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Electronic Structure of Transition Metal Surfaces: Ni(001)*

Cho, Hwa Suck
Dept. of Physics
(Received Decm. 30, 1982

{Abstract)

Using the recursion method, the densities of states at (001) surfaces of Ni are calculated. In-
cluding the cffect of charge transfer and asymmetry for the surface atoms, the surface density
of states at Ni (001) is smaller root mean square widths than the bulk. The nced to include
second neighbours and the relative unimportance of third neighbours can be seen more clearly.

The narrowing relative to the bulk is greatest for the surface yz/zx density of states. Our

results arc compared with angular resolved photoemission theory and experiment.
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dering a periodic arrangement of layers to res-
1. Introduction tore translational symmetry®. None of these
methods is ideal for finding the electronic
Up to now, most calculations of the electro- structure of a transition metal surface in which
nic structure of metal surfaces have been we wish to include both the sp- and the d-elec-
based on an LCAQ approach®®, The resulting trons and their hybridization, in an accurate
tight-binding Hamiltonian may either be solved way. In this paper wec shall use the recursion
by moment methods»?, or in the case of layer method ™.
calculations by straightforward matrix diago- In the independent electron theory, the eigen-
nalization®™®, Other calculations have been states of a system are given by the solutions
carried out using pseudopotentials, and the of the Schriodinger equation
Schrodinger equation is then solved by consi- (=V2LV(rNT(r) =ET.(r) €))
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2 Cho, Hwa Suck

where V(r) is the onc-electron potential and
is independent of the other electron states in
the system.

Eq. (1) has a solution provided the matrix
(EI-H) can be inverted. Given thce matrix
clements of Hamiltonian H, we may define
the resolvent matrix by

G- [ElI-H-+i5)! (2)

It is a standard result that the local densities

of states arc related to the Green function

matrix elements:
S L e (3)
The towal DOS (density of States) of the
system is

N(E)- UN(E)=—-LsimG,

Lo 3

T
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NCE) X2 06(E—ED| Jo00.> 12 (6)
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n

That these two expressions arc equivalent
can he seen hy writing Tr(G) in the represen-
tation wherc the basis vectors are cigenvectors
of the System.

The cevaluation of the quantities G, is 2 pro-
blem of inverting a large sparce matrix, H. It
has heen demonstrated that the most efficient
way {0 achicve this is the recursion method of
Haydock et al™®, We define a change of
basis from the localised orbitals ¢;(=d.(r—7.))
to a new hasis ¥, via the recursion aleorithm

h,, 1 111'.;!” - /H - (z,z)lf',lf b;ﬂ[”,,u‘ (8)

If we require G.,, we start the algorithm
with ¥ ~¢,, and do=1, @--0, and dectermine
the successive {a,, b} by demanding that the
functions ¥, arc orthogonal.

It is important to get a clear understanding
of the clean surface and the factors which enter
a clean surface calculation. Compared to the
monatomic bulk material there are two new
factors which must be considered in a surface

calculation. First is the effect of charge tran-

sfer. Duc to the changed environment the local
density of states at the surface is different to
that in the bulk.

therefore usually lead to a different number of

A simple calculation will

clectrons being  associated with the surface
atoms comparced to the bulk atoms. I the effeet
of this charge on the energy levels of the sur-
face atoms is not included in the caleulation in
some scli-consistent manner highlyv unphysical
surface charges arce obtained znd the shape of
the local density of states may aiso he uitered
significantly ™, This point has been unders-
tood for some time and calulations nosw usually

allow it somchow. The sccond new

lor in i
surface calculation has, until very recently,
not generally been considered {or the ransition
metal surfaces. The bulk of a cublc material
is & highly symmetric situation but at the sur-
face this symmetry is broken by the presence
of the vacuum, leading to an asvmmeciric or
‘aspherical” enviroment for the suriaze ztoms.
Not surprisingly, the shape of the potentiul in
the region of the surface and its weymineiry
play an important part in delermining the sur-
face electronic structure and nced to be fully
included in a surface calculation.

