magnetism of a p(1x1)
chemisorbed oxygen layer on the Fe(001) surface was
studied by the SCLO method. The interface geometry was
suggested by a previous LEED analysis. We found a good
agreement between the calculated DOS and the UPS data. We
found the oxygen atoms have significant bonding to both
the surface and subsurface Fe atoms, and atomic bonding
pictures were derived., We did not find a magnetically dead
layer of Fe surface, consistent with the spin-resolved
photoemission experiments on Fe-based glass. The
calculated work function change disagrees with the
experiments, and this may be due to oxygen incorporation.
The surface-state bands were predicted. Comparing these
bands with ARPES may clarify the chemisorption/oxidation
model,



CHAPTER 1
INTRODUCTION

* One of the major goals of surface science is to °
understand the microscopic mechanism of chemical"
corrosion, for which O/Fe is a very important example, *
The study of this system, however, was not possible ﬁntil
a few decades ago when ultra—high-vacﬁum'techniques began
to be applied so that the oxidation processes could be
brought under control, Since then, extensive 'studies
[1-15] have been performed on this system, {both -~:: <=
experimentally and theoretically. It is generally agreed
that the dissociative chemisorption -of oxygen on:iron is
the first step of oxidation of Fe, followed by -
incorporation of O into the selvedge to form a two-
dimensional oxide. Finally this thin oxide layer begins to
grow inward towards the bulk. However, there is no '
consensus regarding the adsorbed structure, 'the saturation
coverage, ‘the sticking probability, and the nature ‘of the -
oxidation products, etc, Several ‘experimental 'studies have
been reported on the chemisorption and oxidation of the::®

Fe (001) surface., Here we review them ‘briefly.
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Simmons and Dwyer [5] used low-energy—electron-
diffraction (LEED) and Auger—electron spectroscopy (AES)
to study the structural changes and kinetics of the
oxidation of Fe(001) at room temperature. At first, the
clean iron sample showed a sharp p(1lx1l) LEED pattern. When
oxygen was deposited on the surface, half-order c(2x2)
LEED spots gradually appeared, and their intensity and
sharpness were maximized when AES indicated that half a
monolayer of oxygen was formed on the surface., ¥With
further exposure (up to 10 L, 1 L=10"¢ Torr-second), the
half-order LEED spots gradually went away. The
disappearence of the c(2x2) spots occurred simultaneously
with the shift of the AES iron peaks. The LEED pattern
became p(1xl) at 10 L, but the relative intensity of the
integral-order spots was different from the corresponding
diffraction features of the clean surface. This can be
interpreted as (though the original interpretation of the
authors was somewhat different) chemisorbed oxygen at
alternate four-fold sites on the Fe(001) surface diffusing
to sites beneath the Fe surface, followed by oxide
nucleation. The shift of AES iron peaks indicated that the
oxide is formed, This oxide, however, is amorphous rather
than well ordered. The p(1x1) LEED pattern, therefore, is
not due to this oxide but is due to the underlying iron

substrate. The experiment also showed that further oxygen
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exposure caused gradual weakening of all reflections, and
no diffraction features were observed for exposures above
20 L, This is probably due to the fact that the amorphous
oxide is thicker than the mean free path of the incident
electrons, so no LEED pattern of the underlying Fe can be
seen., After heating the sample mildly for a few minutes at
this coverage, the p(1x1l) LEED pattern showed up again.
“AES indicated that no change in oxygen concentration
occurred during heating. The reappearence of LEED spot§ is
interpreted as the result of a disorder-order transition
of FeO, The epitaxial relationship between the FeO oxide
layer and the Fe substrate is

(001)FeO |l (001)Fe.
AES also indicated that the concentration of oxygen at
this stage was about 4 times higher than the value for the
c(2x2) oxygen adlayer. This is exactly the amount of
oxygen needed to form two layers of FeO with NaCl
structure on the Fe substrate. The coincidence of the iron
substrate and the oxide overlayer reflections suggests
that the oxide has a lattice parameter 4.5% smaller than
the value for FeO bulk. So it is expected that this
epitaxial structure will change when the oxide layer
becomes thicker., After 75 L exposure and mild heating of

the sample, in addition to the spots of Fe(001), there
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appeared hexagonal LEED spots which sugggst an ordered
Fe0(111) 1layer epitaxia1§ grown on the Fe(OOl)_sgrface.

Brucker and Rhodin [8] studied the same system by using
ultraviolet photoemission spectroscopy (UPS), LEED. and.
work-function-change measurements. For exposures 1e§s than
1.5 L, they reported 1ittle change (a sma}l attgnugtion)
of Fe d-band-peak emission compared to the corresponding
data from a clean Fe sample, An additional peak centered
about 5.5 eV below Ep appeared due to the 2p ‘band of
dissociatiyely chemisorbed oxygen, The LEED pattern at
this stage showed a clear O ¢(2x2) strucfure on the
Fe (001) surface. This was interpreted by the authors as
confirming that a half monol ayer of oxygen was formed on
the Fe surface. The work function at this stage reached
its maximum, about 0.2 eV above the clean surface value.
For large exposures, the 5.5 eV peak bgoadened
snbstantia}ly, and the d-band emission was sharply
attenuate&. At 60 L the photoelectron energy distributioﬁ
was vary similar to that of FeO. Regarding the LEED
patterns, further exposure caused the c¢(2x2) spots to fade
out gradually at 4 L, and after that the p(1x1) spots
disappeared at 7 L., The LEED pattern changes agreed well
with those reported by Simmon and Dwyer, but not the
exposures at which the LEED patterns changed. These

changes suggest the beginning of the oxidation after 1.5 L
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exposure, and the formation of a few layers of amorphous

oxide, as concluded by Simmon and Dwyer. The work function
began to decrease after 1.5 L exposure, and reached a
minimum value 0.05 eV higher than the work function of the
clean Fe surface at 7 L exposure. This corresponds to the
incorporation of oxygen beneath the iron surface, wvhich
leads to a reversal of the surface dipole, causing the
work function to decease, The authors concluded that below
1.5 L exposure, the system is in the dissociative
chemisorption stage. Beyond that, a few layers of FeO are
formed. Further exposure leads to the formation of a
superstructure and the three-dimensional bulk oxide.

Legg, Jona, Jepson and Marcus [9] performed a LEED
analysis in order to study the geometrical aspect of the
chemisorption of oxygen on the Fe(001) surface. AES was
also used to calibrate oxygen concent;ation on the surface
and to monitor the possible existence pf impurities. They
reported that no fractional-order LEED spots were observed
for oxygen chemi#orbed on a clean Fe surface even when
they varied oxygen-exposure procedures and thermal
histories of the sample in order to produce the oxygen
c(2x2) structure reported by other workers (Some faint
hal f- order spots existed, but only when AES indicated the
presence of large amounts of carbon on the surface). .

Exposure to oxygen caused no change in the geometry of the
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LEED pattern but only changes in the intensities“of ‘the
diffracted beams, consistent with the formation of the O: "
p(1x1l) structure on the Fe(001) substrate surface; The '
background remained low and contrast high up to:6-10'L,
then the background increased and the LEED'spots grew?
progressively broader with increasing exposure., After -high
exposures of 25 L or more, it was always possible to
revert to the O p(1x1l) structure by annealing it, but-they
never succeeded in reducing the oxygen concentration below
one full monolayer by heating it. They found that 6 L
oxygen exposure provided a complete and well ordered
p(1x1) O/Fe(001) structure. By dynamical LEED calculation
and intensity vs, voltage analysis, they determined that °
the O-Fe interlayer distance is 0.48 A, with oxygen atoms
occupying the 4-fold hollow sites in close proximity to
substrate Fe atoms. The first Fe—-Fe interlayer spacing ‘is
apparently expanded by 8% compared with bulk metal, This
chemisorption model of O/Fe is shown in Fig.1l: and Fig.2
except that the 7-layer slab geometry there should be
replaced by semi—infinite geometry.

Recently, Sakisaka, Miyano and Onchi [10] iused ’
electron-energy—-loss—spectroscopy (EELS) in-conjunction
with LEED, AES, secondary-electron emission spectroscopy
(SES), and work-function-change measurements to-study

chemisorption and initial oxidation of Fe(001), Three:*
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stages of oxidation were identified: (1) dissociative
chemisorption below 3 L, (2) incorporation of O atoms into
the selvedge between 3 and 20 L, and (3) oxidation above
20 L, leading to the formation of y-Fe,0s. Of special
interest is the change in surface electronic properties
from that characteristic of the metal to that of the oxide
observed by EELS, An energy-loss peak characteristic of
the chemisorbed oxygen was observed at 6 eV below 3L,
being ascribed to the transition between the bonding and
antibonding states. The clean surface energy—loss peaks at
about 5 and 8 eV were weakened substantially at this
stage, but the 2 eV energy-loss peak remained unchanged
until the exposure was in the range at 3-20 L. The authors
interpreted the former peaks as involving Fe 3d

xy, XZ, Yz

and the latter as involving Fe 3dz’,x’—y" Thus the Fe
3dxy.xz,yz orbitals play a-major role in the chemisorption
bond, and for the incorporation process the Fe 3dzz’x2_y2
orbitals are involved. The EELS spectrum in the oxide
phase was characterized by peaks due to the

0%~ 2p—»Fe’+ 3d charge—transfer transition. The
v-Fe,0;—»Fe0 phase transition at 570 C was also confirmed
by monitoring an energy—loss peak due to a d—d
transition. The work-function-change measurement showed

that the work function increased steeply up to 3L,

reaching a maximum of A =+0.25 eV at 3 L, then decreased
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to a minimum of AP =+0.02 eV at 20 L, and finally |
increased again to a limiting value AP =0,4 eV at 350 L,
The initial increase of the work function is due to charge
transfer to the chemisorbed oxygen, creating a surface
dipole layer, thus increasing the energy barrier for
eléctrons coming out of the surface., The subsequent
decrease of the work function is due to the oxygen
incorporation, leading to an oxide layer. The final
increase of the work function is related to the in-depth
oxid;tion. The work—function-change measurement thus
agreed with the three—stage oxidation proce;s confirmed
by EELS analysis. The LEED pattern seen at the
chemisorption stage is p(1x1l), agreeing with the
observation of Legg et al [9]. However, the coverage
calibration, with 3 L exposure corresponding to a coverage
of 0.35 and 20 L corresponding to a coverage of 1, does
not agree with the calibration of any other group.:

After reviewing the results of experimental
investigations, it is realized that the geometrical aspect
of oxidation is still controversial. For example, it is:
agreed that at some stage of oxidation there is a p(1x1)
structure of the O/Fe(001) system. The-question is: does
this p(1x1l) structure correspond to the chemisorption of I
oxygen on the Fe(001) surface, or to the incorporation of

oxygen béneath the Fe(001) surface, forming amorphous or
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ordered FeO? Although we know that the oxygen eventually
goes inside the Fe surface, the exact nature, extent and
‘geometry of ‘the oxygen incorporation remains unknown. The
task of theoretical investigation, therefore, is to pick
some eiperimental'models. to study :and possibly ‘to predict
‘the properties of the system, to compare with further
eiperiments,“and then to justify or -refine the model. Ve
chose the model proposed: by Legg:-et al for oxygen
‘chemisorption on-the Fe(001) surface. i, v:i o1 @ -7t

