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Surface states, surface magnetization, and electron spin polarization: Fe(001)
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Results are presented of an ab initio self-consistent spin-polarized energy-band study of
a seven-layer ferromagnetic Fe(001) film to determine the energy dispersion and spatial char-
acter of surface states and their effects on the surface spin polarization, surface magnetic
moment, and average exchange splitting. Band structures and surface states, layer density
of states, and charge and spin densities are presented and used to discuss the surface ef-
fects in the interpretation of a number of experiments. A substantial enhancement of the
surface-layer magnetic spin moment from its bulk value is found on Fe(001) which is in
sharp contrast to the 20% reduction reported in our earlier study of a nine-layer Ni(001)
film. Both of these results are consistent with available experimental information.

I. INTRODUCTION

The study of the magnetism of surfaces has at-
tracted considerable experimental and theoretical
interest because of the interesting phenomena asso-
ciated with the existence of surface states (SS). In
addition, the possible important role of surface
phenomena in reconciling differences between
electron-spin polarization experiments and self-
consistent (SC) band structures for bulk systems
has been recognized in recent years and this has
led to more intensified theoretical efforts to
describe the electronic structure of surfaces. These
investigations use the bulk-energy-band method in
the local spin-density-functional formalism as ex-
tended to the case of a thin film to simulate surface
effects on a semi-infinite solid. A number of thin-
film studies' ~!° have shown that (1) due to the lo-
calized nature of the 3d electrons, the charge densi-
ty on transition-metal surfaces converges rather
rapidly as the film thickness increases and (2) since
the surface effects depend crucially on the ex-
istence, role, and nature of the SS, which are high-
ly sensitive to details of the surface potential, only
SC energy-band calculations can be relied upon to
properly provide this information.

Recently we presented a SC numerical basis-set
linear combination of atomic orbitals (LCAO)
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discrete variational method which has proved to be
a powerful tool with which to study surface prop-
erties (including chemisorption bonding and surface
magnetism) through its successful application to
one-, three-, and five-layer paramagnetic Ni(001)
films,' oxygen chemisorbed in the ¢(2X2) confi-
guration on Ni(OOl),2 and a nine-layer ferromagnet-
ic Ni(001) film.> For the case of ferromagnetic Ni,
we determined the spin-polarized SC band struc-
ture of a nine-layer Ni(001) film that is thick
enough to accurately determine the energy disper-
sion and spatial character of SS and their effects on
the surface spin polarization, charge distribution,
and layer-projected density of states (DOS).
Among our major results, we found a pair of ma-
jority spin M3SS which split away from the bulk
bands and cross the Fermi energy, Er. This
creates a majority spin d hole which decreases the
surface-layer spin magnetization (0.44u3) and the
exchange splitting (0.41 eV at M;SS) from their
values (0.58u g and 0.63 eV) for bulk ferromagnetic
Ni.!' This slight reduction in the surface-layer
magnetic moment is consistent with field emis-
sion'? experiments. No evidence was found for
magnetically “dead” layers on Ni(001) surfaces.'
This paper presents the results of an extension of
our spin-polarized ab initio SC energy-band studies
to the case of a ferromagnetic Fe(001) surface.
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Among our results, we find that the spin density
shows a strong Friedel-type oscillation which
results in a substantially enhanced magnetization at
the surface-layer plane. A much stronger surface-
spin magnetic moment on Fe(001) is in sharp con-
trast to the 20% reduction that we found on the
Ni(001) surface. In addition, we find a high densi-
ty of SS to lie between the bonding and antibond-
ing d-band complex and, in the case of minority
spin, to coincide with the Er. Some of these
results may be generalized to interpret experiments
performed on other surfaces of Fe where SC spin-
polarized band structures are not currently avail-
able. By comparison with bulk results, the surface
effects on the interpretation of a number of experi-
ments (including angle-resolved photoemission,'*
spin-polarized photoemission,!” spin-polarized tun-
neling,'® Mdssbauer spectroscopy,!’ electron cap-
ture,'® and anomalous Hall effects'®) are discussed.
In all cases studied we find our results to be in
good qualitative agreement with experiment.