The potential for the calculation was vblained
according 1o the Mattheiss prescripdon b ousing
the atomic configuration (3d? is') tor the Ni
atoms. The program was casily odapted 1o give
the muffin-tin potential for the surfacce atoms

and this was {found to be indistinvuishable from

iffin

the bulk except towards the in edye
where the surface potential was a hiv higher,
due to the decreased number of neighbours,
Towards the centre of the potential the effect
of neighbours is negligible compuared to 1he
strength of potential of the atom irscli. The
effects are sufficiently small for the spherical
approximation still to be good within the muf-
fin-tin.

Charge transfer was included in the notential

by allowing the input charge configuration {or
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the surface atoms in the potential calculation
to vary in the same way as the surface charge
distribution obtained frem the local density of
states calculation varied relative to the bulk
Ni distribution.

In the present calculation this aspherical po-
tential can be included at two stages. Firstly
it could be included in the onec site potential
V1 for calculating the surfacc optimum local
orbital-giving a local orbital which would no
longer be a pure spherical harmonic. Secondly
it could enter in V,.s for the surface atom
the differcnce between the true potential and
the one site potential Vi. Either way the
effect of this aspherical potential is included
in defining the hopping paramecters for the

surface atoms as well as their self-energies.

In § wec describe charge trensfer on the
surfaces, and in [J we calculate the DOS of
bulk nickel and find the Fermi energy. In ¥
we calculate surface density of states at Ni
(001) and in ¥ we compare this calculation
with photoemission spectroscopy. Qur conclusion

are presented in Y.

I. Charge Transfer

The approach to charge transfer (or perhaps
charge redistribution is a better expression)
outlined above and discussed in more detail
below, is a simple one. It considers desp tran-
sfer but ignores redistribution of charge within
the d-levels when calculating the potential and,
in common with all d-band only calculations,
it is making implicit assumptions about the be-
haviour of the sp-band without actually calcu-
lating it. However this behaviour is as far as
possible built into the calculation of the poten-
tial for the new charge distribution (even tho-
ugh approximate) the approach is a significant
improvement of previous calculations.

Their usual approach has been to include a

single parametric shift of the energy level
of the surface atom in order to satisfy the
Friedel sum rule® or to give surface charge
neutrality® with no direct referce to the po-
tential. Inglesficid®® improved on this in prin-
cipie hy Dbodily shifting the potential of the
surface atoms in a matching (reen’s functions
calculation, but did not consider charge redis-
tribution changing the shape of the potential.
Previous d-band only calculations® wused the
criterion that the d-band alonc showed overall
charge neutrality (thus assuming the same for
the sp-band alone).

this unphysical assumption is not made, though

In the present calculation

the behaviour of the sp-band is still being assu-
med complementary to the behavicur of the
d-band so that between them overall charge
neutrality is preserved. For a starting potential
from the Mattheiss program corresponding to
the atomic configuraticn on all atoms a surface
d-band density of states is calculated and filled
to the hulk Fermi level. The filling of the Ni
d-level input for the surface atom in the Mat-
theiss program is then altered by the amount
this surface band filling differs {rom the bulk
band filling. Since the overall input configura-
tion for the potential caleulation must remain
neutral the differcnee is taken up by also chan-
ging the number of 4s clectrons input {for the
surface atoms. It iIs by this process that the
required complementary behaviour of the sp-
band is being to some extent built into the po-
tential.  Self-consistency is reached when for
example the potential derived with a configura-
tion 3d?-"4si** yields a surface d-band contain-
ing 9.4—x clectrons. (The potential being calcu-
lated using atomic (9:1) configuration, not
bulk (9.4:0.6) but the important point being
that the charge transfers are the same in both
cases. ) As stated above, it was found that to
avoid unreasonable charging of the subsurface
atoms the self-consistency procedure had to be

applied to them also (concurrenily with the
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surface layer as the two are not independent).
This is another point which has previously
been neglected parameters usually being shifted
for the surface atoms only and often the char-
ging of the subsurface atoms not cven being
considercd.