A few electronic structure calculations have been -
‘performed using cluster models of the O/Fe (001)
chemisorption system. In spin-polarized computations for.
the cluster O-Fes, Anderson [13) obtained oxygen:2p levels
6 eV beIOW'the‘highest;occypiedilevel, and an equilibrium
Fe-0 interlayer spacing of 0.48 A, when:the oxygen was
placed in the four-fold hollow site., Ribarsky, in an.
-unrestricted Hartree-Fock cluster calculation [14],
"predicted a vertical - spacing of 0.38 A, In recent Xa:
cluster calculations [15], Adachi et al used a 9-atom -
substrate: to study the level structure of O/Fe (001) versus
- the Fe-0 bond site and bond length, For an interlayer
spacing near-0,5 A, ‘three O 2p levels were.obtained in the
"energy range 5 to-7 eV below Eg. The d-band densityiof'

~states (DOS) was reduced near Ep due to the Fe-O bonding.
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None of the calculations reQieved above included the
effects of adsorbate—adsorbate interactions in the
extended O/Fe(001) system, This interaction broadens the O
2p levels, leading to two—-dimensional energy bands. These-
bands hybridize af general points in the irreducible wedge
of the surface Brillouin zone (IBZ) but have definite
reflection parity along the 2 and A symmetry lines. They
should be detectable using angle—resﬁved‘phétoemission
spectroscopy (ARPES) [16]. The use of polari%eéiiigﬁt in:
conjunction with the selection rules [17] sﬁo;ld ;ié in
their identification. | |

Here we report calculations of the elect;onic structure
of a p(1x1) O/Fe(001) slab wusing the éélf—gonsi#tenf
localized-orbital (SCLO) method developéd bf Sﬁigﬁ. Gaf
and Arlinghaus [18-20], In addition té the cilculafion of
O/Fe(001) [21], we also did a number of glgbmcal;ﬁl;tiﬁns:
Ni/Cu(001) [22], Cu/Ni(001) [23], E/Ni(001) [24],
Pd/Fe(001) [25], and Fe/Cu(001) [26]. Be;auge”thi;:ﬁefﬁod
incorporates an atomic orbital basis, a ;iin; pi;ture of
the surface bond can be developed from the numerical
results. By treating electron-spin polarization
explicitly, we were able to study the magnetic behavior of
this system as well as the influence of the magnetism on
the bonding and energy band structure. The SCLO method is

discussed in detail in the next chapter,
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CHAPTER 2
METHODOLOGY

Siab Model

The semi-infinite surface can be simulated
theoretically by an atomic slab with infinife extehsion in
the XY (surface) plane and a finite number of layers in
the Z direction (normal to surface). See Fig.l and Fig.2.
In our study, we calculated electronic properties of the
slab by applying the Schrodinger equafion tp it without
any adjustabie parameters. The only physical inputs are
the atomic positions m and nuclear ch;rges Z. Atomic
positions are assumed to have translation symﬁetry in the
XY plane and reflection symmetrj in the Zkaifgztion. The
slab may be considered thick enough to represent fye real
surface if the calculated electronic properties atvthe

" center layer are bulk like [27,28].
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Fig.l Slab model for p(lxl) O/Fe (001) . Side View. Cross
section along (HO) plane. Distances in angstroms.
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Fig.2 Slab model for p(lxl) O0/Fe(001) . Top View.
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Local Density Approximation

The electronic wave function of the system obeys the

Schrodinger equation

where

=z
-4
A

H= §={-1/2 ;-Emzm/|ri-ml)+1/2 ¥ ?

1/1‘-'. R (2)
1. 1) I

ﬁ.is the.atohic position and N is the number of elecfrons

in the system, Atomic units (a.u.) are used. This is valid

in the non-relativistic approximation, namely, fof all

‘eleﬁehts with atomic number Z<50 [27], thus including 3d

and 4d transition metals, which we are most interested in.
In the single—electron approximation, due to Pauli’'s

exclusion principle, the wave function can be writen as a

‘Slater determinant

P (1)-—= ¢ (1)
2 1 |
\P(rlts]_ A sn)=1/(n!)1/ X "_"---_-_-E-"- ’ (3)
B P (n)-—= P (n)

where
ACIEI AP AR - O

that is, the single-electron wave function is the product

of an orbital function and a spin function.
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To minimize the total energy of the system (VIHIY)>, the
single—electron wave function must obey the Hartree-Fock

equation [29,30,31]:

[=1/29"-% Z,/zg-mi+ 3 £ 9% ey (e ase f1n-2 ¥y (x)
m 3

-;_2 [8s;s;/ lll.j(r')t/’i(r')d'r'/lr-r'I] Yi(e)=E ¢ (r). (5)

The first term in this equation is the kinetic energy,
the second one is the potential energy due to the nucleus,
the third one is the Coulomb interaction potential between
electrons, and the fourth one is exchange potential
between parallel-spin electrons, due to Pauli’'s exclusion
principle,.

In the Local Density Approximation (LDA) [32-35], the

exchange potential can be writtem as a function of the

local electron density for each spin:

foor‘=-[(3/n)p?or‘(r)]ll’ : (6)

To derive the above expressions [36], first let us
consider the extreme case of a homogeneous electron gas
under the influence of a constant potential field, We can

use plane waves to represent wave functions:

Yi(r)=exp(ikjr) (7)
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Then the exchange term in the Hartree-Fock equation
becomes
Y [J exp(-ilkj-k;) )/ ir-z% a’r] explik; 1)
J
.=[Z Jexp (i(kj~k;)r)/r a’r] exp(ik;° 1)
3

=4nl} 1/(k;-x5)"1 ¥5(r)

kj (kg
—=1/2n*) 1/ (k-x:)® a’k.] ¢:(r)
i J 1 J 1
k j <kg
=(kp/n)F(k;/kg) ¢, (1) (8)
where
F(x)=1+[(1-x%)/2x11n1(1+x)/(1-x)1. )(9)

The exchange energy term is k;—dependent. There are
several ways to average this k;-dependence, for example,
inside the Fermi sphere k;< kp, which is the Slater
approximation and which gives <(F>=1.,5 [37], or at the
Fermi éphere kj=kp, which is the Kohn-Sham approximation
and which gives <F)>=1 [33]. VWe use the latter since it can
be derived, altermatively, based on the variational
principle thus in a more rigorous way [33].

The value of the Fermi wavevactor is related to the

charge density by

kp=(3x"p)*/’ a0
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for each spin since the summation in the exchange term of
Eq.(5) is over a particular spin only. So.the exchange.
energy for the‘homogeneous\electron gas is given by the
Eq.(6) .. -

.. Now we consider the electrons moving in a slowly,u;
varying potential field.ﬂThe,fpndamental assumption is
that the above expression for exchange energy{of;a
homogeneous system is valid locally even in the case of
a slowly varying inhomogeneous system. This is the .
essential idea behind the Thomas~Fermi method for atoms
[38,39]. It is expected that the LDA will be a good
approximation for solids in the interstitial region, where
the pqten;ia},gpd the electron density do chahge.slowly
and where most of the charge rearrangement occurs when the
solia i;EfE;m}a ffomvi;olgted atoms,

~ The LDA is not only an approximation for the Hartree-
Fock exchange potential, it also incorporates many-body
correl?fion‘foeb}squhe motion of electrons is highl}
correlated. Eollowing each{electron as it moves through
the system is a depression in the distribution of other,
electrons., The depression is called the exchange-
correlation hole,. In the Hartree-Fock equation,. the
instantaneous interaction between any pair of electrons
llrij is treated as the interaction between one electron

and the distribution of another electron.; In particular,
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the two antiparallel-spin electrons are allowed to be at
the exactly same space point (Slater determinant for two
antiparallel-spin electrons does not vanish when r,gr,)
which will never happen in the real physical system., Thus
Coulombd interactiop between electrons is overestimated in
this way, especially in the high density region, although
for parallel-spin electrons the exchange emnergy partly
makes up this deficiency. Further improvement is needed
for both parallel and antiparallel electrons by addiﬁg a
term called the correlation energy to the Hamiltonian.

The correlation term in LDA is also a function of the
local electron density of both spins, pt and pi, or

equivalently, it is a function of rg and p, where
r =03/ (4nx(py4p 017, (11)
which is the average distance between electroms, and

P=(91-P;)/(Pf+p;). (12)

which is the polarization parameter.

Our correlation potential was adapted from studies of
the spin-polarized homogeneous electron liquid by Vosko,
Wilk and Nusair [40]. They used a Pade techmique to
interpolate accurate results for the random—phase— .

approximation (RPA) [40-45] correlation energy, valid for

small rg, to low density, where Monte Carlo results
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[46,47] are available, To determine a convenient form of
the correlation energy, the paramagnetic correlation

energy per electron [40] was first fitted as [48-50]
e(r,,0)=—AF(r /R), (13)
where
F(x)=(1+x’)1n(1+;/x)+2/x-x’—1(3. . (14)

A is 48.6 mRy, and R is 15, We also fit the spin stiffness
a to Eq.(13) with A'=31.1 mRy and R’=16.4. The spin-

dependent correlation energy can be written as [40]
e(r ,p)=e(r,,0)+ap /2. (18)
Then

vctor&

__9(pe )
T dpsor,

t
=-A1n(1+R/IS)iap+ﬁp2, (16)
where o ”

B=1/2 A'1n(1+R’/r )-a. o (17)

To sum up, in LDA, the single-electron wave function

obeys
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[-1/2V* -3 Z /1r-mi+ Jp(e)a's /ir=ci+V, (p()*/ ") ¢ (1)
m .
=EY¥ (). (i8)
Symbolically,
‘B(p(r))!.ﬁ=E¢l. | (19)

In order to know the wave function, we have to know

p(r) first., But p(r) is given by

p(r)=% ¥ (). " (20)

occupied

So in order to know p(r), we have to know Yi(r) first,

This indicates we have to solve Eq.(18) self-consistently.

Matrix Form of the‘§chrodinger Equation

The Schrodinger equation

H(r)l,llj(r)=El/lj(r) (21)
can be written in matrix form with an appropriate choice
of basi;. The basis functions we choose here are the Bloch

lattice sums of atomic wave functions:

-

¢i(t,k)=z exp(—ik'm)ai(r—m). (22)
m

where k is in the irreducible Surface Brillouin Zone, m is
a lattice site within one layer of the slab, and a;(r-m)
is the ith atomic wave function located at lattice site m.

The subscript i indicates both the atomic orbital and the
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layer at which the atom is located. Since d-electrons of
transition metals are tightly bound by the nucleus nearby,
they behave somewhat like the corresponding atomic d-
electrons.'Therefore. the introduction of the lattice ;45
be considered as a purterbation. Thus the atomic wave
functions are good candidates for the basis set in this
case, There are 19 atomic functions for each Fe atom iﬂjv
the cell: 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 5s, and 9 atomic
functions for each O atom in the cell: 1s, 2s, 2p, 3s, 3p.
Among them the Fe 4p, 5s and the O 3s, 3p orbifals are not
occupied in isolated atoms, We add them to increase
variational freedom [51] in describing charge rearrangment
in the interstitial and surface regions of fhe solids. The
extended virtual orbitals of the surface atom are
especially important, for without them we could ﬁot
describe the charge expaﬁsion into vacuunm properly.randn
fhus could not get the correct work function. TriélA
calculation shows that whether or not w; include the Fe"
4d orbitals is not crucial in the calculation.

