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A one-step model calculation of spin-polarized angle-resolved ultraviolet photoemission spectroscopy
for ferromagnetic Ni{100), Ni{110),and Ni(111) is presented taking into account the band structure, elec-
tronic wave functions, and atomic configuration near and at the surface. The atomic structure and elec-
tronic potentials of the three nickel surfaces were determined from self-consistent full-potential linear
muffin-tin orbital slab calculations. The calculated spin-polarized photoemission spectra show that the
structural relaxation of the surface atomic layers plays a significant role.

I. INTRODUCTION

The elec'tronic structure of ferromagnetic nickel has
been studied experimentally and theoretically by a lot of
works in the recent decade. The electronic band struc-
ture and the exchange splitting exhibit a small but notice-
able discrepancy between band structure calculations and
measured ARUPS (angle-resolved ultraviolet photoemis-
sion spectroscopy). The measured occupied band width
and exchange splitting have been reported to be reduced
by 30% and 50% from them for the bulk band calcula-
tion, respectively.

The origin of the above disagreement is assigned to the
incomplete treatment of electron correlation in the spin-
polarized electronic system. Several theoretical studies
addressed this problem, most of them employed a Hub-
bard model together with empirical parameter, and some
apparently succeeded to explain the observed band struc-
ture. ' We note, however, that there are very few
many-body studies of electron correlation which are free
of adjustable parameters. Some recent works' ' com-
bined a first-principles band structure calculation taking
into account nonlocal effect of exchange and correlation.
When the theoretical results were compared to experi-
ments he did, however, not take surface effect into ac-
count. This might be a severe neglect because band
structure measurement done using ARUPS for which the
analyzed electrons come mainly from surface region.

Therefore, it is still not clear whether the discrepancy
between ARUPS experiments and bulk band calculations
is not done using surface effect and the photoemission
process. Therefore it is the purpose of this paper to
present the calculations of ARUPS spectra for ferrornag-
netic nickel surfaces of realistic atomic structures and
good quality electronic potential in order to analyze the
electrons of the surface. We performed self-consistent
spin-polarized full-potential linear muffin-tin orbital (FP-
LMTO) calculations for slabs of Ni(100), Ni(110), and
Ni(111) to determine the surface atomic configuration

and to obtain spin-polarized effective potentials. This is
done by using density-functional theory together with the
local-spin density approximation for the exchange-
correlation functional. We then make spherical muffin-
tin potentials and calculate photoemission spectra using
the one-step model' in the formulation of multiple-
scattering calculation scheme.

II. CALCULATION SCHEME TO DETERMINE
ATOMIC STRUCTURE

The calculations described below consist of two parts:
(i) making self-consistent muffin-tin-potentials for the sur-
face layers, and (ii) calculating ARUPS. To construct
muon-tin potentials for nickel atoms in the topmost
several surface layers, we employ density-functional
theory together with the FP-LMTO method. ' The
basis set consists of atom-centered s,p, and d orbitals,
each of them with three different radial function (aug-
mented Hankel function). The method allows for a
correct treatment of nonspherical terms in the charge
density and the potential. We use the local spin-density
approximation of the exchange-correlation function-
al. ' The k space sampling was done on a uniform
mesh of 35 k points in the irreducible wedge of the sur-
face Brillouin zone. To model the Ni(100) surface we
take a nine-layer slabs and for Ni(110) and (111) the slabs
consisted of ten and eleven layers. The two top surface
layers are allowed to relax perpendicular to the surface in
order to minimize the total energy. The muon-tin poten-
tials needed for the photoemission calculations are ob-
tained by evaluating the spherical arrangement of the
FP-LMTO potentials. The atoms of the topmost four
atomic layers have mu%n-tin potentials which are
different from the bulk one.

For ARUPS calculation, we use the program code,
NEwpooL. In the one-step model of photoemission,
the photocurrent is presented as the following equation,
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I(co,k) = f fdr dr'+k(r, E+fico)b(r)G(r, r', E)b(r')4'i(r', E+fico),

where %i,(r', E+fico) is the wave function of the emitted
photoelectron with energy E+fi~ and momentum
k, G(r, r', E) is the Green function of an electron of the
target nickel crystal, and b, (r) is the photoexcitation cou-
pling term,

A V V
Acoc

(2)

where V is the effective potential for the electron and c is
light velocity. The electronic wave function and Green
functions are calculated within the layer-KKR scheme.
Since the calculation scheme for the photoelectron wave
function, %i,(r', E+A'co), is identical to that of low-energy
electron diffraction (LEED), it is to be expected that the
calculated photocurrent I(fico, k) is sensitive to the sur-
face atomic configurations. In the present calculation, we
consider a 1 X 1 surface structure in agreement with the
LEED patterns observed for the studied surface. Thus,
there is no surface reconstruction, but we take into ac-
count that the topmost two atomic layers have different
spacings than the bulk. The surface barrier potential is
approximated by a simple steplike function.