The decrease in the number of neighbours at
the surface and their replacement by a more
repulsive potential causes an increase in the
cnergy of the d electrons. Charge thus flows
from the d-band into the conduction band re-
taining cffcctive charge ncutrality throughout
(since charge neutrality is always maintained
in metallic svstems). This charge transfer
makes the surface potential more attractive to
the d electrons thus lowering their energy gi-
ving a stable self-consistent system. The calcu-
lated orbital resonance energyv, E,,is thus lo-
wered relative to that for no d<s charge tran-
sfer, though in the present calculation it re-
mains above the bulk value. (The band self-
cnergies, E,, are further raised by the inclsion
of the non-muffin-tin potential).

Why should the sp-band be prepared to accept
more charge, whereas the d-band loses charge?
The reason is that the sp clectrons in the bulk
arce highly pressurised by overlap repulsiont?
which raises their self-energy. At the surface
where there are no neighbours the overlap re-
pulsion is greatly decreased and the sp clectrons
spill out towards the vacum-lowering their
energy because of lack of overlap repulsion and
thus accomodating more charge. The effect of
the less attractive potential towards the vacu-
For the d clec-

trons which are far more localised the decrease

um is relatively unimportant.

in overlap repulsion is less significant-indeed
the interaction of the d electrons with neigh-
bouring atoms must be an attractive interaction
or under the repulsive force of the sp electrons
the material would fly apart®, The energy of
the surface d electrons is therefore raised be-

causc of ncighbours, and the relatively high

potential, more than it is lowered by the dec-
reased overlap repulsion. The picture described

in the paragraph above is hence a consistent
one,

Il. DOS of bulk Nickel

The Ni bulk density of states thus calculated
is shown in Fig. 1. We obain the Fermi cnergy,
E;=0.64Ryd. (Fig.2.) using Zornberg’s para-
meter (Table 4).

For detailed calculations such as are being
undertaken here it is often necessary to include
second neighbour intcractions. The reason for
this can be scen for the present case by com-
paring the band density of states calculated
using only first neighbour interactions (Fig.3)

with that including second neighbours(Fig. 4).

(U SN SR S —

NE)
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il . ) .

1 i ]

Fig.1. D.0.8. as a function of energy C.F.8.
40 position NiBDOS 870 atoms cluster.

Table 1. Parameters for the Ni calculations.
(Units: Rydbergs)

dds | —o0.0167 ~0.038 —~0.038
ddz 0. 0076 0.0173 0.0173
dds | —0.0008 ~0.0017 |  —0.0017

1) From Mattheiss""® on first column
2) From Zornberg. *® Crystal field terms adveraged.
on 2nd and 3rd column
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Fig.2. Fermi energy as a function of filling
of the band NiBDOS position 870 atoms Fig.3. d-band density of states for bulk Ni,

cluster. calculated using; first ueighbours only.
Evidently the effect of sccond neighbours is bours or include both second and third®®. Fig.
significant. What then of third neighbours 5. shows the density of states calculated inclu-
since it is usual for fcc to stop at first neigh- ding third neighbours and although there is
o "
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Fig.4. d-band density of states for bulk Ni,
Calculated using first and second nei- Fig.5. d-band DOS for bulk Ni Calculated
ghbours. using first, second, third neighbours.
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still some chanze it is no where ncar so greatl
as on inclusion of sccond neighbours.

Encrgy, E, in Ryd., density of density of
states, n(E), in states per atom per Ryd.,
These and all subsequent densities of states are
normalised to 10 d clectron states per atom.
The spikey structure at the band edges which
appears here and in some other figures is duc
to individual cigenvalucs of the cluster being
resolved by the recursion method: these have
negligible weight and will not be mentioned
further. Cluster size 1098 atoms, 25 levels of
the continued fraction.