The eigenfunctidn of the Schrodinger equation is
expanded into atomic Bloch functions with a given k since

k is a good quantum number:

¢j(r.k)=§ cjj Pilr. k) (23)
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We plug (22) and (23) into (21), multiply . a;(r) from

the left, and perform the integration, obtaining

% [y §(k)-Ej0;§(k)] c45=0,  1=1,N (24)
where

Hli(k)=g exp (—ik*M)<a; (r)|H(r) |ag(-M)>, (25)

Oli(k)=§ exp (~ik*M)<ay (r)]a; (r-H)>. (26)

Symbolically, the equation in matrix form is
HC=EOC. (27)

This is a generalized diagonalization problem..
After we diagonalize (24) for every k, we get all dﬁ(k)

and Ej(k). We then count energy levels E;(k) from low to

high up to the total number of the valence electrons (the
meaning of valence electron, as opposed to core electron,
will be explained later) of the slab cell. times the number
of k points, Summing over all occupied states, we get the
charge density, and thus the new potential, We keep

running until the potential is self-consistent.
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Gaussian Expansion of Atomic Wave Function and Potential

In the central-field approximation, the atomic wave

function can be written as [29]

a(r)=Rn'1(r)Y1’m(0¢). (28)
where
Rn,l(t)=2 Dy, j81laj, 1), (29)
J

21+1/‘a-1/2+3/‘
J

g1{(a;,r) rlexp(-a
1754 n*/*[1x3x---x(21+1)]1*/2

jrz). (30)

and gy(aj,r) is a ,normalized radial Gaussian primitive
[52]. What we want is a set of e¢; and Dy (j=1,N) which
best represents an atomic wave function with a given,
finite N,
The procedure to get these a's and D's is as follows:
1) Solve the LDA Equation for an atom with a

spherically symmetric potential V(r),
V(z)=-2/c+(4n/x)[p(z*)r* *ar'+V (1), (31)

obtaining the self-consistent V(r) numerically [53].

2) Choose a's for the Gaussian basis set as

aj=appd? j=1,N | (32)
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These are even—tempered Gaussians [52] which almost
cover the whole spectrum of relevant Gaussians.
3) Resolve the atomic LDA equation with matrix form

[54] using the given Gaussian basis set:
2 (H;;-ES;;)D;=0, i=1,N (33)
Jj

obtaining El(Ez(-——(En and the corresponding D's..4

4) Vary a; and B, repeating 2) 3) above to minimize'El,
to get the best a's and D’'s fog ¥, (1s).

5)’ Add two more Gaussians to the above basis, solve the
N+2 dimensional equation of the atom, vary @ .+1 and
@,+2 to minimize E;, and use the Schmidt procedure
to make this best 2s function orthogonal to the 1s
function.

6) Repeat the procedure for all occupied atomic wave
functions for a given angular momentum,

7) Repeat the procedure for all occupied atomic wave
functions with different angular momenta.

8) Add virtual orbitals for s and p functions (a single
diff;se Gaussian for each orbital) to provide
maximum variational freedom in describing charge
rearrangment when the atomic slaf is constructed.

This describes how we obtain the ;tomic wave functions.
Under the assumption of atomic configurations (3d74s® for

Fe and 2s’2p‘ for 0), we can determine the atomic charge
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distribution, and therefore the atomic potential. The’
atomic potential can be separated into two parts [55]:
the first one contains a singularity at the origin, and
the second is finite everywhere, so it can be expanded

into Gaussians:

V(r)=V,(r)+Va(r), (34)
V;(r)=-(Z/r)exp(-r3). . (35)
Va(r)=(Z/r)(1-exp (-1 M) +Veo u1ombt Ve (36)

Now we are ready to expand V, into Gaussians. But
before doing that, we first rename V,(r) as V(r), and

name its expansion as V’'(r):

V' (r)=X Diglaj, ), (37)
J

where the a’'s obey Eq.(32), that is, they are even—

tempered Gaussians,

A least-squares—fitting procedure is used to optimize.

the expansion. That is, we try to find V'(r) such that
JIV(£)=-V' ()10 (r)r*ar=Min, ‘ (38)

where o(r) is a weighting factor, and we set w(r)=r.

V(r) and V'(r) have to obey

Jvit) e(e)r?dr=/V'(r)?w(r)r?dr=Const. (39)
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(38) with (39) is equivalent to

fV(r)V'(r)m(r)rzdr=Max.

When (37) is used to expand V'(r) in (40), we have

I(a,D)=} Dy/f V(r)glaj(r))u(r)c dr=} DjPj=Max,
i i

where
Pj=f V(r)g(aj,r)w(r)rzdr.
Squaring (40), we have
2
I (a.D)—Zi % DyD;PyPj=Max.
(37) is also used to expand (39), and we have

~

z 2 DiDjf S(Gi'f)s(dj.t)m(t)rzdr
ij o

=§ ? DiDjSij=Const,

where

sij=f8(ai.r)g(aj.r)m(r)r’dr.

(40)

(41)

(42)

(43)

(44)

(45)

Subtracting wx(44) from (43) (w=Constant), we have

F(DI r-""'tDn)"Z 2 DiDj (Oij-mS ij )=Max,
13

where Oij=Pin~

(46)
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Differentiating F with respect to all D’s, and setting

the results equal to O, we have the secular equation

X (035-0S;)D =0, i=1,N (47)
J

By solving (47), we find D's corresponding to maximum o
and F.

As in the wave function fitting, we vary a to get
Max(pmax),

We then repeat the procedure for the expansion of ch.

The statting—matrix calculation is a very important
step in the whole ca}culation. Without the right starting
Hamiltonian matrix, the iteration would take longer
computing time. Furfhermore. it could ©be trapped at ﬁ?dng
points,

Since the solid is formed by bringing isolated atoms
together, it is natural to begin with the atomic charge

distribution,

Polz)=) payonlr-m). (48)
: |

Notice that

Vie(r)=V,. (pa(r)*/?) (49)
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is a non-linear function of fhétlatti;é'énﬁ of the ‘charge
density (48). (49) with (48) is called the overlapping-
atomic-charge popeqtia;.VSo ({9) j#ll,not equal the lattice

sum of individual atomic potentials

L] I

;):2 vxc(p(r-m)llf).
. “m ST W f

B P [ AR BT O I

vxé( . . B EANE *(50)

which is called the overlapping atomic potential. If we
take the overlapping atomic jotentiil';s'thejstafting“
pbteﬁtial'for'mathematicallbbnfenienbe. we have to
compensate for that by adding a term equal to the
differencé”betwéed‘;ﬂe overlapping-atomic-charge potential
(50) and the overlapping afomickrbtéhtidl (49).

The starting matrix consists of four terms:

i P

C D <a3(r)]-1/2V" |a;(r=0))> o (51)
2) <ti(r)|[2 v(r-m)] exp(-ryz)laj(r-n)> (52)
m .
3) <‘i(r),[2 ;(r-m)]‘(l—egb(—kyz))laj(r-n)> (53)
m

4) ag(r)| Vo I} plr-m)1=} vy [p(r-m)1[a;(r-0)>  (54)
: m : m ) o ; 3

where y is chosen as 0.15.
" 'All wave functions are expanded into Kubic—Harmonic-

Gaussians

G(r)=g(r)K(x,y,z) (55)
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where K is a Kubic Harmonic [39], or linear combination of

Spherical Harmonics, such as
s, X, ¥, z, 3z2*-r*,x*-v?, xz, YZ, XY.

The potential V(r) consists of two parts (34,35,36):
-(Z/r)exp(-r®), which diverges at the origin, and a non-—
singular part, which is expanded into Gaussians.

Term 1 is the kinetic energy, term 2 is the screened
overlapping atomic potential, term 3 is the difference
between screened and unscreened potentials, and term 4 is
the difference between the overlapping—atomic-charge
potential and the overlapping atomic potential.

Before we go into calculation of Term 1 and 2, we
would like first to examine how an integral, with tfo

Gaussians located at different sites (called a two—-center

integral),

I=fexp(-ar*)exp(-p(r-n)?)a’r, (56)

can be done analytically.
This integral can be decomposed as the product of 3
terms with the same integrand form, that is, the produnct

of three two—center integrals:

I=I_xI xI,, (57)
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vhere
Ix=fexp(-ax’)exp(-B(x-xn)’dx. (58)
and similar expressions hold for Iy and I,.

It is not difficult to show that
Ix=exp[—(aB/(a+B))nxz]fexp(-(a+ﬂ)(x-ﬁnx/a+ﬁ)’)dx
=(r/a)*/*expl-(ap/(a+p))n}], (59)

and similar results hold for Iy and I,.

Thus a two-center integral is reduced to a one—ceﬁtér
integral, which can be done in closed form, Similarly;ﬂﬁ
three—center integral, which is involved in t;rm 2;‘;;5;£e
reduced to two-centervform, and then to one-ceﬁter form.

The two— and three-center Gaussian integrﬁi;'w;i;h
inclgde multiplicative polynomials (Kubic Hirm;ﬂi§; a£é

linear combinations of the polynomials), for Eiaﬁple.
I=fxexp(-ar’)(y—yn)exp(—ﬁ(r-n)’)d’r. (60)

can also be calculated in closed form [56—58]Q
The above conclusion is also valid for thre}-center
integrals with the singular part of the potentiil.a}wone

of the centers [56-58]
I=¢G;(r)|exp(~(r-m)*)/ 1x-m[6  (r-n)>. L (61)

The second derivative of G is a linear combination of

polynomial-multiplied Gaussians:
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v6(r)
=y’ S(f)xj(x.y.z)

=§ C; g(r)Py(x,y,2z). (62)

Then, since

83(r)=X Dy .64 nlr), (63)
m

the kinetic energy term (51) may be written as

_(1/2)2 é % Di,mPj,nC1,j,n¢Ci, m(r)|8n(x=0)Py ;, p(r-n)>.
(64)

Once we know the integrals <Gi(r)lg(r-n)Pj(r—n)>. which
are in fact worked out and tabulated [56-58], only
algebraic manipulation is needed in order to calculate the
kinetic energy term., No numerical integration is needed,
which, in the case of very localized wave function, would
be very time-consuming because a2 very fine mesh would be
required to describe such wave functions.

The same is true for the potential energy calculation
(52) except that a three-center—integral tabulation
[56-58] is used and we need to sum over all atomic sites
contributing to the potential. No numerical integation is
involved in this case either. That is the reason why we
expand the atomic wave function and atomic potential inta

Gaussians [59].
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In the calculation of the potential term (52), we
screened the atomic potential by multiplying it an
exponential factor exp(-yr>), so that fewer atomic sites
contribute to the overlapping atomic potential., But this
screening effect is artifitial., To include the difference
between screened and unscreened potentials we use term 3
(53).

Term 3 is computed by Fourier Transformation. Ihat is,

in order to calculate

5Vij(n)=(ai(t),8V(r)|aj(r—n)). (65)

we first calculate

8V(Q)=1/V_,1,xf 8V(r)exp(-iQ-r)d’'r (66)
‘ cell
and
Sij(n.Q)=(ai(r) exp (-iQ°r) aj(r—n)). (67)

Then, by summing over Q space, we get
6vij (n)
=§ 5V(Q)xS8;;(n,Q). (68)

Sij(n.Q) is also a kind of two-center integral, and it

can be integrated in closed form [58].
Since 8V(r) is a slowly iarying function in real space,

8§v(Q) will vanish at large Q (large Q means rapid
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oscillation in the integrand, leading to phase
cancellation)., It is this slowly varying property which
makes it possible to expand 5V(r) into plane waves with
only a modest number of Q's:

8V(Q)=1/V_,y1x/ [¥ 8v(r-m)lexp(-i@°r)d’r
cell m=o,

=llvceIIXIIE 8V(f"m)]CXP(-iQ'r)d’r
’ © m=cell

=1/V o y1x[¥ exp(-iQ*m) xS 8v(r-m)exp(-iQ:(r-m))d’r
m=cell ©

=1/Vcellx[2 exp(-iQ*m)]x/f 8v(r)exp(-iQ'r)d’r (69)
: m=cell ©

Now f8v(r)exp(-iQ'r)d’r is independent of lattice site

m, and can be reduced to a one—dimensionai numerical

integration:

[ov(r)exp(-iQ-r)d’r

=(2/Q)f Vatomic(r)(l-exp(-yr’)sin(Qr)rdr. (70)
(4] L.