II. METHOD

We use our new SC linear combination of atomic
orbitals method for an unsupported thin film,' and
a numerical basis set (3d, 4s, and 4p) orthogonal-
ized to the (frozen) core wave functions and sym-
metrized according to the symmetry of the two-
dimensional (2D) wave vector k. The non-muffin-
tin crystal Coulomb potential is constructed as a
superposition of overlapping spherically symmetric
atomic potentials; correspondingly, a superposition
of atomic charge densities is used to compute the

" local spin-density-functional exchange and correla-
* tion potential of von Barth and Hedin.® Atoms
up to 25 a.u. from the origin are included in the
direct lattice vector sums to construct the super-
postion potential and Bloch functions. Hamiltonian
and overlap matrix integrals are evaluated accu-
rately by means of a numerical three-dimensional
Diophantine integration. From solutions of the
secular equation, the charge and spin densities are
calculated by a linear analytical triangle scheme
(described earlier)! based on a sampling of 15 k
points in 1/8th of the 2D Brillouin zone (BZ). In
this scheme, the irreducible wedge of the BZ is di-
vided into 16 triangles, the energies of each spin
(ordered separately for states of even and odd sym-
metry with respect to reflection symmetry about
the center plane) are extrapolated linearly inside
each triangle and the cutoff of the Ey is incor-
porated exactly within the linear-energy approxi-

mation.

Self-consistency is obtained iteratively within the
superpostion of a spherically symmetric atomic
charge and spin-density model with the atomic
configuration as an adjustable fitting parameter.
The final SC potential minimizes the integrated
rms difference between the input superpostion and
output crystal charge densities (0.478 compared to
56 valence electrons in the unit cell). In the last
iteration, the layer-integrated input and output
charge and spin densities agree to within 0.03 elec-
trons and 0.03u g, respectively. As we discussed in
Ref. 3, these values may be considered as the max-
imum limiting uncertainties in the charge and spin
densities due to the extreme sensitivity of the out-
put charge density with respect to small changes in
the input charge density in the iterative procedure
toward self-consistency.

III. RESULTS
A. Energy-band structure and surface states

The majority- and minority-spin energy bands
along the high-symmetry directions in the 2D BZ
are shown in Fig. 1. In order to clarify the already
complex band structure, states of A,-Y,-=, sym-
metry are displayed separately above those of A;-
Y,-Z, symmetry. In addition, the wave functions
have either even or odd parity with respect to re-
flection about the central plane. For a given 2D
symmetry, only bands of opposite parity are al-
lowed to cross one another.

In this figure, the pairs of even and odd sym-
metry SS are denoted either as circles or as trian-
gles pointing toward each other if their degeneracy
is split due to the finite thickness of the film.
Based on Mulliken charge analysis, they indicate
states with more than 70% of their charge local-
ized on the first two surface layers.

The very important role of SS in modifying the
surface magnetization from its bulk value has been
demonstrated earlier in our study of a nine-layer
spin-polarized Ni(001) film.> Simply put, the Fer-
mi surfaces are modified as the SS split away from
the bulk continuum of states near Er. In some
cases additional electron or hole pockets are creat-
ed. Since SS are localized near the surface by de-
finition, only the top few atomic-layer spin magnet-
ic moments are affected. A very important result
shown in Fig. 1(a) is the position of E at the top
of the majority-spin d-band complex with practi-
cally no band gap and hence no S8 in the vicinity.
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FIG. 1. (a) Majority-spin and (b) minority-spin energy bands of seven-layer Fe(001) film along the high-symmetry
directions in the two-dimensional BZ. States of A,-Y,-3, and A;-¥,-3; symmetry are shown in the top and bottom
panels, respectively. SS with more than 70% of their charge localized on the first two surface layers are indicated by

circles and triangles.

By contrast, in Fig. 2(b), Er lies in the middle of a
large minority-spin band gap centered at M, 4 and
intercepts several SS of ¥,, 2,, and ¥; sym-
metries. These SS give rise to a sharp peak in the
minority-spin surface-projected DOS at Ey and are
mostly responsible for the enhancement of the
surface-layer magnetization on the Fe(001) surface.

B. Density of states

The layer by layer DOS projected by a Mulliken
analysis and smoothed by a Gaussian broadening
function of 0.3 eV full width at half maximum are
shown in Fig. 2. The center plane DOS agrees
very well with the bulk results of Callaway and
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FIG. 2. Layer-projected DOS including a Gaussian
broadening function of 0.3 eV full width at half max-
imum (FWHM). The bulk DOS of Wang and Callaway
(Ref. 21) for ferromagnetic Fe is shown in the bottom
panel for comparison.