We also use the Green function KKR program, to
obtain the local density of states for each layer. This cal-
culation is based on the same concept and practically the
same methods as the photoemission program.

III. RESULT

A. Ni(100)

According to the self-consistent spin-polarized full-
potential LMTO calculation for a nine-layer slab of
Ni(100) surface, we obtain after energy minimization that
the topmost layer has —3% relaxation and the second
layer has +1.2% relaxation. The result is comparable to
the LEED analysis where the topmost layer has been
observed to be contracted.

In Figs. 1 and 2, we show the local density of states
(DOS) of Ni(100) at I point for the topmost four surface
layers by using the Moruzzi-Janak-Williams (MJW)
spin-polarized muffin-tin potentials. The local DOS's for
the ideal Ni(100) crystal face (no relaxation) are shown in
Fig. 1 where the solid and the dashed lines correspond to
the majority and minority spin. In Fig. 2, the topmost
layer has 3% contraction and the second outermost layer
has 1.2% relaxation which are taken to be the same as
the self-consistent full-potential LMTO calculation
above. The original self-consistent LMTO potentials are
almost spherical that the spherically symmetric muffin-
tin potential is considered to be a very good approxima-
tion.

From Fig. 1, we first found some general features of
surface local density of states. The topmost two layers
have the distinct local DOS profiles from the deeper lay-
ers both for the majority and minority spin. The profile
of the local DOS of the topmost layer is smeared out in
comparison with that of the bulk layer. The profiles for
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FIG. 1. Calculated local density of states for electron of
Ni(100) surface with ideal crystal structure and bulk potential of
Moruzzi, Janak, and Williams. The energy is measured from
the muf5n-tin-zero I point. The solid lines are for electron hav-

ing majority spin and dashed lines are for electron having
minority spin.

the outermost layer are especially different from the oth-
ers. It should be pointed out strongly that such features
would be also quite important in the case of analysis of
scanning tunnel microscope images or scanning tunneling
spectroscopy spectra. Since the ultraviolet photoemis-
sion is also a surface-local phenomenon because of the
short mean-free path for the emitted photoelectron,
The distinct features of the topmost few layers are dom-
inant to the ARUPS spectrum. Thus, we can easily ex-
pect that the surface structure of the target is very impor-
tant to analyze ARUPS experiment. We should also
mention that the exchange splitting itself looks the same
for these four layers.

In Fig. 2, we found the effect of the surface relaxation
of the atomic structure. The local DOS curves of the
topmost three layers seem clearly different from those of
Fig. 1. Thus, even for a few percent, the surface relaxa-
tion effect is not negligible for the local DOS of surface
electrons. For the fourth layer, the profile of Figs. 1 and
2 looks similar, however. It is considered that the elec-
tronic property of the fourth layer is almost bulklike.

In Fig. 3, we show the calculated local DOS due to the
self-consistent full-potential LMTO method. According
to the slab calculation above, we take —3% relaxation
for the topmost layer and +1.2% relaxation for the
second layer. The spin-polarized ferromagnetic mufFin-
tin potentials of nickel atoms in the topmost four layers
are different from the bulk layer. Thus, we use five
different nickel potentials for both majority and minority
nickel atoms in the local DOS calculation. The results in
Fig. 3 are quite different from those in Figs. 1 and 2, espe-
cially for the outermost layer. In Fig. 4, we show three
local DOS curves on the topmost layer for three different
calculation schemes: ideal crystal with the MJW poten-
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FIG. 2. Calculated local density of states for electron of
Ni(100) surface with relaxation of the topmost two layers indi-
cated in the figure and bulk potential of Moruzzi, Janak, and
Williams. The energy is measured from the mu%n-tin-zero I
point. The solid lines are for electron having majority spin and
dashed lines are for electron having minority spin.

tial, relaxation with the MJW potential, and the self-
consistent full-potential LMTO calculation. It is distinct-
ly observed that the curve due to FP-LMTO is complete-
ly different from the other two that are rather similar.
Nevertheless, the exchange-splitting value seems the
same for three of the curves. The significant conclusion
from this figure is that the self-consistent calculation for
the surface electronic system is very important to calcu-
late the local DOS which is usually different from the
bulk local DOS. In Fig. 5, we show a similar figure for
the fourth layer. As we expected, the three curves are
very similar. It means that the self-consistent calculation

FIG. 4. Comparison of the three calculated local density of
states for electron of Ni(100) surface for the topmost layer. The
energy is measured from the muftin-tin-zero I point. The solid
lines are for electron having majority spin and dashed lines are
for electron having minority spin.

is extremely important only for the surface region. For
the bulk electronic property, the self-consistent calcula-
tion would be less significant than the surface system.