The need to include second neighbeurs and
the relative unimportance of third ncighbours
can be seen even more clearly in the filling of
the separate symmetry bands.

Table 2.

E,. 40 Those for the surface and subsurface

gives the final band sclf-cnergics

layvers cach contain a constant (i.e. symmetry
independent) shift due to charge self-consisten-
cy. To show only the cffects of the altered
shape of the potential at the surface compared
to the bulk potential, column 3 gives, for the
surface atoms, the change in sclf-ecnergy rela-
tive to the bulk having removed this shift.
For thc subsurfacc atoms the potential is scre-
ened suffictently quickly and the basis orbitals
arc sufficiently localtsed that the crvstal fiold
corrections for the subsurface laver have been

taken the samc as for the bulk.

Table 2.

Nickel surface and bulk band self-cnergies

E.(Ryd.)

Bulk Surface Subsurface
xy —0.7326 —0.7168 —0.7340
¥z —0.7326 — 0. 6969 —0.7340
zX -0.7326 — 0. 6969 —0.7340
x2—y* —0.7298 —0.7068 —0.7312
3z7—17* —0.6976 —0.7312

—0.7298

It can be secn that the effects of the asphe-

rical potential arc even marked in the surface

self-energics than in the interaction parnmiciers,
By svmmetry only the yz/zx orbitals remain
degencrate at an (001) surface of an fec crystal.

Two other attempts have been made te incl-
ude corrections to the bull. sclf-encrgics at the
surface. For Ni(001) Dempsey and Kleinman /18
in a tight-binding calculation estimated the re-
lative shifis for the different d orbitals accor-
ding to how much their lobes would be affected
by the vacum potential, and used the criterion
of charge neutrality for the surface layer to
determine the overall shift. Their resulis are
very like thosc obtained above, espescially con-
sidering the relative shifts were only estimated
on symmetry grounds and their whole calcula-
tion was ferromagnetic and included the sp-
bands. The shifts they obtained were all posi-
tive, were of similar order of magnitude {0
those in table 2 and, most significantly had
the same ordcr according to size i.ec.

y2/2% 2> 322 —ri» A% - y? > xy

Although not given in detail it would appear
their resoning was probably similar to that
used above in discussing the calculated results.
It is curious thought they do not appear to have
considered any similar effects for the sp-band
which was in their calculation, and they still
obtain a d-band filling at the surface which is
greater than in the bulk.

Table 3 gives the orbital-orbital interaction
matrices which go to make up the sccular
matrix for certain pairs of atoms. The mat-
rices are the result for an orbital on atom 7 of
acting the hamiltonian on an orbital on atom
7. They are calculated from Slater and Koster’s
interaction matrix“¥. for a given starting atom
j. But the bulk paramecters for bulk and sur-
face self-energies for surface are used. First
and second neighbour Ni intcractions are in-

cluded.
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Table 3.

Nickel surface and bulk interaction matrices(Ryd. )

Ri~R;—(1/2, 0, —1/2)

Acting on a surface atom 7, result on a bulk atom 7.