We also apply the Fourier transformation technique to
term 4 (54). In this case, we have to perform a three-
dimensional numerical integratiom to calculate

8V'(Q)=1/Vcellee?¥'(r)exp(—iQ‘r)d’r. C(11)
c

Fortunately, 8V'(r), the difference between the

overlapping—atomic-charge potential (49) and the
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overlapping atomic potential (50), is also slowly varying.
Although‘near the nucleus, both atomic charge and atomic
potential have their maximum value and change most
rapidly,%veryflittle,atomic:charge overlaps there, which:
makes 8V'(r) small. In fact, 8V'(r) has its largest
contribution in the interstitial region where it varies
slowlya As the result of'this»slowly varying’nature, we-"
only need to inclnde modest nnmbers’of mesh points, both'
in‘real space'and recip;ocal space for the integrations.

Here we would‘like to point out that inour matrix' '
element calculation, we did not use the nearest neighbor

G BRI

approximation, as is often used by other workers. We
; e
calculate the matrix element <a, (r)lﬂ(r),a (r-n)> for any

LJ,nias small as 10" (The largest matrix element is of

order 10%%, for comparison), no matter how far apart

the atoms are, In fact, we calculate up to 15th

nearest neighbors (|n|—27 anh) for the most diffuse 5s

atomic wavefunctions located at the same lattice plane.
Finally,lwe want to discuss the relation between the

3

nnmber of points in real space and Q space [60] For
simplicity, we only consider the one~dimensional case, The
generalization to the three-dimensional case is obvious.

A periodic function in real space with period X can be

expanded into a Fourier series as
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f(x)=X F(n)exp(-i2nnx/X), (72)
where
X R
F(n)=(1/X)/f(x)exp(i2nnx/X)dx, (73)
- °

for f(x) given at continuous x. If, on the other hand,-
f(x) is given only at discrete x values, as is always true
in numerical calculation by computer, F(n) will be changed
from an integral to a summation:
N
F(n)=(1/N)} {((j-1/2)Ax)exp(i2n(j-1/2)n/N) (74)
i= o o
where f(x) is sampled at N equally spaced points, and -
x3=0.5 Ax, as in our numerical integration.

-

It is easy to show that
F(n+N)=-F(n), for n=1,N (15)

that is, there are only N F's which are distinct., Thus:- the
number of points in real space equals the number of  points
in reciprocal space. If the information in the real space
is limited, we can not gain more insight by using more

points in the reciprocal space.
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Symmetry

Here we would like to discuss the symmetry properties
of the system., Without using the symmetry, the calculation
would be much more time—consuming.

First of all, there is a translaton symmetry of the
potential in the XY plane, that is, V(r+R)=V(r), where R
is any lattice-displacement vector in the plane. Thus, we
only.need to consider one unit cell. Every physically
observable quantity behaves exactly the same in any other
cell, The wave function in different cells, however, obeys
the Bloch condition: W (r+R)=exp(~-ik*R) Y, (r). Thus we
need to introduce a good quantum number, the 2-dimentional
k vector, to represent the wave function. The basis then
is k dependent, The Hamiltonian matrix is block-diagonal
in k., The number of k vectors, in principal, is infinite
for the system with infinite extention. Fortunately, only
a few of them (6 special K points [61] in the irr;ducib}g
wedge of the surface Brillouin zone (IBZ), or 36 in the
whole first surface Brillouin zone), according to our
tests, are necessary to iterate to self-consistency, and
45 X points in the IBZ are needed for the last iteration,
based on which we can interpolate the energy and wave
function for other k's. On the other hand, the

introduction of k makes the effective Hamiltonion [62]
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lose its C,, symmetry for a general k point, and this
makes diagonalization more difficult.

In the Z direction, there is no translation symmetry,
due to the existence of the surface. The unit cell has-to
inclnd? all iayers qf the slab. That is the reason why we
need atomic basis function for every layer, as mentioned
above. What we have now for our model is one slab with"
vacuum at both sides. However, in order to perform the
three-dimensional Fourier transformation to calculgte
charge density.and therefore potential, wevmust‘repeat the
slab in the Z direction. The space between slabs islso
large (~100 a.u. compared with ~5 a,u. between n?afe§¥
neighbors) that there is no interaction at all fgfween
slabs. There is no need to introduce a k vectof iﬁ the Z
direction, or equivalently, there is no E(k ) dispersion,
so we only need to consider k,=0.

The point group of the Hamiltonian of the (100) surface
for F.C.C, or B,C.C. crystalline structures is C, xR=D,y.

The C,, group has 8 symmetry operations and 5 classes.

They are:
E C;, C4 C§ op oy oG4 04

X X -X Y -Y X -X Y -Y

Y Y -¥ -x X -Y Y X =X (76)
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The R group has 2 symmetry operations. They are:

E s,

z z -7 (77)

Because of the C,, symmetry of V(r), k's in the IBZ
would be sufficient to represent all k’s involved in Vers
in the whole first BZ, For any k which is in the BZ but
not in the IBZ we can always perform some kind of C4v
operation to place it in the IBZ without changing the
physical situation. The only things changed are the XY
coordinate which is indeed arbitrary within a 90-degree
rotation, and right-left-hand~coordinate convention.

For the effective Hamiltonian E=E +V(r)+K-'p [62], the
Csy symmetry is retained only at [ and M.

At X the symmetry for Veff is Cay, which has 4

operations and 4 classes. They are:

E Cz Uh cv
X X -X X -X
Y Y -Y -Y Y ' (78)

At A, E and Y, the symmetry is reduced to E and oy

(for A) or o, (for Y) or a4 (for 2 ):

Y Y -Y (79)
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E oy

X X -X

Y Y Y (80)
E c

X X Y

Y Y X (81)

At a general k point, however, there is no point group
operation which will leave the effective Hamiltonian
invariant. So the only symmetry lef{ is the Z reflection
symmetry, which leads us to make even and odd linear
combinations of atomic wave functions located at opposite
sides of the slab, There is no coupling between these even
and odd functions, thus reducing the dimension of the
matrix by a factor of 2.

The atomic orbitals belonging to the different
representation of the group of the wave vector [62] is

shown in Table 1,



40

Table 1 Atomic Wave Function and Point Group Representation

Point Atomic Wave Function

Group Site(0,0) Site(c/2,c¢/2)
M1 s,z,3z*-Rr? s,z,32*-r?
2 NULL NULL
I.’ XZ_YZ X:_Yz
P XY XY
[s (X,Y) (Xz,YZ) (X,Y) (XZ,YZ)
M, s,z,3z2-Rr? XY
M, NULL ' x*-y?
M, x*-y? NULL
M, XY s,z,32*-R?
M, (X,Y) (Xz,YZ) (X,Y) (Xz,Y2)
X, s,z,x*-v*,3z*-r? X, XZ
X, XY Y, YZ
X, X, XZ s,z,x*-v*,3z*-r?
X, Y, YZ XY
Ay s,X,Zz,Xz,x*-Y*,3z*-r? s,X,z2,Xz,Xx*-y?,32*-R*
A, Y, XY, ¥z Y, XY, YZ
Y, s,Y,Yz,x*-Y*,3z*-R* X, XY,XZ
Y, X, XY, XZ S,Y,Yz,x*-Y*,3z*-Rr?
X S,X+Y,2,XY,Xz+YZ,32 -R* S, X+Y,Z, XY, XZ+YZ,32*-R?

Xa x-Y, xz-Yz,x*-1* X-Y, X2-YZ, X*-Y*
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In the irreducible wedge of the first BZ, [ A X Y ME s
the knowledge of [76]1,[77-81) and Table 1 helps us to
identify the atomic orbitals involved in any energf level.,
Furthermore, the band structure can be interpolated
between calculated eigenvalues hgving the same symmetry
properties., These interpolated energy bands can then be
compared directly with the experimental data obtained from
angle-resolved-photoemission spectroscopy.

The Hamiltonian of the system is invariant under all
operations of the point group D‘v' Th}s fact is applied in
the starting-matrix—element calculation., We only need to

calculate

Hij(n)=<ai(r)IH(r)laj(t—n)) (82)

for n in 1/8 of the plane. Then by applying the C,
symmetry of V(r), we can obtain Hij(n) for n in all other
parts of the plane, Furthermore, once we know
<ai(r—m)H(r)aj(r-n)) for some n-m (Here we changed the
origin of the coordinate from the atom where a; is located
to the atom in the central layer), we can easily obtain -
the corresponding matrix element for (n’-m') =-(n-m), with
mi=-m, and (n’'-m'), =(n-m), by applying the Z-reflection ..
symmetry of H(r). The procedure is the following:

Define

Hi;(n)=<a; (e)| H(r)|a; (x=n)>. (83)
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Performing a C4v operation on r’s, we have
Hij(an)=<ai(ar)lH(ar)laj(a(r-n))). (84)
By Ciy symmetry of the Hamiltonian, we have
H(ar)=H(r). . (85)
2a;(a(r-n)) can be expanded as
23(a(r-0))=} Dy;(a)a,(r-n). (86)
B 4
So
Hlj(a.n)
=¢X Dpjay(r)|H(r)| ¥ Dyja (r-n)>
P q
(n)

qupq

(nip) Hye(n) Dg;. (87)

T
:

WA -uhn

In matrix form,
B'=DVHD. (88)

Thus, once we know the transformation properties of the
wvave function (86), we camn easily obtain the
transformation propertfes of matrix elements. By rotating
or reflecting the lattice site n involved in the matrix

element, the calculated results for lattice site n in the
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1/8 of the XY plane can be generalized into the whole
plane with only some algebraic manipulation.

An example of this transformation is given in Fig.3.

The coefficients D(a) for all Csy elements o can be
easily worked out by applying (76) to all atomic wave
functions., Table 2 gives D’'s for C, and oy. For all other
operations, the D matrix can be obtained by multiplication

of the D’'s already known. Thus,

C,=C4xC,, (89)
C4=CyxCxCys, , (90)
E=C,xC,, (91)
ch=szoy, (92)
64=Caxop, (93)
64=Caxaq. ' (94)

A similar argument allows one to apply reflection
symmetry H(-2z)=H(z) to get (ai(r—m')lﬂ(r)]aj(r-n')) once
we know <ai(r-m)lH(r)l§j(r—n)> with (n'—m')z=-(h—m)z.5
m’ =-m, and (n'-m'),=(n-m), . D(dz) is shown in Table 3.

