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We discuss the procedure for obtaining the linear-combination-of-atomic-orbitals Hamiltonian and overlap
parameters to fit the bulk energy bands of Ni. We then describe an internally consistent meéthod for
obtaining the shifts of the surface intra-atomic d parameters. The energy bands and planar densities of states
of a 35-layer (100) and 47-layer (110) Ni film are calculated. Surface states exist above the majority-spin d
bands throughout the two-dimensional Brillouin zone in the (100) case. Transitions from these surface states
into an evenescent low-energy-electron-diffraction state account for the reversal of photoelectron spin
polarization observed 0.1 eV above threshold in the (100) case.

I. INTRODUCTION

Transition-metal-surface or thin-film energy-
band calculations are still in a very primitive
stage. The only self-consistent 3d-transition-
metal surface calculation in the literature! was
performed for Cu which is much easier to handle
than metals with partially filled 3d bands. The cal-
culation was done for a film of only three layers
which made it impossible to distinguish surface
states from bulk states. Finally this linear com-

bination of atomic orbitals (LCAO) calculationused °

an incomplete basis set; the 4p orbital (which is
the major orbital for those states in the neck of
the Fermi surface) was not included in the expan-

sion. A few ab initio calculations™® have been per-

formed for thicker films. Unlike bulk-band cal-
culations, where a superposition of atomic charge
densities yields a crystal potential not too far from
the self-consistent potential, there isa large charge
redistribution near the surface and although many
interesting surface effects can be seen, the results
are not quantitatively accurate. There have been
several parametrized transition-metal-film calcu-
lations.*® The parameters for the interior atoms
can be obtained with an accuracy equal to or bet-
ter than the accuracy of self-consistent bulk cal-
culations. There are, however, a large number
of parameters associated with surfact atoms and
very little experimental data to guide one in fixing
their values.” In Sec. II we describe how we ob-
tained our Ni bulk and (100) surface parameters
and how with only a single multiplicative parameter
we were able to obtain (110) surface parameters
from the (100) parameters. Although these tech-
niques are still somewhat crude, we believe that
as more experimental data becomeavailable, their
accuracy will begin to rival that of parametrized
bulk-energy-band calculations.

In Sec. III the planar densities of states (PDOS)
and two-dimensional (2D) energy bands of 35-layer
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(100) and 47-layer (110) Ni films are displayed and
some important surface states are discussed. In
Sec. IV we calculate the polarization of photoelec-
trons emitted from a (100) Ni surface. Our band
calculation yields a photoelectron spin polarization
which is negative at threshold but which changes

' sign only 0.12 eV above theshold, in excellent

agreement with the data of Eib and Alvarado.”

II. BULK AND SURFACE PARAMETERS

The primary criterion the surface parameters
must satisfy is that of surface-charge neutrality.
Self-consistent calculations in nearly-free-elec-
tron metals indicate that a single plane should be
neutral to within 0.03 or 0.04 electrons per atom
and the net charge on the first two or three planes
should be an order of magnitude smaller.? Since
surface-charge discrepancies as large as 0.9d
electrons per atom and 0.5 sp electrons per atom .
have been found® when bulk parameters are used
at the surface, this is a powerful criterion. We
have recently shown!® that if one does not make the
assumption of orthogonality between orbitals on
different sites, there is a continuum of sets of pa-
rameters which fit the bulk-energy bands equally
well, corresponding to a continuum of sets of basis-
functions. At one extreme Wannier functions can’
be used and at the other extreme atomiclike orbi-
tals can be used. Because a Wannier function is
orthogonal to the neighboring Wannier functions,
the neighboring sites appear repulsive to a Wan-
nier function; on the other hand, the attractive po-
tential makes the neighboring sites appear attrac-
tive to atomic orbitals. Therefore there exists a
set of orbitals intermediate to Wannier and atomic
orbitals for which neighboring sites will appear
neutral. For this set of basis functions the surface
may be only a minor perturbation on the diagonal
matrix elements. There are charge redistribution
effects on the potential at the surface but for the s
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and p electrons which are not localized and there-
fore sample the entire surface these seem to affect
the diagonal matrix elements in about the same way
for all crystal surfaces. Thus this effect may be
compensated for by a choice of orbitals for which
the neighboring sites are not quite neutral. Of
course one never finds the orbitals; one finds their
Hamiltonian and overlap matrix element parame-
ters. In copper where the d bands are filled, we
were able to find a set of bulk parameters which
gave surface charge neutrality with no surface pa-
rameter shifts for not only the (100), (110), and
(111) surfaces® but for a stepped surface as well,!