xy yz 2x x%—y?
Xy 0.0110 —0. 0175 0.0 0.0
yz —0.0162 0.0120 0.0 0.0
zZX 0.0 0.0 —0.0220 0. 0098
x2—y2 0.0 0.0 0. 0092 — 0. 0008
3z —p? 0.0 .0 0. 0045 —0.0174
Bulk atoms.
Xy yz 2x x%—y?
&y 0.0111 —~0.0154 0.0 0.0
yz —0.0154 0.0111 0.0 0.0
z2x 0.0 0.0 —0.0220 0. 00%0
x2—y? 0.0 0.0 (. 0090 —0. 0009
3z2— 2 0.0 0.0 0. 0052 —0.0149
R,—R;=(1, 0, 0) (Second ncighbour)
Surface atoms. (acting on j, result on &)
xy yz zx x2—y°
xy 0.0021 0. 0004 0.0 0.0
¥z —0. 0002 0. 0007 0.0 0.0
zx .0 0.0 —0.0018 —0.0042
22—y 0.0 0.0 0. 0039 —0.0021
3z2°— 2 0.0 0.0 —0. 0029 0. 0024
(1, 0, 0) (Second neighbour) continued
Bulk atoms.
xy ¥z zZx x2—y?
xy 0.0038 0.0 0.0 0.0
yz 0.0 -0.0011 0.0 0.0
zX 0.0 0.0 0. 00038 0.0
x2—y? 0.0 0.0 0.0 —0., 0053
327 -2 0.0 0.0 0.0 0.0051
R;—R;=—(0, 0, —1) (Second neighbour)
Acting on surface atom 7, result on bulk atom Z.
xy vz zx x2—y°
xy -0.0013 0.0 0.0 0.0
yz 0.0 0. 0044 0.0 0.0
2% 0.0 0.0 0.0044 0.0
x—y 0.0 0.0 0.0 0. 0040
3z%— 2 0.0 0.0 0.0 0.0
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3222
0.0
0.0
0. 0054

—0. 0156
0.0189

3z—7

0.0

0.0

0. 0052
—0.0149

0. 0162

3222
0.0
0.0
0. 0025
0. 0026
0.0021

322,__ 7‘2
0.0
0.0
0.0
0. 0051
0. 6006

3z7 -2
0.0
0.0
0.0
0.0
—0. 0088
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Nickel surface and bulk interaction matrices (Ryd.)

Bulk atoms.

xy yz 2x x%—- y? 3z2—-r?
xy —0.0011 0.0 0.0 0.0 0.0
yz 0.0 0.0038 0.0 0.0 0.0
z2x 0.0 0.0 0. 0038 0.0 0.0
x2—~y? 0.0 0.0 0.0 0. 0036 0.0
3z2— 2 0.0 0.0 0.0 0.0 — 0. 0082
= = -“"
241 Z 12
X %
111 ':11
—H10 ~10
79 1°
—8 18
_-17 ~7
:6 n(E) :6 n(E)
:5 -5
14 4
_ -
1 1
%0.1 11 X0.1 , ijl
: 0 NTRINE coresedortroaredd s aadaalatty
—9 —8 ~7 —6 -9 —8 -7 —6
2 (a) E (b)
=1
=i G S
X2 ’ j
1i
qu |
=10 j1<
i 9
49 4
s 18
1 —7
_.7 .|
. E)
- B oon(
dg n(E) jb
14 44
—73 :3
1, 4,
41 0.1 !
W01 ~ E 0
0 ~ — -7 ~6
-9 -6 E 9 8

G}

Fig.6. Local densities of states for the Ni(001) surface, calculated using a) bulk parameters:
b) aspherical potential corrections at the surface in the inter-atom interaction matrices
only; ¢) as b) but corrections in the self-energies only; d) all aspherical potential cor-
rections in the surface parameters. Energy, £, in Ryd., density of states, n(E), in

states per atom per Ryd. normalised to 10 electron states. Cluster size 591 atoms, 25
levels of the continued fraction.
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W. Surface density of States at Ni(001)

The surface density of states shows directly
the effects of the surface on the electronic
structure, and is important experimentally for
understanding surface effects in photoemis-
sion®, as well as being relevant to surface
cnergies® and chemisorption theory®@?. In this
section we shall calculate Ni(001) surfacc using
the rccursion method. We can obtain the full
surface density of states N(E) (4) from sum-
ming over the Ni(E).

Fig.6. gives the band local densities of states
for an atom in the (001) surface planc of Ni
calculated using bulk parameters({ig.6.a) inclu-
ding the cffect of the aspherical potential in
the interaction matrices and self-cnergies sepa-
rately (fig.6b,c), including all aspherical po-
tential corrections in the surface parameters
(fig. 6. d).

Plots of the symmetry resolved local densitics

of states for the bulk, surface and subsurface
layers are shown in fig.7, and their propcrties
are discussed below.