An example of this transformation is given in Fig.4.
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Table 2., Representation matrices Dij(a) of C4,

D(C,)=
s X Y yA z" x*-y* xz
s 1 0 0 0 0 0 0
X o 0 -1 0 0 0 0
Y o 1 0 0 0 0 0
Z 0 0 0 1 0 0 0
y AR 0 0 0 1 0 0
x*-Y* o 0 0 0 0 -1 0
XZ 0 0 0 0 0 0 0
YZ 0 0 0 0 0 0 1
XY 0 0 0 0 0 0 0
D(ay)=
S X Y y/ z?® x*-y* 3z
s 1 0 0 0 0 0 0
X 0 1 0 0 0 0 0
Y o 0 -1 0 0 0 0
Z 0 0 0 1 0 0 0
z* o 0 0 0 1 0 0
x*-y* o 0 0 0 0 1 0
XZ 0 0 0 0 0 0 1
YZ o 0 0 0 0 0 0
XY 0 0 0 0 0 0 0

YZ

YZ

XY

XY
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symmetry of the crystal
matrix-element calculation.

(r-n)>=<s(r)IH(r)lpx(r-n")>,
and n'=(a,0). Dashed lines
a C4v"symmetric potential.

potential in the
<s(r)IH(r)lp

wnere n=(0, a)
represent



Fig.4 Application of Z—reflection symmetry of tie cry-
stal potential in the matrix- element- calculation.
<s (r-m)lI H(r)IP2(r-n)>=-<s(r-m")IH(r)Ipz(r-n")>,
where mz=al/2, nz=a, mz=- al/2, and nz=~a. Dashed
lines represent an R-symmetric potential.
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There is one more symmetry in real space which is
useful, For two atomic orbitals located in the same layer

or the opposite layer from the center of the slab, we have
Hyj(n)=Caj(r)|H(x)|a;(r-n)>
=Caj(r+n) [H(r+n) [a;(r)
=<aj(t)IH(r)'ai(r+n))f
=nij(-,.)'f (95)

provided H(r+n)=H(r) is true. This is indeed valid in the

case mentioned above.

The inversion of lattice site n might change the sign

of the matrix element. That is
Hij(-n)=iﬂij(n). » (396)

Notice I=C,x0,. So by (87) we can determine whether the

sign will change or not.

The complex conjugate might also lead to a sign change.‘

That is,
Hy;(a)*=£H;(n). (97)

In fact, we changed the basis orbitals py,py,dy,,dy; by
multiplying each of them by i to make the lattice sum

Hij(k) real and symmetric. Depending on the number of
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imaginary basis orbitals involved (1 or 2), the m;trix.
element will (will not) go to its negative value when we
complex—conjugate it, Combining the two possiblei;inﬂg
signs, Hji(n) may be obtained from Hij(n). in_oth;¥‘i§;ds.
we only need to calculate the matrix element with i>j for
atomic wave functions located on the same plane or on
planes situated on the opposite sides of the central
plane,

W¥hen the lattice sum of the Hamiltonian
Hij(k)=§ exp(-ik'm)(ai(r)lH(r)[aj(r—m)>
=X leos(k*m)-isin(k m)] Hy; (m) (98)
m

is performed, we would have imaginary Hij(k) due to the’v
sin term above unless Hij(m) i; imaginary. This can be
done if the basis functions with odd symmetry under theyn
planar inversion C,, Px» Py dy;,» and dyz are each {
multiplied by i. Then when one imaginary function is

involved in Hij(m)' Hij(m) will be imaginary, and

furthermore, it is easy to show that Hij(-m)=—Hij(m). fhﬁg
the sin term will be real, while the cos term will vanish
after summation over m. On the other hand. when none or’
two imaginary functions are involved in Hij(m)' it canbbe
shown that the sin term, which is imaginary, will vanish

after summation over m since Hij(‘m)=ﬂij(m) in this case,
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As the result, the lattice sum Hij(k) is real, The same is
true for Oij(k)'
In addition to D,y symmetry in real space, there is

also a D,y symmetry in Q space, that is, the reciprocal

space of Fourier transformation,
V(Q)=1/V o qyx/V(s)exp(~iQ-r)d s, (99)

Performing a symmetry operation R of D,y om V(Q), we

have
V(RQ)=1/vce11xIV(r)exp(—iRQ-r)d'r (100)
Noticing
RQ*r=R"*RQ*R™*r=Q'R"'r, (101)
we have
V(RQ)=1/V .y x/V(r)exp(-iQ*R"'r)a’s - (102)

Due to the D,; symmetry in real space:

V(R *r)=V(r), (103)
we have
V(RQ)=1/V o1, x/V(r*)exp(-iQ-z')a’s’=V(Q) (104)

e §
where r'=R""r,



51

Thus we not only have D,y symmetry in real space, but
also in Q space. Only those V(Q)’'s with Q,, in the 1/8 of

the Qxy plane and with Q,)>0 are needed in the calculation.

Self-consistent Iteration

Def ine

V(r)=F(r)+V_ (r) (105)
where F(r)=fp(r')/ir-r'1 d’r is the electrostatic
potential between electrons, and it is non-local.

Also define

SV(r)=V(r)-Vo(r), (106)
8F(r)=F(r)-Fo(r), (107)
8V o (r)=V,  (r)=Vzoo(x), (108)
85p(r)=p(r)-poe(r), (109)

wvhere Vo(r) (Fo(r),Vy,0(r)) is the overlapping;atomic—

charge total (electrostatic, exchange-correlation)

potential, and po(r) is the overlapping atomic charge

density. They do not change during the iteration.

The Fourier transforms of 8p(r) and 8V, . (r) are:
5p(Q)=1/V ;1 1xf6p(r)exp(-iQ-r)d’r, ~(110)

8Vyo (@ =1/V e 12/8V,, (r)exp(-iQ-r)d’r., (111)
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Although p(r) and Vic(r) are not gquite slowly varying
functions over all space, 85p(r) and Bch(r) are. Near the
atomic nucleus where the charge is dense and the potential
is deep, the electrons are so strongly affected by the
nearby nucleus that they hardly feel the existence of
other atoms. In other words, §p(r) and 8V, .. (r) are
practically zero in this region (called the core region).
Thus we can freeze the charge density contributed from
iron atomic 1s, 2s, 2p, 3s, 3p-like states and oxygen
atomic 1s—1like states at their free atomic values, as well
as the corresponding exchange-correlation potential, Tﬁis
is called the frozen—-core approximation. It is not
necessary, as we demenstrated above, nor possible, to
treat the core electrons self-consistently unless a very"
large number of mesh points, up to 10’ as many as we are
using now, are used both in real space and reciprocal
space, and furthermore, unless the LDA formulation is
improved so that it is applicable even in the region where
the potential as well as the charge density vary rapidly.
Recall that the LDA is derived for homogeneous systems, 'In
other words, the LDA will break down in the core'region.
In the interstitial region and surface region, on the "
other hand, both p(r) and Vic(r) are altered appreciably
from their free atomic values. That is, charge

rearrangement occurs due to the formation of the solid
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from isolated.atoms. Thiszch;rge’rearrangment 8§p(r), the
difference between p(r) and p,(r), varies slowly in'space.
This is also true for 8V  (r) in (109). Thus in Fourier
transformations (110) and (111), weioﬂlywneedfa modest
number of real-space and reciprocal-space points.

Although the electrostatic potential . L

F(r)=fp(r')/|r—r'|d’r (112)

I3 I

is non-local ‘in real space, the Fourier transform of it

CF(Q)=p(Q) /(47Q%) (113)

B

is local ii‘Q‘épaéé; #hd {{ is ;{;j f& calculate 6F(df>\'
once we know 5p(Q), except for the Q=0 component, where .
both numerator and denominator are zero., In this case, a
llimiting procedure_is used, Instead of Q=0, we use Q,=0,
Qy=0.;and Qz=10°fs(compared to the next—-smallest Q vector:
Q,=0, Qy=0 and QZ=Q.}). o
Once';£rkn3;‘5FtQ)'lAd‘8vxc(Q). we obtain 5V(Q) bya
(105). We give - 5V(Q):2 subscript:and superscript, so it is
now written as SV(Q)g“t. to indicate this is the output
potential of the. nth iteration. Then we comstruct
8V(Q):fl, the input potential for the next iteration:

sV(Q) 12 =sv(@) Invatsvi@I B t-s V(@) ™), S (114)

|l

where a is:a convergence :factor ranging from 0.01 . to 0.1
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(instead of 1, in which case the output from an iteration
would be the input of the next iteration) to prevent
overcompensationvby the iterating correction.
8v(Q)in, the input potential differemce for the first
iteration, is zero by definition.

After calculation in Q space, we sum over all Q points

to get
30 <n)=§Q a(8VyPt(Q)-8Vi™(Q))xS;;(n,Q), £ 1(115)

where
Sij(n.Q)=(ai(r),exp(-iQ'r)iaj(r-n)>. ‘“m :jnk;kllf)

which was calculated and stored when we were calculating
the starting matrix element.
Then we use this correction to construct a new

Hamiltonian, obtaining
Hij(n)n"'l:Hij (n)n+sllij(n)n. ‘ o (117)

This is equivalent to the convergence technique (114) -in Q
space.

We then begin another iteration until

L I

8H;;(0)/a < 0.1eV S (118)

for all i,j=(Fe)3d,3d and (0)2p,2p orbitals. This' is the

criterion for convergence, This on-site matrix—element"
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correctioq is_gikind‘oﬂ{ayeragekenergy_cpt;ecgion for Fe
%dflike:aqde 2p-like levels., 0.1leV, thﬁ thgpf;tical
uncertaintyk.is;abont the same order as the corresponding
experimental error.

Iﬁlfheigp(Q) calculation, we mentioned that for the Q=0
component,,&p(Q) has to vanish, otherwise 8§F(Q) would
diverge. That is,

5p(=0)=1/V 4 xS (p(r)-pa(r))a’r=0, (119)
or the total charge during the iteration has togbeﬁequal
to.the total overlapping atqm%c qhargg.jUnfortunately. due
to.the finite mesh size, tpq;e_tyo’igtgg;aLsgagg_never
equal, So we normalize both othheyrtq‘their ideg;;value:
the number of valence electrons per unit cell. The
normglizatioq_fgctgruneyerddevigtgs‘from_lwby §§Agugh as
0.02, In fact, this 0.02 deviation is the criterion for
jndging ;he proper Pizg pfgthg rgal{spagermesh,_;nhtpe
calculation, the mesh size used isone twelfth ?fthe
1att§cg,c?nsfant.0.4§‘a.uﬁ”tq guarantee proper integrated
total °h??3°" . A

'We‘now explﬁin‘hqyifhgispin—ppla;ized iteration is
dqnq.iA§ the‘stagt qfqghejitergtion‘proceduge. we é;;ume
the system is paramagnetic, that is, there is no spin-

dependence of the electronic structure of the system. We

continue to iterate as we described above until close to
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convergence under the artificial restriction of
paramagnetism, Then we introduce a perturbation:

For majority-spin energy levels, let
E,=E-§E. (120)
For minority-spin energy levels, let
E, =E+3E, (121)

where 8E is a positive number and is the estimated value
of the final self-consistent spin splitting. Thus we
introduce ferromagnetism artificially, to break the
symmetry of the paramagnetic state. Since the enérgy
levels are rigidly shifted, some are lowered ¢creating
extra occupied states (compared to the paramagnetic case)
to form the majority—spin distribution, while others are
raised creating extra empty states to form the minority-
spin distribution. As a result, we get a correction to the
Hamiltonian for both spins. From the next iteration on, we
diagonalize the Hamiltonian for spinf'and sbin‘
separately. This spin splitting is not sélf—éohsistent
yet., So we keep on iterating until self-consistency is

reached, that is, until (118) is valid for each spin.
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Lowdin Representation

In order to interpret the calculated eigenfunctions, we
have to go back to examine our basis (22). The
orthonormality condition, though valid in many cases in

quantum mechanics, is not valid here:
<Fi(r,k)!Fj(r.k)>
~Y exp(-ik°m) <aj(r)|aj(r-m))
m
:sij, (122)

because the off-site atomic wave functions do not obey

the orthonormality condition

(ai(r)!aj(r-m)>=8ij : (123)
~unless there is a symmetry reason or the gwoatoms are so
far apart that there is no overlap between their atomic
wave functions.