Wang?! (bottom panels) while the surface plane
DOS shows some narrowing of the d-band width
and shifts of peak positions. As indicated in the
top panels, and made more explicit in Fig. 3 which
plots the difference between the surface and center
layer DOS, there is a high density of SS between
the bonding and antibonding d-band complex. As
can be seen in Figs. 2 and 3, E lies in the valley
of minority-spin bulk DOS (bottom panel on the
right of Fig. 2) which coincides with the maximum
of the corresponding surface-projected DOS (top
panel on the right). This result, which can be gen-
eralized to other surfaces of Fe, has profound influ-
ences in the interpretation of many experiments
(not necessarily limited to the (001) surface), as dis-
cussed in the following sections. Other interesting
consequences include possible surface phase transi-
tions,'® changes in superconducting transition tem-
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FIG. 3. Difference between the surface and center
layer DOS of seven-layer Fe(001) film. A Gaussian
broadening function of 0.3 eV FWHM has been includ-
ed.
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peratures, magnetism,?? etc., due to the enhance-
ment of the DOS at E near the surface. These
enhancements are most likely to occur near the
middle of the transition-metal series where Ej lies
in the valley of the d-electron bulk DOS; hence the
resulting maximum of the corresponding surface
DOS.

It is interesting to note that in Fig. 2, and more
explicitly by cross-hatched lines in Fig. 3, some of
the SS, which lie in the valley of the bulk DOS,
penetrate two layers below the surface (the atom
right below the surface atom in the bce structure)
as can be seen in the S-2 panel. This deeper
penetration of the SS, not noticeable in our earlier
studies of the Ni(001) surface,’ probably reflects a
stronger surface perturbation of the more open bce
structure where 50% of the nearest neighbors of a
surface atom are missing compared to a moderate
33% on the fcc Ni(001) surface. In order to con-
serve surface charge neutrality, these SS are usually
accompanied by a reduction of the lower bonding
and sometimes higher antibonding d-electron DOS
as indicated by the negative differences between the
surface and center layer DOS in Fig. 3. Thus the
surface d-band width is narrower.

C.. Charge densities, spin densities,
and magnetic moments

As an indication of the results obtained, we show
in Figs. 4 and 5 SC charge- and spin-density maps
on the diagonal body of the cube (vertical axis
along [001], i.e., on the (111) plane). As was found
for the Ni(001) surface, the charge density starting
at one layer below the surface plane is already
bulklike. Our results, together with the SC charge
densities found on other transition- and noble-
metal surfaces,! ~!° confirm the important idea of
“surface charge neutrality” which was widely
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FIG. 4. The self-consistent charge-density map in
units of 0.001 a.u. on the (110) plane. Each contour
line differs by a factor of V2.

recognized in earlier non-self-consistent empirical
LCAO calculations.?? Similarly, suppression of the
Friedel oscillation in the high-density limit was re-
ported in an earlier jellium calculation.?* This can
be understood as follows: Owing to the localized
nature of the 3d electrons, a very small amount of
charge transfer in or out of the surface amounts to
a fairly large surface dipole moment and an ex-
tremely long-range Coulomb potential. Thus, the
final SC potential must maintain a very delicate
balance of charge densities near the surface region.
This is also the basic reason that self-consistency is
so hard to achieve in transition metals. (In re-
sponse to a very small change in the input poten-
tial, a very large amount of the charge is washed in
and out of the surface and often leads to a diver-
gence in the iterative procedure toward self-
consistency.) This discussion also makes clear why
the existence of some SS is so sensitive to small
changes in the surface potential barrier.?’