Since without a completely self-consistent cal-
culation one cannot know how muchcharge is trans-
ferred between the sp and d bands at the surface,
we base our Ni parameters on Cu as much as pos-
sible. We first made a semirigid shift of the Cu
bands by setting

HZII'm = glul'm + %(AE‘; + AE?')SEIHI'm ’ 1)

where Ej, Ej,and Ej are three parameters chosen
to fit Wang and Callaway’s!? (WC) energy bands of
spin polarization ¢ (calculated with the von Barth
and Hedin exchange and correlation potential) as
well as possible. (Note that to shift the bands rig-
idly by an amount AE, one must change the Hamil-
tonian parameters by an amount AHy;,., = AES,;,.,,
where S,;;.,, is the overlap between ! and I’ =s, p,
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or d basis functions with azimuthal quantum num-
ber m which are p neighbors apart.) With the
H3,p., and Sgjy,, as starting values, we ran our
rms error minimization routine to fit the bulk Ni
bands at 43 points in the g irreducible Brillouin
zone (BZ) with rms errors of only 2.56 X 10™% and
2.45 %107 Ry in the majority- and minority-spin
bands. The largest error in any energy level was
8.89 x 107 Ry. Because the zero of energy inbulk-
energy bands is completely arbitrary, we shifted
the WC bands rigidly upwards by 0.1542 Ry before
making the fit; this will allow us to obtain the cor-
rect work function for the (100) film. Because
WC’s bands have too large an exchange splitting we
raised the majority spin intra-atomic d parameter -
(dd, in Table I) by 0.10 Ry after we had fit their
bands. This yields a splitting of 0.50 eV for the

X, bulk state in agreement with experiment'? and a
magneton number (0.54) in good agreement with the
experimental value of*2 0.56. This final set of pa-
rameters (ten two-center Hamiltonian and overlap
parameters for each of three neighbors and s, p,
and d intra-atomic or zeroth-neighbor Hamiltonian
parameters for each spin) is displayed in Table I.
The third-neighbor overlap and Hamiltonian pa-
rameters are all small and a reasonable fit could
have been obtained without them; however, we have
in the past, when fitting a smaller sample of points
in the BZ, found that our rms fitting routine could

TABLE I Final set of bulk-energy-band nth-neighbor Hamiltonian (H,) parameters (in Ry)
.and overlap (S,) parameters for ferromagnetic nickel.

Majority sso==0.30632 ppy=0.19039 ddy=—0.500 94

Hy H, Hy Sy Sy Sy
sso —0.13274 —-0.02719 —0.00141 0.082 64 0.004 80 0.000 56
ppo - 0.17274 0.093 68 0.01471  -0.21102  —0.04091  —0.00165
ppT —0.056 02 ~0.018 92 0.001 05 0.053 36 0.03222 0.013 58
ddo. —0.03391 —-0.002 99 0.00001 0 0 0
ddr 0.01902 0.00048 0.00007 0 0 0
ddé  —0.00322 0.000 08 —0.00000 0 0 0
spo 0.156 30 0.03810 0.00716  —0.12792 0.01036  —0.002 59
sdo  —0.046 33 —-0.011 06 0.000 06 0 0 0
pdo . —0.048 30 —0.010 64 —-0.00035 = —0.017 96 0.00301 0
pdm 0.041 32 0.000 60 —0.00048 . —0.01657  —0.00023 0
Minority ssy=—0.30188 pp,=0.19796 dd,=—0.47108
H, H, Hy S Sy Sg
sso - —=0.13277 —0.027 94 —-0.00147 0.081 87 0.00344 0.001 09
ppo 0.166 00 0.08911 0.00822  —0.19010  —0.04174  —0.00418
ppT - —0.05728 —0.01644 0.00043 0.03845 0.01076 0.01011
ddo  —0.03595 - =0.003 33 —0.00001 0 0 0
ddm 0.01983 0.000 67 0.00003 0 0 0
ddé . —0.002 96 0.000 08 —0.00000 0 0 0
spo 0.162 35 0.056 00 0.00607  —0.13058 - —0.01753  —0.002 22
sdo —0.04892 —0.00976 0.000 06 0 0 0
pdo —0.04868 —-0.01141 -0.00025  —0.02260 0.00012 0
pdr 0.043 57 0.00079 —0.00037  —0.02159  —0.00006 0
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converge to an incorrect set of parameters (which
failed to fit additional points in the BZ) but these
parameters had the unphysical property that sev-
eral of the third-neighbor parameters were quite
large. Therefore we always use third-neighbor pa-
rameters, both for the slight improvement they
give to the fit and as a check on the physical nature
of the parameters. Not counting third neighbors
and the vanishing dd and sd overlap parameters,
there are effectively 35 parameters with which we
fit a total of 238 independent energy levels. The
vanishing of the dd and sd overlap parameters is