The overlap of the atomic wavefunctiﬁns'plays an
essential role in solid state physics. If there were no
overlap, there would be no interaction between‘atomg. Then
the solid would be a free atomic gas. All properties would
be exactly the same‘as for isolated atoms. Non-

orthonormality is intrinsic in solid state physics.
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But, with this non-orthonormal basis set, it is
difficult to interpret the components of an eigenfunction,
namely, the C's in (23). The square of C; would be the
occupation probability for a givem eigenstate of the ith
itomic Bloch orbital in the orthonormal-basis—-set case.
But the meaning of the C's is not clear in the general
case,

Mulliken [63] proposed that the C’s should be

normalized to unity by

2 2 Cj0;;C;=1 (124)
1)
and that
¢y ; 0;;C5=P; (125)

be interpreted as the occupation probability of the ith
atomic Bloch orbital for a given eigenstate.

During the iteration, we do not need to interpret the
C's, but we do use (124) to normalize the C's to unity.

Another projection technique, proposed by Lowdin [64],
istofirstmake the basis set orthonormal, and then to
follow the usual interpretation: the squares of the C's
are occupation probabilities. In making the basis set
orthonormal, we are actually taking linear combinations of
the old basis functions to form new basis functions. In

this way, the basis functions are no longer pure atomic
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Bloch orbitals centered at certain layers. They are all
mixed up as long as symmetry does not prevent mixing.
The Lowdin representation is derived as follows. The

matrix form of the Schrodinger equation is
HC=EOC, (126)

A unitary matrix M which diagonalizes O and its complex

conjugate M are applied to the equation to obtain

4ok

M HMM C=EM OMM C, (127)
where
Mtom=0 (128)

is a diagonal, positive-definite matrix.

Define
gr=MTEM | (129)
and
c=MTc. . (130)

Then the Schrodinger equation (126) becomes

H'C'=EO'C’. ,'(l31)
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The corresponding basis functions are already orthogonal,
but not normalized yet.
Since 0' is positive definite, we can define two

matrices from O':
o}/ 4=c0ry, */? (132)
and
IRAAR 1((0'11/"1). (133)
Multiply (131) by (132) and (133) as follows:
o,_:./z H' 0,...1/3 O'IIZC'

=g o'=*1% o1 =112 gi2/2 ¢

=g0'*/* ¢, ' (134)

‘Define

CH'=0=t/% g ormt/? (135)
and

c'r=0'*/%¢co, (136)

The Schrodinger equation (126) becomes

BH''C'*'=EC'’, . (137) .
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The basis set now is orthonormal, so the components of
the eigenfunction should be easy to interpret if the basis
functions themselves have definite physical meaning.
Unfortunately, this is not the case. When C»C'—C'', the
basis functions are mixed at genmeral k points, except that
even and odd functions (with respect to the Z reflection)
will not be transformed into each other.

Nevertherless, the 3d atomic wavefunctions are not too
expanded. In the Lowdin transformation they do not mix
much with other basis functions., So it is still meaningful
to talk about occupation numbers of 3d levels using our
new basis set.

We use 6 k points in the IBZ for iteration. A trial
calculation showed there is essentially no change when 15
k points are used, Perhaps this is because the Fe density
of states is not too large at the Fermi energy. However,
for the last iteration, we use 45 k points in the IBZ in
order to

1) interpolate the k dependence of eigenenergies and
eigenfunctions of the Schrodinger equation for about 10000
randomly generated k points, to get a smooth density of
states (DOS),

2) draw energy bands along high-symmetry lines (this is
also a kind of interpolation) which can be compared

directly to the ARPES,
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Ve discuésed 2) in detail in the section on Symmetry.
Here we focus on the DOS c¢alculation,

¥e use a Monte Carlo technique to select 10000 k points
scattered randomly and uniformly in the first BZ, For eaéh
k point chosen, we quadratically interpolate both the
energy and occupation number of ail Lowdin orbitals, which
are labeled by the ’'atomic’ wave function and the layer to
which the ‘atomic’ wave function belongs, from previous
self-consistent calculations of the nearest k points.

After the interpolation, we begin to count levels to

obtain the density of states

N(E)=} ¥ 8(E-E;(k)) (138)
j k '

where
5(E‘Ej(k))=1. for E(Ej(k)(E+0.001(Hartree) (139)
S(E*Ej(k))=0, for E otherwise (140)

and E itself is 0,001 Hartree spaced. Thus a histogram is
generated by counting all energy values falling within fhe
specified intervals. A five—point—weighting—average
technique is used to remove statistical noise of DOS.

The orbital-layer-projected DOS for the ith orbital and

1th layer is defined as

N (E, 1,1)=Y) Ek Cj,10i,x) " 8(E-E;(x)) (141)
J
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The layer~projected DOS for the 1th layer is defined as

Nj(E,1)=} N,(E,1,1)
1
=3 X ¥ ¢4, 105, 0) 8(E-E,; (x)) (142)
F a4

The occupation number is defined as the summation (or
integration) of the DOS up to Fermi energy. The possible
indices i,1 or 1 are omitted.

n=Y N(E) | (143)

E<Egp :

The definitions above, (138),(141)--(143), in fact, are
implied for a particular spinonly. Now we have to
indicate a spin dependence explicitly.

The total occupation number is defined as:

n=n,+n,, (144)

and the magnetic moment is defined as:

n=n,-n,, . (145)

in both cases the possible indices i,1 or 1 are omitted.
These DOS, especially orbital-layer—projected DOS N,
_and layer-projected DOS Nj» will turn out to be very
useful in developing insight into bonding mechanisms,
charge transfer between layers, and magnetic moment
variations from the surface to the center layer. We will

discuss these in detail in Chapter 3,
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Finally, we would like to define layer occupation

probability on a layer 1 for a given eigenstate as:

p(L,5,k)=} ¢; 1(j,x)* (146)
i

where i sums over all atomic Block orbitals located at the

layer 1. This p(1,j,k) tells us how much j(k)is
localized on a certain layer 1. In particular, those

states with p(surface) > 60% are defined as the surface

states. We will discuss surfade-state bands in detail in

Chapter 3.
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CHAPTER 3

RESULTS AND DISCUSSIONS

Before going to the detailed discussion of the
calculated results, we would like to first examine a
simple calculation for a two-level bonding model. Although
the slab calculation we performed is much more
sdphisticated, the basic physics is the same as in the
simple two—level model calculation. We emphasize that we
did not use this two-level model in our slab calculation.
Yet the model can be used to interpret the results of the
slab calculation, to see what kind of physical processes
are going on, and to see whether or not the slab
calculation agrees qualitatively with our simple,
intuitive thinking based on the two-level problem.

The two—level Schrodinger matrix equation with basis

functions ¢; and ¢3 can be written as follows:

Hy;,-E Hja Ca
=0 (147)
H,;, H,,-E C,

where H3, =H,, by the Hermitian property of the Hamiltonian,
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By solving (147), we get
E=(1/2)x((Hy ;+Hy3)+( (Hya-H,,) +4H,,%)*/ %) (148)

and the corresponding two eigenfunctions.

If there is no coupling between the two levels,

H,,=0, (149)
then

Ey=H, 4 and E;=H,,. 4 (150)

The two eigenfunctions are simply pure ¢, and b,.

In the case of weak coupling between the two levels,
(B, ,-H,,)" 5> 45,7, | C (1s1)
assuming H;,>H,,, we have
Ey=Hys+ Hys /(Hyy-H;,) | (152)
and
Ey=Has= Hia  /(Hya-Has) (153)
for energies, and
C:/Cyi=Hy3/(Hyi3-H,,), | (154)

where

Cid>C,, (155)
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for the wave function Y¥,, and

Cy/Cy=Hya/(Hya-Ha3), (156)
where
C.>»¢C,, (157)

for the wave function V¥,.

We see that after we turn on the interaction between
these two levels, level 1 is raised, and the corresponding
wave function is no longer pure ¢1 but has a small amount
of ¢, mixed into it., Also, the level 2 is lowered, and
the corresponding wave function is mno longer pure ¢, but
has a small amount of ¢1 mixed into it (Fig.5).

In the strong bonding case,
(Hy,-Haa)® << 4Hg,0. (158)
In particular, in the degenerate case
Hy1=H,, (159)
where the bonding is strongest, we have
E=H; 1+H;3 (160)
for energies, and

Ci=+C, (161)
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for wave functions. That is.ﬁin the strong bonding
(degenerate) case, the two levels are perfectly mixed with
50% occupation on each of the basis functions (Fig.6).

With this simple model calculation in miand, we are
ready to discuss the much mor; sophisticated slab
calculation. It turns out that the basic physical bonding
mechanisms are essentially the same in these two cases. In
other words, the two—1level picture can be easily

generalized into a many—-level picture.
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Fig.5 Two-level bonding. Weak coupling.
(a) Energy splitting. ‘
(b) Occupation probability on ¢, and ¢,.
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Fig.6 Two-level bonding. Strong coupling (degenerate‘case).
(a) Energy splitting. v
(b) Occupation probability on ¢1 and ¢‘,.
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Density of States

The nature of the surface chemical bond is easily
clarified by examining layer-projected DOS'’s (142) given
in Fig.7 and orbital—-layer—projected DOS's (141) given in
Fig.8~-Fig.10, In Fig.7, we also show the corresponding
DOS’'s for a clean Fe slab for comparison (an independent
calculation for a clean, unrelaxed, five layer Fe slab was
also performed). ot

The DOS of the oxygen layer has pronounced features in
a 4-eV-wide distribution centered 5.5 eV below Ep, in good
agreement with the experimental UPS results [7,8]. In
addition to these bonding levels below the 3d bands in:«-
Fig.7, the adlayer DOS has a broad band of antibonding
levels that extend about 2 eV above Eg. The umoccupied
portion of these bands serve as final states for electrons
excited from the bonding 2p band by EELS [10): a prominent
transition is observed near 6 eV. Appearance potential
spectroscopy (APS) measurements [65] have also identified
an empty band of oxygen—like states about 1 eV above EF.