In Figs. 6 and 7, we show the ARUPS spectra for the
relaxation surface with the bulk potential and for the re-
laxation surface with the self-consistent potentials. Ac-
cording to the experiment of Mk. rtensson and Nilsson,
we choose the condition that the incident photon energy
is %co=21.22 eV, incident angle is 30, and normal emis-
sion. Since the incident light is unpolarized, s- and p-
polarized light are mixed together on a fifty-fifty basis.
The imaginary part of the electronic energy for photo-
electron is 4.0 eV and for surface electron it is 0.14 eV.

In Fig. 6, we show calculated ARUPS spectra for ideal
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FIG. 3. Calculated local density of states for electron of
Ni(100) surface with relaxation of the topmost two layers indi-
cated in the figure and potentials consisted by full-potential
LMTO formalism. The energy is measured from the muKn-
tin-zero I point. The solid lines are for electron having majori-
ty spin and dashed lines are for electron having minority spin.

FIG. 5. Comparison of the three calculated local density of
states for electron of Ni(100) surface for the fourth layer. The
energy is measured from the mufFin-tin-zero I point. The solid
lines are for electron having majority spin and dashed lines are
for electron having minority spin.
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Thus, if the spin-resolved ARUPS experiment is very
difficult just like this case, the computational method to
reproduce ARUPS spectra directly is a very useful
method.

In Fig. 8, we show the difference of calculated ARUPS
spectra with the self-consistent full-potential LMTO po-
tential and the MJW potential for various photon ener-
gies. The result can be compared with the experiment of
Ref. 25 and we find that our LMTO calculation agrees
with them better.

In Fig. 9, we show the similar comparison for various
emission angles with the incident energy of 21.22 eV
which is again able to compare with the experimental
data of Ref. 25. The calculation with the self-consistent
full-potential LMTO shows better agreement with the ex-
periment.

FIG. 6. Calculated ARUPS spectra for Ni(100) surface with
various relaxation of the topmost atomic layer using the bulk
potential of Moruzzi, Janak, and Williams. The incident pho-
ton energy, incident angle, and emission direction are 21.22 eV,
30', and normal, respectively.

and relaxed structure Ni(100) with the MJW potential.
Compared it with the experimental data (we can see it in
Fig. 7), we could not get a fine agreement of even more
than —10% relaxation. We should mention that the
difference we see in Fig. 6 is larger than the difFerence in
the local density of states, for example, in Fig. 4.

In Fig. 7, we show the calculated ARUPS spectra for
the relaxed structure of —3% on the first and of +1.2%
on the second layer spacing with the self-consistent full-
potential LMTO potential. In contrast to Fig. 6, we
found a very good agreement between the experiment and
the computational result in Fig. 7. Moreover, from the
spin-resolved data, we found that the peak positions of
the majority and the minority spectrum do not corre-
spond to the peak or shoulder of the total spectrum.

B. Ni(110)

Since there is experimental data of spin-resolved
ARUPS for Ni(110), this surface is one of the most im-
portant examples to investigate ferromagnetic band
structure of transition metals. It is well known that the
observed electronic level near the Fermi energy EF is
about half in comparison with theoretical band structures
as we mentioned in the Introduction, if we measure elec-
tronic energy from EF. At the moment, there are no
theoretical calculations which can explain the above gap
between the experiment and theory without introducing
adjusting parameters.

We should point out strongly that no theoretical calcu-
lations have included surface effect, especially surface re-
laxation effect. However, surface relaxation of atomic
layers has been reported on Ni(110), as we found in ex-
perimental works of LEED analysis. According to our
result of Ni(100), we can easily imagine that such surface
relaxation would moderate ARUPS spectrum a lot.

First, we show typical data of surface relaxation efFect.
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FIG. 7. Calculated ARUPS spectra for Ni(100) surface with
the derived relaxation using potentials obtained by self-
consistent full-potential LMTO calculation. The incident pho-
ton energy, incident angle, and emission direction are 21.22 eV,
30', and normal, respectively.
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FIG. 8. Calculated ARUPS spectra for Ni(100) surface with
various photon energy. The solid lines are for using potentials
obtained by self-consistent full-potential LMTO calculation and
dashed lines are for using bulk potential. The incident angle
and emission direction are 45 and normal, respectively.