a consequence of a theorem of Anderson'® which
states that if one can construct the crystalpotential
out of a superposition of overlapping spherical po-
tentials, and if the overlap between orbitals is
small, then to first order in that overlap the sec-
ular equation contains no overlap terms and the
diagonal matrix elements are just the energy of the
orbitals in the potential from their own site. That
is, the attractive potential and repulsive overlap
of the neighbors cancel to first order. This then
also explains why we have never found*®">®) any
cubic crystal-field splitting of the xy and x2 ~y2
dd, intra-atomic parameters for 3d transition met-
als. It is interesting to note that in tungsten,*
where the 5d functions have a large overlap, we
found it impossible to fit the bulk-energy bands
with Wannier parameters until we allowed the xy
and x2-y? dd, parameters to assume different val-
ues.

One might naively think because the neighboring
atoms appear neutral to the diagonal d matrix ele-
ments, that dd, matrix element shifts at the sur-
face would not be required (as is the case for ss,
and pp,). However, the missing off-diagonal ma-
trix elements cause the surface PDOS to be much
narrower than that for interior planes; thus more
of the surface PDOS lies below E,, giving a large
surface-charge surplus which causes a repulsive
potential which does affect the diagonal d matrix
elements. This d-band surface narrowing has
been observed'® experimentally in Cu to be in ex-
cellent agreement with our Cu calculations.!® In
Cu because the d bands are full, this does not af-
fect the dd, matrix elements appreciably which is
consistent with the experimental fact that surface
Cu core-energy levels are not shifted from bulk
values.!’® Using these parameters we calculated
the energy bands of a 35 layer (100) Ni film at N
=576 points in the 2D BZ (91 points in the  irre-
ducible 2D BZ). We calculated the local DOS for
symmetry «, spin o, and plane ¢, using the form-
ula

1o (E)=N"1 Y WK)ICHKSH (0, k)
Bk _
XCHIO(E — Eg),

)
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where the k sum is over the 91 points in the 1 2D
BZ and W(k) is the number of times each suchpoint
occurs in the full 2D BZ, C’;E;’ is the coefficient of
the ith planar (&, o) Bloch function appearing in the
nth eigenfunction at k, and S%(o, k) is the overlap
of the two planar Bloch functions (i, @) and (j, 8).
A preliminary calculation with no surface param-
eter shifts found a surface surplus of 0.1135 ma-
jority d, 0.4507 minority d, 0.0398 s, and a deficit
of 0.1388 p electrons per surface atom. The ma-
jority-spin d bands are filled; there are, however,
about 0.3 majority-spin d electrons per atom hy-
bridized into bands above E;. The surface-major-
ity-spin d electron surplus arises from a decrease
in hybridization at the surface. Because of the re-
duced symmetry at the surface there are four in-
dependent surface dd, parameters per spin. Be-
cause we were convinced that the photoelectron
spin-polarization reversal’ could be understood
only if a surface state existed several hundredths
of an eV above the majority spin d bands at the
center (T) of the 2D BZ, we took that and surface-
charge neutrality as our two principle criteria for
determining the eight surface-parameter shifts.
The surface-parameter shifts together with the
charge in each orbital on the surface and central
planes are shown in Table II. In order to obtain a
T, surface state the (xz,yz); shift had to be 0.042
Ry; in order to get the I, surface state 0.06 eV
above the top of the d bands we took the shift to be
0.052 Ry. Because the lobes of the xz and ¥z or-
bitals point directly toward missing neighbors the
(xz,yz) surface shift is the largest and the other
majority-spin-surface parameter shifts were es-

TABLE II. Intra-atomic d parameter (100) surface
shifts (in Ry) and charge associated with each orbital in
the surface and central planes. (xy and xz—y2 are refer-
red to the square 2D lattice which is rotated 45° with
respect to the cubic lattice.)