Oxygen adsorption substantially reduces the Fe surface
DOS in'the Fe 4 band region, and also produces the Fe
surface DOS in the O p band region. The magnitudes of
these effects are directly correlated to the strength of
Fe—0 hybridization. These features of the surface DOS are

expected from the two—level bonding model. The reduction
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of the d band emission. which is correlated to the
reduction of the corresponding DOS, was observed in UPS

[y

experiments [7 8] Thongh the DOS's of deeper layers have
a bulk-hike appearance. however, hybridizatiom is not
negligible for:subsurface Fe atoms, since oxygen adatoms
are ineclose prorinity to them, Note that the Fe—-0 bond
length [9] is actually smaller for the second plane, 2;02
A, than for the first plane. where it is 2,08 A, The O 2p
peaks are very weak in the film center, as expected. The
DOS of the central layer of O/Fe agrees well with the
corresponding DOS of the clean Fe film (Fig.7), and agrees
well with the calcnlated bulk Fe DOS [27,28], too.

| The planar DOS's in Fig.7 can be resolved into atomic-—-
orbitaiqcomponents for further insight concerning the
snrface hond.‘We present Fe 3d and O 2p DOS's in Fig.8—_
Fig.lO. We.begin with the top—layer—Fe DOS’s in Fig.8.
Among the 3d orbitals, both 3z2°-r® and xz—y’ have strong,
narron bOS peaks about 1.9 eV below Ep for majority spin:
conpare Fig.8. Only very weak O 2p hybridization occurs
for’the 32°-r? orbvital, presumably because of its vertical
orientation. which minimizes its interaction with oxygen
atoms positioned in hollow sites. The xz, y2z orbitals
(ennivalent.by symmetry) have somewhat stronger
interaction with oxygen. but certainly do not dominate the

bonding as suggested earlier [10]. Instead it is the
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planar orbitals, of x’-yz and xy character, that have the
strongest hybridization with oxygen, and hence the largest
DOS peaks below‘the d bands. This result is consistent
with the nearly co-planar geometry assumed in the
calculation. In particular, the xy orbital, with lobes -
directed into the four-fold hollow sites, has the
strongest hybridization with O 2p levels. Note the intense
DOS structure below —4 eV, as well as the strong repulsion
ofl3dxy levels towards higher energies. Both of these
features are characteristic of strong two—level bonding.
Also, because the shape of the xy DOS in the O 2p region
is so similar to that of the 2p., 2py band of the adlayer,
and because the amplitude of the xy DOS in the O 2p region
is as high as that of the O 2p, (2py). which is the
feature of strong two—level bonding, we conclude that the
primary bonding mechanism is Fe dxylo px,py.'ln the EELS
study of Sakisaka et al [10], it was observed that two’ Fe
energy-loss peaks, 5 and 8 eV respectively, were stréngly
affected by oxygen at the chemisorption stage. The atomic
orbitals involved were first assigned to be 3de
(xy, xz,yz), and further referred to as xz and yz. Our
calculation shows, however, that it is not the xz, yz but
the xy orbital of Fe which is most strongly affected by
the oxygen, and thus is mainly responsible for chemical "

bonding at the chemisorption stage. In fact, if we chose
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ox}gen 2p planar orbitalsmas px+§&‘instead of px,.py
(rotating the lobes 45 degrees).'as we did in Fig.11 and
Fig 12 (diagonalization will automatically make ‘this kind
of lxneat combination if needed). the bonding mechanism
vwdiiybeeonevmere ebnionSJ This‘plnnnr bonding, however, is
:i;dependent{'The atdmic wave function at the lattice site
n;;;i(r:n); is modulated by an exponentinl factor = -
ﬁexn(-iktm) in the Bloch function summation. Thus the sign
‘of this atomic wnie'funetion may change, and this sign
ch53§é}iay affeet the superposition of this wave function
ignd“the;neigﬁboriné wave function, thus changing the
ﬁedndiné eitnatfon. The DOS given in”ngJB is k-integrated,
ﬁti;f"i;f nfter'sunmtng enef'all possible k points: some of
“the X peints‘correspOnd‘toxstreng bonding, while others-
‘correspond to weak bonding. This k-dependent bonding is
;haﬁ;’ia Figjil and Fi;.lZ;yAlse. geometrieai* b
ﬁeeneidet;tidnS:Suﬁge;t; thntktﬁefpitonbitnl should play a
misor role. S e RS

‘New consider the orbital DOS's of the second Fe iayer.
EE[n this eaee; as seen in ng:Q; enij 3z>-r* DOS has'a
'eizehﬁle‘nhplitude below Z4" eV. Moreover, the DOS shape
there resembles the O 2pz and not the O 2px-2py band on
the adlayer. We may infer that oxygen bonds to subsurface

Fe atoms according to the scheme Fe d3zl_r2I0 2p,. This

mechanism ‘is understandable considering the vertical
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relationship of the two atoms (Fig.13). In contrast to the
planar bonding of surface Fe/O, this vertical bonding is
virtually k-independent, reminding us that k is a two
dimensional vector in the XY plane., In spite of this
k-independent bonding nature, the shorter bond length and
the more extended d,2 function, this Fe(S-1) d3,2_.2/0 2p,
bonding is not as strong as the Fe(S) d;,/0 py,, bonding
because the former has fewer nearest neigbors (1:4) and
fewer p bands involved (1:2).

Finally, Fig.10 shows that oxygen hybridizes very
little with Fe orbitals at the slab center. Although a
slightly thicker slab would be required to completely
eliminate hybridization at the center, as discussed later
in the sections of occupancies and magnetism, our slab is
thick enough to provide nearly bulk-like electronic
structure at the central plane, In Fig,10 it is shown that
the DOS of xz and yz are the same, as reqnired'by symmetry
considerations., In ;ddition to that, the DOS of the xy
orbital is almost the same as the DOS of xz and yz. There
is no symmetry reason for that in the slab case unless the

slab is thick enough that the center plane is bulk-like.
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O/Fe(00!) DOS
ADLAYER T
,-f(\f’n\[\;\_x =aSUPEN

Fe SURFACE PLANE |

DENSITY OF STATES

-8 -6 -4 -2 0 2
ENERGY (eV)

Fig.7 Layer—-projected DOS's of O/Fe(001). Eg is the
energy zero. The vertical scale is arbitrary.
Majority-(Minority~) spin DOS's are indicated by
t(4). Results obtained for the clean Fe(001) film
(shifted to align Eg) are shown with dashed lines.
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(a) SURFACE DOS

322-rM k«,\\
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DENSITY OF STATES
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ENERGY (eV)

Fig.8 Fe 3d-orbital DOS’s of O/Fe(001) for surface plane.
For comparison purposes, the O 2p (2p_)-orbital
DOS’s are also shown (dashed lines).
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(b) SUBSURFACE DOS

a1 X A s 1
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DENSITY OF STATES

Fig.9 Fe 3d-orbital DOS’'s of 0/Fe(001) for subsurface
plane. For comparison purposes, the O 2p,-orbital
DOS's are also shown (dashed lines).



79

(c) CENTRAL-PLANE DOS
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Fig.10 Fe 3d-orbital DOS's of O/Fe(001)
for the central-plane.
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r bonding. Fe(S) diy/O PP+Py. k=n/(2a)(l,1)
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Fig.12 Planar bonding. Fe(S) dxy/0 px-py. k=n/(2a)(-1,1).
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Fig.13 Vertical bonding. Fe(S-1) dz*/0 pz k- inde pe nde nt.
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Atomic—orbital Occupancies

chcupation numbers (141~ 144) in‘the.Lowdin basis of
orthogonalized atomic orbitals are given in Table 4‘ The
d—orbital occupancies are affected by both the surface
potentxal and the oxygen adlayer. At the surface of the
clean film, all d-orbital occupation numbers are slightly
larger‘than their central-plane values except for the xz,
yz orbitals. The central-plane results should be
representative of‘the bulk. The surface—-induced increase
is duelto dehybridi;ation [49]: nominal d-band levels have
higher d character at the surface. Because the various
d-orbitalsion a given atom.have similar occupancies, the
charge density is nearly isotropic in the d shell
(Fig.14). On the other hand, the spin density shown in
Fig.l5 is auisotropic. reflecting the dominance of eg
(3z’-r’.x3-yz) orbitals (Table 5). | :

‘>0xygen adsorption perturbs the metal d-orbital
occupancies, especially those involved in the Fe-0
bonding.’Within the (metal) surface piane. the xy)
occupation number is reduced from 1.40 to 1,09 electrons
per atom, while the subsurface 3z%-r? electron couutzfalls‘
fron 1.3i to 1,21 uhen oxygen is present. Both-decreases
are due to O‘2p/Fe 3d level repulsion, as predicted bj the
tno-level bouding‘model. and a trausfer of“d character”.‘l

L

into antibonding levels above EF' The non-bondinnxx’-yz
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orbital experiences almost no oxygen—induced changes of
occupation. Finally, the surface xz (yz) occupancy
increases from 1.38 to 1.47 electrons per atom when oxygen
is adsorbed. The total number of atomic d electrons ng is
reduced by 0.26( 0.02, and 0,12 on the surface,
snbsurface; and central planes of the oxygenated filﬁ;
respectively.

Surface- and oxygen—induced charge transfer can b?
studied using the results in Table 4, in addition to the
changes in ny noted above, results for n *

sp
are given., While the clean

and fotal
valence occupation n=nd+nsp
metal film exhibits charge neutrality (8 valence electrons
per atom) to within 0,03 electron per atom, oxygeﬁ |
attracts a significant number of electrons.from tgeh
surface and snbsuiface layers. In particular, 0.63
electrons are transferred from the metal to each oiygen
atom, leaving behind a charge deficit of 0.52, 0.05, ﬁnd
0.11 on planes S, S-1, and C, respectively. Thus in
addition to the covalent bonding between oxygeﬁ and’iron.
we see that ionic bonding also exists., Although th?
meaning of these occupation numbers is somewhat a;biguous.
due to the fact the Lowdin orbitals are no longer pure
atomic Block orbitals, the 0.11 electrons deficit per atom
at the central layer is an indication that a thicker slab

is needed to maintain charge neutrality of the central
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layer of the slab, However, such a large transfer of
charge is not unreasonable within our finite—thickness
slab model, given the huge electronegativity of oxygen,
which is often assigned a formal charge of 2 or 3
electrons in compound formation, or equivalently given the
huge work function difference between the clean Fe slabd
and the oxygen monolayer: 4.4 eV vs. 8.0 eV (an auxillary
calculation for a monolayer of oxygen with Fe lattice
constant was also performed), One expects a large work-
function shift compared with the clean Fe slab when the Fe
and O slabs are brought together, cfeating a dipole lay;r
at the interface., We found the value A =1.4 eV.'The work
faunction we calculated for Feg; is 4.4 eV, in excellent
agreement with the experimental values 4.4 eV [68] and 4.3
eV [69]. Observed values [8,10] of AD for O/Fe(001) in the
chemisorption stage are no larger than 0.25 eV, perh#fs;
due to the incorporation of oxygen below the ideal Fe
surface at full oxygen covefage (1x1). Our calculation
provides a test of the oxidation model we used and thus
may help to clarify the oxidation process of the Fe

surface.
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fﬁﬁié 42 6ccﬁfatioﬁ numbers per atom for a clean five-
pl;né‘%e(Obl) film, Fe,, and a five-plane film with oxygen
atoms positioned in the four-fold hollow sites on both
fﬁces; O/Fe,. The iron surface, subsurface and center
élaﬂes are faﬁeled‘s, S-1, and C. The oxygen adsorbate

liiir i§ denoted as A,

Film Layer 32°-r* x*-y* xz2(yz) xy n4 iep n
s-1 1.28 1.22 1.42 1.40 6.74 1.25 7.99
C 1.27 1.29 1.41 1.35 6.74 1.23 17.91