12 502 A. ISHII, K. YAMADA, T. AISAKA, AND T. KRAFT 51

Ni(100)

emission angle
C 0

10
L

20
Gj

30

40

I—
50'

60

7,0
—5 0

ENERGY (eV relative to EF)

FIG. 9. Calculated ARUPS spectra for Ni(100) surface with
various emission direction. The solid lines are for using poten-
tials obtained by self-consistent full-potential LMTO calculation
and dashed lines for using bulk potential. The incident photon
energy and incident angle are 21.22 eV and 45', respectively.

In Fig. 10, we show the calculation of spin-integrated
ARUPS of Ni(110) for various surface relaxation case,
where we take the bulk potential of nickel atom presented
by Moruzzi, Janak, and Williams. The calculated spec-
tra are for normal emission with incident photon energy
of 16.85 eV and incident angle of 30 according to the re-
lated experimental data. In the calculation, the relaxa-
tion of the layer spacing between the topmost and the
second layer is taken into account. As we see in the
figure, the calculated ARUPS spectrum is very sensitive
to the surface relaxation, also for Ni(110). Especially, we
should mention that the peak positions are sensitive to
the relaxation of the topmost layer. Thus, it is concluded
that, not only the electron correlation effect, but also the

surface relaxation is a very significant factor to consider
the quantitative agreement between theory and experi-
ment for ARUPS. However, since the observed peaks in
the experiment are located at —0.24 eV for majority and—0.06 eV for minority spin, the quantitative agreement
between the observed peak positions and our calculation
in Fig. 10 is not enough. We should notice that it is very
difficult to obtain the calculated peak positions similar to
the experiment, because even the surface relaxation of—15% is unrealistically large. Although the mean-free
path of the electron and photoelectron are sometimes im-
portant factors to change the calculated spectrum, we
confirmed that the moderation is not strong to change
the location of the peak in the spectra.

Therefore, we proceed to the next calculation: ARUPS
spectrum calculation with the muftin-tin potentials which
are obtained from the self-consistent calculation by the
full-potential LMTO, as we did for Ni(100). First, we
perform the spin-resolved self-consistent calculation with
a repeated slab of eleven layers. In the calculation, the
topmost two layers of both sides are treated as relaxed
atomic layers. The layer spacing among the central seven
layers are fixed to be the bulk data. According to the cal-
culation, we obtain the layer spacing between the top-
most and the second atomic layer to be 9% contraction
and the spacing between the second and the third layer is
3.5% relaxation. The obtained Fermi energy is 7.767 eV
from the muKn-tin-zero level.

In Fig. 11, we show the calculated spin-resolved
ARUPS spectrum due to the relaxed atomic structure
and the muftin-tin potential obtained from the self-
consistent full-potential LMTO. In comparison with Fig.
8, the peak position seems to be closer to the experimen-
tal value. In Table I, we collect the peak values we ob-
tain from Figs. 10, 11, and the related experimental data.
The "bulk calc." cited in the table comes from the band
calculation of Moruzzi, Janak, and William. As we see
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FIG. 10. Calculated ARUPS spectra for Ni{110)surface with
various relaxation of the topmost atomic layer spacing using the
bulk potential of Moruzzi, Janak, and Williams. The incident
photon energy, incident angle, and emission direction are 16.85
eV, 30, and normal, respectively.

FIG. 11. Calculated ARUPS spectra for Ni(110) surface with
the derived relaxation using potentials obtained by self-
consistent full-potential LMTO calculation. The incident pho-
ton energy, incident angle, and emission direction are 16.85 eV,
30, and normal, respectively.
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TABLEABLE I. Comparison of calculated peak position of Ni(110)
spectra with experimental data. For MJW, surface relaxation
between first and second layers is —10%. For self-consistent
FP-LMTO, surface relaxation between first and second atomic
layers is —9% and that between second and third atomi la omic ayers

I

Ni(110)

50~
up spin

down spin

up (eV) down (eV) splitting (eV)
30

Calc. (MJW)
Calc. (FP-LMTO)
Band calc.
Expt.

—0.55
—0.38
—0.465
—0.24

—0.02
0
0.095

—0.06

0.53
0.38
0.56
0.18

CO 10~
LLJ

0

clearly in Fig. 11, our calculated peak for the minority
spin state is located beyond the Fermi energy. Because of
the sharp cut-off at the Fermi level and the finite resolu-
tion in the experimental spectra, it is quite possible that
the sharp cut-off edge of the spectrum looks like a peak.
Thus, we could conclude that the exchange-splitting
value measured in the experiment of Hopster et al.
would not be the real exchange-splitting value: the peak
of the minority spin state in the experiment would be just
the sharp Fermi cut-off edge.