Shift p (surf) p (cent)
(xy)t 0.030 0.9417 0.9461
)t 0.020 0.8731 0.8784
(xz,y2z)t 0.052 0.9545 0.9265
(xz,p2)+ 0.038 0.7879 0.7803
2=yt 0.022 0.9108 0.9261
w2-yYi 0.013 0.8049 . 0.7811
(322 — 7)1 0.035 0.9496 0.9454
(322 — 724 0.024 0.9085 - 0.8791
Total p, 8.873 8.770
(s)t 0.3363 0.3113
(s)+ 0.3386 0.3178
(x, )t 0.0843 0.0963
(x, )+ 0.0926 0.1043
(2)t 0.0487 0.0964
(2)+ 0.0528 0.1043
Total p 10.004 10.001




timated.according to how their lobes point relative
to the missing atoms outside the crystal. The mi-
nority-spin parameter shifts were chosen to be
sufficiently smaller than the corresponding major-
ity-spin shifts so that surface-charge neutrality
was obtained. We note that even with the inclusiou
of the repulsive surface-parameter shifts (xz,yz)
which sees the largest shift and 322 - 72 which sees
the second largest have the largest and second lar-
gest surface charge excesses, respectively (as
compared to the central plane charge). This is a
strong indication that their shifts are not too large
relative to the surface shifts of the other two d or-
bitals. On the other hand, the minority-spin shifts
seem somewhat too small relative to the majority-
spin shifts. We note from Table II that the s and
transverse p orbitals together are equally occupied
on the surface and central planes but the longitudi-
nal p orbitals suffer a surface-charge deficit of
0.10 electron. This seems entirely reasonable to
us and is a consequence of our basing our bulk Ni
parameters upon the Cu parameters. We could
have obtained an equally good fit to the bulk Ni
bands using s and p parameters which would have
led to sp surface charge neutrality. Then because
we would no longer need a d surface surplus to
compensate the p deficit, our minority d surface
parameter shifts would be larger. Which of these
pictures is more nearly correct cannot be deter-
mined until more surface data becomes available
to fit. .

After completing this calculation we realized that
we could reduce the number of independent d sur-
face-shift parameters by making the same two-
center'® approximation that we make in the bulk
Hamiltonian except that the wave functions are on
one atom and the potential is restricted to the
missing nearest-neighbor atoms. The two-center
parameters listed in Table III, when multiplied by
the appropriate direction cosines!® and summed
over the four missing nearest neighbors outside
the (100) surface, yield the surface parameter
shifts of Table II to within 5%. Were we to repeat
this calculation with no additional experimental
data to fit, we would reduce the number of inde-
pendent surface parameters from eight to four by
taking three two-center parameters for one spin
and a single multiplicative factor times them for
the other spin as our independent parameters.

The surface shifts in matrix elements for the
(110) film were calculated from the two-center
parameters of Table III multiplied by a single addi-
tional parameter (whose value is 0.886), chosen to
yield (110) surface charge neutrality. Note in Ta-
ble IV, that this yields an off-diagonal intra-atom-
ic matrix element which we would be hard pressed
to estimate in any other manner; it also yields di- -
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TABLE IIl. Two-center surface shift parameters
chosen to fit the parameters of Table II.

Majority Minority
ddo * 2.722 x1072 2.131x1072
ddm* 9.436 x1073 6.544 1073
das* 8.284 1074 —5.735%x107¢

agonal intra-atomic matrix element shifts in the
first interior plane. We have previously found*(’
for (111) iron (this is the open face in bec crys-
tals), where the first interior-plane atoms are al-
so missing a nearest neighbor, that we could not
get charge neutrality in both the surface and first
interior planes without having parameter shifts in
both planes. We note from the last three columns
of Table IV, that these parameters yield charge
neutrality in the surface and first-interior planes.
We also note that although the charge associated
with individual d orbitals differs considerably be-

- tween the first interior and central planes, their

total d charge is identical, whereas the surface
plane has a d surplus of 0.16 electrons per atom
which cancels an sp deficit.

We have not taken account of surface relaxation
in this calculation. LEED studies!” show that the
(100) surface expands between 0% and 2.5% and the
(110) surface contracts by —5%. However, differ-
ent LEED beams show'® the (110) relaxation be-
tween +2% and —8% so that the —5% estimate may
not be very accurate. The effect of relaxation on
the intra-atomic matrix elements may be assumed
to be included within the multiplicative parameter
chosen to yield charge neutrality because as long
as the relaxation is simple (no reconstruction), the
symmetry is unchanged. We have not included sur-
face shifts of interatomic matrix elements any-
where in our parametrization scheme (except, of
course, that matrix elements connecting an atom
to atoms outside the surface vanish). Relaxation
changes the surface bond angles which can easily
be taken account of in the calculation; it also
changes the magnitude of the surface interatomic
parameters. The latter cannot be estimated with
much accuracy because the basis functions are not
simple exponentials. One might, however, expect
that because of the freedom one has in choosing the
basis functions, most of the interatomic surface
shift that would be needed if Wannier or atomic
basis functions were used, can be absorbed into
the intra-atomic shifts.