0/Fes A 6.63 6.63
S 1.21 1.31 1.47 1.09 6.54 0.94 7.48
s-1 1.21 1.27 1.43 1.43 6.72 1.23 17.95
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Table S.AMagneﬁic moments per atom for a clean five—plane
Fe(001) film, Fes, and a five-plane film with oxygen atoms
positioned in the four—fold hollow sites on both faces,
O/Fe . The iron surface, subsurface and center planes are
labeled S, S-1, and C. The oxygen adsorbate layer is

denoted as A,

Film Layer 3z -r xt-y xz(yz) =xy n,

Fe, S 0.63 0.58 0.54 0.49 2.79 0.10 2.89

s-1 0.58 0.62 0.38 0.42 2.37 -0.06  2.31

C 0.65 0.59 0.42 0.46 2.53 -0.04 2.49
O/Fes A , 0.24 0.24
S 0.73 0.67 0.44 0.64 2.92 0.010 2.93
S-1 0.56 0.63 0.46 0.48 2.58 -0.006 2.57

C 0.69 0.59 0.50 0.42 2,72 -0.004 2.72
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Recent spin-resolved photoemission experiments [68]
suggest that oxygen removes the surface magnetism of
Ni(110), while it has only slight influence on the
magnetism of a Fe-based glass (Fe, ;;B;3Si¢). (Surprisingly
enough, even in this Fe glass case, at chemisorption
stage, it was observed’that there is an oxygen induced
photoemission peak 5.5 eV below Eg, and a reduction of Fe
3d peak, in agreement with oxygen on Fe(001) surface
[7,8]. This seems to be a universal feature of O
chemisorptiop on Fe, no matter what kind of Fe it is.) Our
results for the orbital-layer~resolved magnetic behaviofl
(141-143,145) of O/Fe(001) and clean Fe(001) are given in
Table 5. Note the substantial surface enhancement of the
magnetic moment of the clean metal film (16% increase
compared with the center—plane value). This enhanéement is
not removed by the adsorbed oxygen. The magnetic moment
per surface Fe atom, m, increases slightly from the
corresponding value of the clean Fe slab (from 2,89 to
2,93 pg). Thus oxygen adsorption does not produce
magnetically dead layer. The magnetic moments bf
subsurface and central layer are also increased from 2.31
to 2.52 and from 2.49 to 2.68 pp, respectively. This
indicates that the slab is nét thick enough to le;d

central layer bulk-like magnetically. Apparently, the
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interaction between oxygen adsorbate and Fe substrate is
very strong and has longer range than the perturbation
introduced by the surface. The calculated clean Fe slab
magnetic moments, m's, agree Qell with the m’s calculated
by Ohnishi et al [69,70]. They found for a five layer
clean Fe slab, the magnetic moments are 2.94, 2,32, and
2.52 pp, for surface (S), subsurface (S—l)..and center (C)
layer, respectively [69]. They also found for a seven
layer clean Fe slab, that the magnetic moments are 2.98,
2.35, 2.39, and 2.25 pg, for S, s-1, S-2, and C layer,
respectively [70]. The oxygen adlayer itself, in our
calculation, is spin—-polarized, with a magnetic moment of
0.24 pg per atom, about 8% of the value on a surface Fe
atom. This is not surprising, however, if we remind
ourselves that the grOuﬁd state is ’P, for an oxygen atom
and is ’2; for an oxygen molecule. Both of these have

magnetic moments., . oo

Charge and Spin Densities

The sel f-consistent charge density.-pf(r)+p‘(r), and
spin density, py(r)-p,(r), are shown in Fig.14 and Fig.1l5.
Charge-density contours differing by the ratio 1.414 are
drawn in a (110) plane normal to the surface. Spin-density
contours differing by a factor of 2 are also given. Note

that these figures have a bulk-like appearance below the
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Fe-0 interface.” At the interface, covalent bonds between
oxygen and Fe atoms in the first and second metal layers °
are evident in the buildup of charge along the
internuclear axes. Because the oxygen layer is located
deep within the metal surface, a definite smoothing of" the
charge-density corrugation is obtained in the vacuum
region. The spin density, Fig.15, is also smoothed by the
oxygen, which itself acquires a’shall“magﬁetization. The
adsorption does not quench the surface magnetism of the
substrate, thongh'the‘erhptions into vacuum noted on. the
clean surface [70] are absent. Some weak, negative

magnetization is found between neighboring Fe atoms.

Surface—state Bands

To determine surface bands on O/Fe(001), we selected
states in the IBZ which had more than 60% occupation
ptobability (146) on the Fe-0 bilayéf}’These“sfatés were
divided further into weak and strong surface states, the -
latter having Fe-0 occupatiohygreatér than 80%. These
bands are shown in ' Fig.16 and Fig;17. As"éxpédted, strong
surface bands are found in the range 4 to 8 eV below Ep,
that is, jnst'below;the Fe 3d bands. Theée‘oxygéﬁ;like
bands may be described as bonding levels, and disperse as
simple tight-binding energy bands on‘p orbitals., There are

two sets of p bands for each spihTdifeétibh'correkboﬂding
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to symmetric (Fig.16) and antisymmetric (Fig.17)
combination of bonding levels on the two equivalent faces
of the slab. The energy splitting between symmetric and
antisymmetric surface state bands is a measure of the
ijnteraction between the two surfaces of the slab. If this
splitting vanishs, the slab is said to be thick emough
in this respéct. This is essentially true in our
calculation, as is shown by Fig.,16 and 17. In these
figures, the p, band extends as follows: X;M,[X,: it
hybridizes with the p_ (py) band along [ (Y). The py,py
bands are degenerate at My and [s, with py being lower
along Y and [. The p, band hybridizes with the even band
Pr+y along 2 .Exchange splittings in the O 2p bands vary
from 0.5 to 1.0 eV,
The oxygen—induced bands 4 to 8 eV below Ep should be

resolvable using ARPES [16]. Their energetic separation
from thelbulk Fe levels and their relatively flat
dispersion make them good candidates for observation. The
use bf pplafized 1ight together with the selection rules
[17] for ARPES.wonld facilitate the jdentification of
bands along the A and ¥ lines, which contain mirror . .
planes. In particular, even bands labled A, and 2 4 are
excited by li.ght polarized in the respective mirror
planes, while the odd bands, A, and 2 2s require a

component of the vector potential perpendicular to these
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planes., A broad oxygen—induced resonance was observed 5.5
eV below EF in angle-integrated photoemission data [8].

A secona set of surface bands is also seen in Fig.16
and F}g.17. These are located in the Fe 3d £u1k continuunm,
and have higher Fe character than the bands just
discussed. Because of their large Fe amplitudes, the bands
have large exchange splittings. The actual values depend
on the degree of surface localization as well as the Fe
character. In comparison with clean Fe(001) [70], the
oxygenated surface has fewer surface-state bands in the 3d
region. The greatest concentration is found 1.7 to 2 eV
below Ep. (Ve discuss only majority-spih bands). A
X;Y;M;E 1 band is particularly prominent. It is quite
flat, is centered near -1.,9 eV, and has mainly 3z'-r?
character. One expects this band to be only w?akly
affected by oxygen atoms located in four—fold hollow
sites. An x’-yz surface band Y;M,Z , is also strong. It
is centered near -1.8 eV. See Fig.8 of surface orbital-
projected DOS of these two orﬁitals. Weak bands are found
near M, (xy character), [+ (xy) near the d-band edge, and
along A, near X, (3zz-r’. x’—yz). Some of the weak surface
states may convert to bulk states in thicker slabs, The
agreement or disagreement between calculated surface bands
(especially oxygen-like bands) and ARPES shéuld i;;atly

help to identify the chemisorption/oxidation model.
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CHARGE DENSITY
O/ Fe (00I)
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SPIN DENSITY
OZFe(0O0l)

Fig.15 Spin-density contours for O/Fe (OOl), plotted in the
(HO) plane. Successive contours have the ratio 2,
increasing towards the nuclei. Weak negative magne-
tization is indicated by the shading.
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(a) SYMMETRIC SURFACE BANDS

ENERGY (eV)

b T

Fig.16 Spin-split symmetric surface bands of O0/Fe(001),

Strong surface states (filled circles) have more
than 80% Fe-0O interface character, weak states
(open circles) more than 60% but less than 80%.
t(4) bands are indicated with full(dashed) lines.
Ep is the energy zero. Along the symmetry lines
Y, 3 and A, bands labled 1 are even with respect
to the appropriate vertical mirror plane. Those
labled 2 are odd.
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(b) ANTISYMMETRIC SURFACE BANDS

ENERGY (eV)

3

Fig. 17 Spin-split antisymmetric surface bands of 0/Fe(001),
Strong surface states (filled circles) have more
than 80% Fe-0 interface character, weak states
(open circles) more than 60% but less than 830%.

t(4) bands are indicated with full(dashed) lines.
Ep is the energy zero. Along the symmetry lines
Y, 3 and A, bands labled 1 are even with respect
to the appropriate vertical mirror plame. Those
labled 2 are odd.
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CHAPTER 4

SUMMARY AND FUTURE STUDY -

The electronic structure and magnetism of a p(lxl)"
chemisorbed oxygen layer on the Fe(001) snrface was
studied by the SCLO method. The interface geometry was ~
suggested by Legg et al based on a previous LEED' -~
analysis [9].

We found oxygen—induced peaks centered 5.5 eV below Eg
and 1 eV above Ep, and a reduction of the Fe surface:DOS
in the 3d-band region, in good agreement with UPS [7,8,68]
and EELS [8] and APS‘[65] experiments. -

We found that the oxygen atoms have significant bonding

to both the surface and subsurface Fe layers. Planar

y
and the adlayer O 2p,,, orbitals. Vertical bonding of 'O to

bonding is primarily due to the surface Fe 3dx orbital
subsurface Fe is accomplished through Fe 3d,2 and 0 2p,
orbitals,

The oxygen adlayer has a m;gnetic moment of 0.24pup per
atom, while surface Fe #toms have a moment of 2.93pB,
essentially unchanged from the clean-surface valnei2.89pB.

We did not find a magnetically dead 1ayer on the Fe
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surface, consistent with spin-resolved photoemission>
experiment on Fe-based glass [68].

Oxygen atoms have a net charée of 0.6 eiectron drawn
from the surface and subsurface iron planes. As a result
the work function increases 1.4 eV compared with the clean
substrate, in disagreement with measurements on O/Fe(001)
[8,10], which obtain much smaller shifts. The discrepancy
may be due to absorption of oxygen into the metal.

Oxygen—like energy bands were obtained 4 to 8 eV below
EF with exchange splittings of 0.5 to 1.0 eV. Another set
of surface bands, mainly with the surface Fe character,

was found 2 eV below Egr (majority spin). These surface

bands should be detectable using ARPES, and this should

help to clarify the chemisorption/oxidation model.

In order to fully understand the oxidation process of
Fe, we have the following suggestions for future study.

1) To calculate energy bands for c¢(2x2) O/Fe(001), and
to compare with ARPES data. If is still an experimental
controversy whether the chemisorbed oxygen layer at its
maximum coverage forms c(2x2) or p(1x1l) structure on
the Fe(001) surface.

2) To calculate energy bands for c(2x2) and p(1xl)

oxygen layer(s) beneath the Fe(001) surface, and to
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compare with ARPES to understand the oxygen incorporation
process, about which little is known. In this case, the
oxygen—like bands would be quite different from the bands
of oxygen on the Fe surface.

3) To calculate the total energy [27,71] of the all
possible chemisorption/oxidation configurations, and to
understand how the system evolves from the oxygen
chemisorption stage to bulk iron oxide. There is a long
way to go in this respect. The LDA calculation predicts
f.c.c rather thanm b.c.c. crystalline structure for bulk Fe
[72], and this is probabdly due .to the failure of the local

density approximation [73].
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