In Fi. 12'g. , we show another calculation for inverse
photoemission experiment from Donath et al. ' The cal-
culation with the self-consistent full-potential LMTO
agrees far better than that with the bulk potential of
MJW. A peak of the self-consistent full-potential LMTO
spectra very near to the Fermi edge would be smeared
out in the observation in the experiment. In Fig. 13, we
show the spin-resolved inverse photoemission spectrum
of the self-consistent full-potential LMTO version for the
same experiment. We can expect that the peak of the
up-spin electron near the Fermi level would be smeared
out in the experimental measurement.
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i( 10) surface with various emission direction. The solid lines

are for using potentials obtained by self-consistent full-potential
LMTO 1ca culation and dashed lines for four using bulk poten-
tial. The incident electron energy and incident angle are 9.4 eV
and 25', respectively.
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FIG. 13. Spin-resolved calculated inverse photoelectron
spectra or Ni(110) surface with various emission d' t' . Thn iree ion. e

o e majonty andas - otted and the dotted lines correspond t th
t e minority spin spectrum using potentials obtained b self-
consistent full-potential LMTO calculation. The solid lines are
or the sum of the up spin and the do

'
. Thwn spin. e experiment

condition is the same as that of Fig. 12.

C. Ni(111)

At last, we calculate the spin-resolved ARUPS spectra
of Ni(111) surface. According to the self-consistent full-
potential LMTO calculation for a repeated slab of nine
layers similar to that for Ni(100) or Ni(110) above, we ob-
tain that this surface has no surface relaxation. This re-
sult agrees with the LEED analysis. As the muffin-tin
potential for the ARUPS calculation below, the electron-
ic potential for the atom of the centered layer is con-
sidered as a bulk mufrin-tin potential and the potentials
for that of the topmost four layers are different from the
bulk one.

In Fig. 14, we show the calculated ARUPS spectra due
to the bulk muSn-tin potential of Moruzzi, Janak, and
Willii iams and then due to the self-consistent calculation.
Th e experimental data in the figure are obtained by the29 .

incident light energy of 21.22 eV, and incident angle of
45'. The light source is unpolarized and the detection is
normal emission. In Fig. 15, we show the difference of
the two calculated ARUPS spectra for various emission
angles which we are able to compare with the experiment
of Fig. 2 of Ref. 25. Moreover, in Fig. 16, we show our
calculation for various photon energies which corre-
sponds to the experiment of Kamper, Schmitt, and
Giintherodt et al. Again, we confirm that we obtain
the far better result with the self-consistent potential. We
conclude from Figs. 14—16 that even if there are no sur-
face relaxation, the self-consistent atomic potential at
surface is very important for ARUPS calculation.

IV. DISCUSSION

W
A

e can confirm several points of the surface effects in
RUPS calculation. There are two important surface

effects: surface relaxation and electronic potential for
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According to a lot of theoretical works, the electronic
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correlation problem from the point of view of many-body
theory has been pointed out to be important. However,
every many-body theory has some adjusting parameters
which are usually determined from the first principles.
Thus, according to the present work, many-body theor-
ists should consider the justification of the parameters
after they include the surface effects. We obtain for
Ni(110) that about 50% of the disagreement between ex-
periment and theory with respect to the main band can
be explained with the surface effects.

We should also point out that the exchange-splitting
value itself is not sensitive to the surface effects. As we
saw in Fig. 9, the position of the minority band relative to
Et; is significant for the Ni(110) band structure measure-
ment. The origin of the reduced exchange-splitting value
is that they observe the Fermi edge instead of the minori-
ty band peak in the relative experiment.

V. CONCLUSION

We demonstrated that computationally surface effects
appeared in spin-polarized ARUPS spectrum of fer-
romagnetic Ni(100), Ni(110), and Ni(111) clean surfaces
with muffin-tin potentials which were due to slab calcula-
tion of self-consistent spin-polarized full-potential linear
muffin-tin orbital formalism. The results agree better

with experiments than previous bulk band calculations
though complicated electron correlation is ignored.
Thus, we can conclude that the consideration of the sur-
face sensitivity with electron correlations are important
to explain ferromagnetic nickel band structures. There-
fore, the results show us that modification of electronic
potentials for surface atoms and surface relaxation of
atomic layer spacing are very significant in discussing
quantitatively electronic band structures measured with
ARUPS technique.
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