Thus we have developed a procedure for reducing
the huge number of independent 3d surface param-
eter shifts at n different surfaces of a cubic ferro-
magnetic metal to #z +3 (2 +2 for paramagnets).
Charge neutrality fixes n of the parameters and the
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TABLE 1V. Intra-atomic d matrix element shifts (in Ry) for the (110) surface plane (S) and
first interior plane (S-1), and the charge associated with each d orbital in the S, S-1, and
central (C) planes. The orbitals are referred to the 2D rectangular lattice with Z= @V 2,

27172 0), % =(-2"1/2, 2-1/2 0), and $=(0,0,1).

Shift(S -1)

Shift(S) p(S) p(S-1) p(C)

(29 /xy) 0.0468 0.0007 0.9366 0.9304 0.9269
(xy/xy)4 0.0331 —0.0005 0.7684 0.7722 0.7805
(xz/xz2)t 0.0368 0.0084 0.9701 0.9429 0.9459
(x2/x2)4 0.0248. 0.0058 0.9310 0.8663 0.8780
(yz /yz)t 0.0545 0.0084 0.9356 0.9189 . 0.9266
(yz /yz)t 0.0395 0.0058 0.8418 0.7736 0.7806
(x2—y%/x2— y2)t 0.0293 0.0007 0.9379 10.9289 0.9410
(x2—y%/x2 -y 0.0186 —0.0005 0.8556 0.8512 0.8539
(822—-72/322— ¥t 0.0461 0.0243 0.9397 0,9486 0,9328
(322—72/322 724 0.0325 0.0189 0.8143 0.8409 0.8054
(x2—9%/322— 72 0.0059 0

(x2=92/32% -7 0.0039 0

Total py 8.931 8.774 8.772
Total p 9.988 10,012 10.003

remaining three must be fixed from a knowledge of
surface-state locations. In the present calculation
only one surface state was fit and the remaining
two parameters were estimated so shifts for basis
functions whose lobes point away from missing
neighbors would be smaller than those for functions
whose lobes point toward missing neighbors. This
is equivalent to requiring (see Table III) ddo* > ddn*
>>ddo*. 1t should be remembered that these shifts
are not directly due to the potentials of the missing
neighbors but rather to the charge redistribution
caused by the missing neighbors. In addition to the
d surface parameters, the ss; and pp, bulk param-
eters must in general be deduced from surface
considerations. These parameters depend on our
choice of basis functions and equally good fits to
the bulk bands can be obtained over a wide range
of values; however, the surface results are highly
sensitive to the choice. In the present calculation
we estimated these parameters from our Cu cal-
culation,® thus avoiding the need for a surface fit.

III. RESULTS
In Fig. 1 we show the PDOS of spin 0,

nio(E) = E Migo(E), (3)
(-7
calculated for the surface, next four interior, and
central planes of the 35-layer (100) Ni film at 576
points in the 2D BZ. A Gaussian of 0.003 Ry hali-
width is centered at each eigenvalue and the con-
tributions of all the Gaussians are summed atevery
point of the curves (calculated on a mesh of 0.001
Ry). Each Gaussian is normalized to give a unit
contribution, making the normalization dependent
upon the location of the eigenvalue relative to the

mesh points. This procedure yields much smooth-
er PDOS curves than the procedure we previously
used.*® (Compare the surface and central plane
PDOS curves here with those in Ref. 19 which dif-
fer only in the smoothing procedure.) The same
graphs are shown in Fig. 2 for the 47-layer (110)
Ni film calculated at 88 points in the $ irreducible
rectangular 2D BZ (280 points in the full 2D BZ).
Because there are more independent (110) energy
levels sampled?® than (100) we believe the (110)
PDOS curves are slightly more accurate. - As usu-
al**?® the surface PDOS has a smaller second mo-
ment than interior PDOS with the effect beirig more
pronounced for the (110) surface than the (100) be-
cause of the larger number of missing neighbors.
Note that slight differences from the central PDOS
exist as far as the fourth plane in from the surface
but that the (100) and (110) central PDOS are near-
ly identical. We may also compare the charge in
each orbital in the two central planes. Because of
the different coordinate systems used, p(xy),,,

= pV2)100s PBZ), 10+ P(2),100y P(2X), 10+ PXY) 1005
P(32% = 7%);,5+=~ 2 (% = 92);00 + § P(32% = 72),q,,