The surface densities of states have smaller
root mean squarc widths than the bulk densi-
ties of states whereas the subsurface densities
of states have roughly the same root mean
square widths as the bulk. Morcover the nar-
rowing relative to the bulk is greatest for the
surface yz/zx density of states. This is in ag-
reement with the result that second moment
of the density of states cquals the sum of the
squarcs of the hopping parameters to necarcst
ncighbour orbitals®-29, As noted by Davenport
¢t al® the yz symmetry orbitals have lost the
greatest proportion of important nearest neigh-
bours and thus their local density of states
shows most narrowing. Conversely the subsur-
facc atoms have a full complement of first
nearest neighbours and thus have about the
same squarc width to their local densities as

found in the bulk. Comparison with previous

2 | 3 2]3
X 7 ]
e 1
o 42
] n(E) 1 ®
0.1 ] x0. 1 uj
TR MR ETE R IE RN STENTRNUNE J0) ) TR TSR TS FETE PR RIS RN TRNN T 0
~9 -8 ~7 -6 -9 -8 -7 -6

I
C T2 (ay, va aN)

(1) Eg(\*—y?, 32°—-r1%)

Fig.7. Symmetry resolved local densities of states for Ni. 7(a, b) bulk xy/yz/zx. x*—y*/

3z2—r? respectively.
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surface celculations (e.g. those cited above)
and of fig.6a with fig.6d shows that the nar-
rowing appears to be greater than that obtained
using ordinary bulk parameters at the surface.
E. in Ryd., density of states, #(E),

in states per atom per Ryd., normalised to 10

FEnergy.

d clectron states per atom. Cluster size 591

atoms, 25 levels of the continued fraction.

V. Photoemission and the surface
density of states

The prozess of photoemission, in which a

photon excites an clectron out of a solid, can

be dominated by cither bulk or surface effects,

depending largely on the mean free part of the

When the

mean free path is long it is believed that bulk

excited electron inside the solid®,

processes dominate, in which the electrons un-
dergo K -conserving transitions, and it is well
known that this explains as a function of ener-
gy and angle in angular resolved photoemis-
sion experiments on Cu(001)@. On the other
hand when the mean free path is shortened by
many clectron effects so that the wavevector
perpendicular to the surface need not be con-
served, the cmitted electrons can reflect the
surface density of states. Features in photoe-
mission spectra which are in sensitive to pho-
ton energy are usually duc to the surface elec-
tronic structure rather than K-conserving bulk
{ransitions. On the Ni (001) surfaces Pendry
has calculated the photocurrent over a wide
range of emission angles and obtained good ag-
reement  with photoemission  experiments®7.
And Woodruff et al® hove demonstrated the
feasibility of K-resolved inverse photoemission
spectroscopy (KRIPES) on Cu (001) and Ni
(001}, The normal-incidence KRIPES data for
Ni(001) are shown in Fig.8, and they have
shown that the observed energy dispersion and
rclative peak intensities can be understood in

terms of a rather simple model based on bulk

6=0°

Ni(001)

IN TENSITY (arb, units)

CUQV

[T WU SR S SO i
0 1 2 3 4 5
ENERGY ABOVE Eg

Fig.S. Comparison of the normal incidende
isochromat spectra for Ni(001) and Cu
(001). The arrows indicate the final
energies for possible direct transiiions.

band structure.

Y. Conclusion

Our calculations have clearly demonstrated
the recursion method to describe surface states
of transition metals based upon a LCAO. The
parameters for the calculation are obtained in-
cluding two important factors, the effect of
charge transfer and aspherical environment for
the surface atoms. The Ni bulk density of sta-
tes and Fermi energy are obtained and d-band
DOS also obtained. LDOS for an atomn in the
(001) surface plane of Ni are calculated for
the bulk, surface and subsurfacc layers. The
surface densitics of states have smaller root
mean square widths than the bulk densities of
states. We obtain good agreement with photoe-

mission experiments.
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