P = y3), 10 % plx? - y?)loo +3 p(32% — 7%) 100+ The
largest discrepancy is 0.0019 electron/atom be-
tween the majority spinp(322 =73, and 2p(x2 - y2),
+4+p(32% = 7?) 4. The next largest discrepancy is
only 0.0007 electron/atom. This is smaller than
the discrepancy between the (100) central plane

xz and x% —-y2 minority-spin charges. [ Remember
(¥2-92),0, is %y in cubic coordinates.] Whether
these small discrepancies are real surface effects
extending all the way in to the central plane or are
simply noise in the calculation, we cannot say.
The Fermi energy, obtained by integrating the to-
tal DOS up to 10 electrons/atom, is —0.3804 and
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-0.3805 Ry for the (100) and (110) films, the dif-
ference being computational noise. This compares
well with the (100) work function’ of 5.15-5.20 eV.
If the (110) work function were known, we could
easily make a rigid shift of the (110) bands to make
them agree.

In Figs. 3 and 4 we display the majority and mi-
nority spin-energy bands for the two symmetries
along the symmetry lines of the square 2D BZ of
the (100) film. We will not discuss the many sur-
face states lying within the various energy gaps
except to point out that some of them have been
strongly affected by the large surface-parameter
shifts and others not. For example, there is a
A, -X,-Y, surfacestate band (with X, at —-0.651
Ry and X, at —0.644 Ry) which is practically iden-
tical with a surface-state band' in Cu where we

made no surface parameter shifts, except that for
Cu the X symmetry is X,. On the other hand, in
the large =, gap around ~0.5 Ry we find a Z,, sur-
face state band which is somewhat higher relative
to the gap than in Cu with the Z,; surface state
band higher yet. Because the majority-spin-sur-
face-parameter shifts are larger than the minority,
we find in addition, a new surface-state band ex-
isting only at the bottom center of the £,; gap.

Our main interest is in the surface state pushed
out of the top of the d bands by the surface-param-
eter shifts. In the majority bands the top of the T,
bulk continuum is at —0.3945 Ry and the T, at -0.
-0.4069 Ry. There is a T, surface state at ~0.3978
Ry and a twofold degenerate I, at -0.3902. Even
though the T, xy basis function® sees a much small-
er surface-parameter shift than the fs(xz, yz), the

2 s 2 (s-nl 2 (s.z)1
) ) M 2 M
o o (=}

d i
IS 2 (s-u' gl (s-2)

FIG. 2. Majority (4) and
e o . o minority (y) spin PDOS for
-1 --8 -6 -ERy) T -1 -8 -6 -ERy) -1 --8 --6 4E(Ry) the surface (S) and next four
. . e T interior (S-») and central
] -3, - (5-4)' 19 (C) planes of (110) Ni in elec-
//V/\p/L . ﬂ\/\}\s\ J/\/\r\{‘ trons per atom per Ry.

o o
o o o~
o T o t o t

£ & E
& -3 Qf &9 &6 .
G -1 -.8 -.6 - - 4E(Ry) ¢ -1 -.8 =6 — 4E(Ry) ? -1 ~.8 ) - 4E(Ry)
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FIG. 3. Majority-spin subbands of A;-Y~%; and Ay-Y,-
T, symmetry for 35-layer (100) Ni film. Solid lines rep-
resent surface-state bands. At symmetry points surface
states are represented by arrowheads. When two sym-
metries span the same energy range, a left-pointing
arrowhead represents a surface state of higher index
symmetry, e.g., < represents X;, whereas >represents
X,.

T, surface state is pushed more than twice as far
out of its continuum. This is because the T con-
tinuum is more than twice as wide as the T, and
because there is a small p(x,y) admixture in T,
whereas T, is pure d. T, is compatible withZ,, &,
and with £, &, whereas T, is compatible with

T, A, ThusthereexistsaT,-Z,-M,-Y,-X,-4,
surface-state band above the top of the d bands
which becomes a strong resonance at points of no
symmetry. In addition there are £, - T, -4, and
Z,-T,- 4, surface-resonance bands which become
surface states only at the I' point. These reso-
nances are as sharp as the I'; and T, surface states
and extend about 3 of the way along T and & to M
and X. The T, surface states have 47%, 24%, and
13% of their density on the first three planes while
the T, surface state has 80%, 16%, and 3.4%.
Highly localized surface states and resonances like
this at the center of the 2D BZ are essential, we
believe, for explaining the observed’ photoelectron
spin-polarization reversal. The surface state is
most localized at M, where its energy is -0.3721
Ry, 0.22 Ry above the bulk continuum, and where
over 99% of its density is on the surface plane.
This is because the M, and M, states contain only
x2 — 92 basis functions on every other plane and the
bulk M, and M, continua are only 0.0001 Ry wide.
Because it lies above Ej, the M, surface state can
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Minority-spin subbands for 35-layer (100) Ni

cause it lies above E, the M, surface state can
play no role in the photoemission. The Fs surface
state does not exist in the minority bands because
the surface-parameter shift is not sufficiently
large, however, a part of the surface-state band
remains along &,-X,-Y,-M,-Z,. The T, sur-
face state and its connecting resonance also remain.
In Figs. 5 and 6 we display the majority- and mi-
nority-spin subbands of the two symmetries along
the symmetry lines of the rectangular 2D BZ for
the 47-layer (110) film. Only a single surface state
exists above ‘the top of the majority-spin d bands
at k=0; it has T, symmetry and is at —-0.3941 Ry,
essentially the same energy as the (100) T, sur-
face state. Itis partofanX,-2,-T,-%,-Y,
surface-state band. It does not extend far enough
along D to be present at the first D mesh point
away from X. However, a weak resonance exists

along D somewhat below the top of the d bands. A

second surface-state band exists right on the top
of the d bands at ¥, extending along &, about & of
the way to T'. As usual, a large number of sur--
face-state bands can be seen in energy gaps
throughout the 2D BZ.

IV. PHOTOELECTRON SPIN POLARIZATION

Earlier photoemission studies?? as well as tun-
neling?® experiments on nickel thin films indicated
a net positive spin polarization for electrons just
below the Fermi level. Recently Eib and Alvarado’
found that the polarization of photoelectrons emit-
ted from a (100) single-crystal nickel surface was
negative at threshold but changed sign 0.1 eV above
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threshold. This is believed to be consistent with
the earlier results because of inhomogeneities in
the work function of polycrystalline films. They
claimed their measurements could not be explained
by simple band theory. This was refuted by Wohl-
farth?? who pointed out that he had actually antici-
pated the experimentally observed polarization re-
versal.®® However, Wohlfarth’s calculation is
based on a highly over simplified model DOS and
neglects all consideration of wave-vector conser-
vation. He assumes
Ef
Jy(w)= f no(E)dE @)
=hw
where n,(E) is the bulk DOS of spin 0. We have
generalized Eq. (4) to take the surface into account

Ty(w) = f :fn‘.o(E)dE, )

where n,;,(E) is given by Eqs. (2) and (3), and

Jo(@)=3" Jyeit, (6)
i=0 .

Here the planes are numbered inward from the
(zeroth) surface plane, I is the escape depth in in-
terplanar spacings (I is between’ 3 and 6) and

P=(y=J,)/Jy+d,). (M

Before calculating P we rigidly raised the majori-
ty bands by 0.004 Ry (which raised E, by 0.0004
Ry) and reduced the magneton number to 0.52. Any
further rise of the majority bands would increase
the discrepancy with the experimental value of 0.56
beyond what we believe the uncertainty in the ex-

‘perimental value to be. In Fig. 7 we display the

polarization assuming only the surface plane (Pyg)
or only the central plane (P.) contribute to the cur-
rent (the latter corresponds to Wholfarth’s bulk
DOS calculation) as well as the polarization with
contributions from all planes with the escape depth
1 in Eq. (6) taken to be 4.5 interplanar spacings.
Note that P, stays close to —82% until 0.14 eV
above threshold where transitions from the top of
the bulk-majority-spin d bands become possible
and then rises, becoming positive at 0.42 eV above
threshold but attains a maximum value of only 7%.
Because the surface-state band just above the top
of the majority-spin d bands crosses E;, Pg starts
at -71% and rises immediately (due to surface-
state contributions to J;) becoming positive 0.12
eV above threshold. However, it never exceeds
15%. Because of the large value of ! the polariza-
tion curve with contributions from all planes is
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very similar to P, and quite unlike the experimen-
tal curve.”

Smith and Traum? pointed out that if wave vector
k is conserved in the optical excitation event, it is
the joint DOS, not the DOS, which must be used in
the calculation. They found the polarization jumped
from -100% to +100% at 0.1 eV above threshold.
They neglected conservation of k, the transverse
component of E, upon escape. The three step (ex-
citation, transport, and escape) process they con-
sider actually contributes nothing to the photocur-
rent near threshold if K is conserved, i.e., elec-
trons which can be excited to positive energies for
7w close to threshold all have E <kZ? and cannot es-
cape. This can easily be seen in Figs. 3 and 4
where there is a large gap in the region of E =0,
k=0. We believe for an ideal surface the only al-
lowed photoemission mechanism near threshold is
a single-step excitation into an evanescent LEED
state. This must also be true for real surfaces
prepared sufficiently well for angle-resolved pho-
toemission to be meaningful. Note that the three-
step process, when allowed, may be considered to
be a one-step process into a propagating (time-re-
served) LEED state.?” For our K-conserving pro-
cess n,, in Eq. (5) must be replaced by

D, (E)=N"1 Y Wk)CESH(0, K)CEe

joBnk

XO(E -Ez +k)O(E, - Ej3), (8)

where © is a step function and other quantities are
as in Eq. (2). In addition we must replace I"! in
Eq. (6) by twice the decay constant of the evanes-
cent LEED state. This we approximate by a =V3E,
where OF is the distance to a propagating state.
The gap at k=0 extends between —-0.20 and 0.16 Ry
so we have 2a=2v0.16=0.8 bohr ' =2.66 (interpla-
‘nar spacings)™!. In Fig. 8 we display the polariza-
tion due to the central plane and due to the surface
plane. Because of the large value of 2a the polar-
ization as calculated from all planes is indistin-
guishable from the surface plane curve. Because
only a single point in the 2D BZ (k =0) contributes
within 0.04 eV of threshold (using our 576 point
sample of the 2D BZ), we doubled the number of
points sampled in the 2D BZ for k2<0.08 Ry. Even
so, because of the discreteness of the sample and
because of the discreteness of the sp bands in a
35-layer film, we happen not to obtain any major-
ity-spin sp contribution near threshold and the cal-
culated Py oeno1a=—100%. The Wohlfarth calcula-
tion which samples the entire 2D BZ yielded
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FIG. 7. The (100) Ni photoelectron spin polarization
calculated according to the wave vector nonconserving
Wohlfarth mechanism using the surface plane only (Pg),
the central plane only (Pc), and from all planes with I
=4.,5 (solid curve). Note that the PS and P curves are
displaced by £ 10%.

-100

4

Pipresnora= —82% and that is probably a reasonable
estimate for Py .qoa With K conservation. P starts
rising rapidly 0.084 eV above threshold when the
majority-spin 1"5 surface state start to contribute
to the current, reverses sign 0.12 eVabove thresh-
old, continues rising aided by contributions from
the majority-spin I, surface state which commence
0.188 eV above threshold, and reaches a maximum
value of 32% at 0.36 eV above threshold. This is
to be compared with the experimental’” maximum
of 36%. The peak of our P curve is not so broad as
the experimental curve. This is a consequence of
using the threshold value of & everywhere. As the
energy increases, more LEED states with smaller
a’s become available until at about 2.1 eV above
threshold transitions to propagating LEED states
occur.?® The P, curve in Fig. 8, which barely be-
comes positive 3.4 eV above threshold, indicates
that, even if we could raise the majority-spin
bands relative to the minority still further without
completely destroying agreement with the magne-
ton number, we could not account for the photo-
electron spin polarization of (100) Ni using bulk
properties. Because there are propagating final
states available at threshold, we have not repeated
. this calculation for (110) Ni. However, because of
the competition with transitions to these propagat-
ing states and because there exists only a single
surface state above the top of the majority d bands,

40

——

+——————————————————

2 (ha-Eg) 3 +

FIG. 8. The (100) Ni photoelectron spin polarization
calculated for E—conserving transitions into evanescent
LEED states using the central plane D;, (dashed curve)
and surface plane D;, (solid curve). The polarization
calculated from all planes is indistinguishable from the
solid curve.

we would predict that the photoelectron spin polar-
ization from the (110) face of Ni does not change as
rapidly as it does for the (100) face.

There have been proposed®”*® many-electron ex-
planations of the spin-polarization reversal based
on the single-band Hubbard Hamiltonjan. We have?!
recently argued that the single-band Hubbard Ham-
iltonian is a completely inappropriate model for Ni
and estimated the many-body contributions to the
self-energy to be less than 0.01 eV. There are two
important points to be made. The first isthat, even
if many-body effects should turn out to be impor-
tant, because of the lack of propagating final states
at threshold, those many-body effects must be cal-
culated at the surface. The second is that in order
to have the extremely rapid rise in the polarization
curve there must be extremely sharp structure in
the DOS (more exactly, in the one-dimensional
DOS at k=0) such as that caused by surface states.
It is hard to see how large many-body effects could
fail to contain a large imaginary self-energy con-
tribution which would wipe out that structure.
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