In sharp contrast to the rapid healing rate of the
charge densities, the spin densities shown in Fig. §
exhibit a Friedel-type oscillation which penetrates

FIG. 5. Self-consistent spin-density map of seven-layer
of Fe(001) in units of 0.0001 a.u. on the (110) plane.
Each contour line differs by a factor of 2. The dashed
lines indicate negative spin density.

several layers from the surface plane. This is pos-
sible because the spin density is determined entirely
by the difference in exchange and correlation po-
tential between the two spin states which is of
much shorter range and is weaker in intensity than
is the spin-independent Coulomb potential. [An
example of the subtle differences between the
Coulomb effect and the exchange-correlation poten-
tials is seen in the differences in the SS on Ni(001)
(Refs. 3 and 6) and Cu(001) (Ref. 5). As in Cu, the
majority-spin Ni 3d states are filled, but the SS
found on Ni(001) remain as weak as those of either
the minority spin or the paramagnetic state while
the SS on Cu(001) are extremely strong. Thus the
different strength of the SS on Ni and Cu is deter-
mined primarily by their different charge densities
and Coulomb potentials; the exchange splitting as a
function of the spin density only plays a minor
role.]

In good agreement with the bulk results,'">!? the
spin density for a Ni(001) film? is larger along the
[101] direction than along [001] while the spin



density for an Fe(001) film is largest along the
[001] direction with similar magnitudes along the
[110] and [111] directions. Negative spin density,
shown as dashed lines, was found throughout the
interstitial region (including the surface layer) of
Ni(001) but only along the [110] direction close to
the surface and center planes on Fe(001) (cf. Fig.
5). Thus the spin density is positive in the outer
part of the Fe(001) surface in contrast to that of
Ni(001).

From the SC total charge and spin densities we
may determine layer plane distributions by a
nearest-volume numerical integration. Our results
for the seven-layer Fe(001) film are tabulated in
Table I together with our earlier calculation for a
nine-layer Ni(001) film.} Both calculations yield a
practically neutral charge density around each
atom while the spin density shows strong Friedel-
type oscillations. In the case of Ni, the spin mag-
netic moments close to the center plane are in very
good agreement with the experimental value?® of
0.56up and are slightly smaller than the theoretical
value (0.58u5) for bulk Ni.!! This was our origi-
nal reason for choosing a seven-layer-thick film to
study the Fe surface. Our results indicate, howev-
er, that a seven-layer Fe(001) film was not thick
enough to stabilize the Friedel oscillation nor to
yield the bulk magnetic-moment value for the
center layer. Thus we may expect only a semi-
quantitatively correct magnetic spin density at the
surface layer. In our calculation, we find an in-
crease from its bulk value?! of 2.16u5 to approxi-
mately 3up. As can be seen from Table I, this
result is in sharp contrast to the spin density on
the Ni(001) surface layer which was found earlier
to decrease to 0.42up from its bulk value of

TABLE 1. Layer plane distribution of charge and
spin densities for nine-layer of Ni(001) (Ref. 3) and
seven-layer of Fe(001) films.

Ni(001) Fe(001)

Layer Charge Spin Charge Spin
N 10.02 0.44 7.95 3.01
S-1 9.97 0.59 - 8.04 1.69
S-2 9.97 - 0.62 7.98 2.13
S-3 10.02 0.56
C 10.05 0.54 8.06 1.84
Bulk 10.00 0.582 8.00 2.15°

#Reference 11.
YReference 21.
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0.58up. The relatively large surface magnetization
of Fe(001) gave rise to some differences between the
SS of the majority and minority spins which can be
seen from the surface layer DOS shown in the top
panel of Fig. 2. As we discussed earlier, such a
difference was not seen in the surface layer DOS of
Ni(001) because its surface spin magnetic moment
is much smaller than that of Fe(001).

IV. COMPARISONS WITH EXPERIMENT

There are now a number of experimental results
on ferromagnetic transition-metal surfaces which
can be compared with the predictions of the calcu-
lations reported here. Of these, spin-polarized pho-
toemission is one of the important experiments
used to study the electron spin polarization (ESP)
for ferromagnetic metals. Earlier measurements on
polycrystalline samples of Ni, Fe, and Co showed
positive ESP which were proportional to their mag-
netization.”’ The importance of using single-
crystal surfaces was later demonstrated by Eib and
Alvarado?® who found a negative ESP for the
Ni(001) surface that changed sign abruptly within
0.1 eV of the threshold. Near threshold, as
Dempsey and Kleinman® pointed out, the conser-
vation of the transverse component of the wave
vector upon escape in the three-step photoemission
process would limit the contribution to regions
around T in the 2D BZ. Thus, although our sur-
face DOS is dominated by minority-spin electrons
at Ep, Fig. 1(b) shows that those SS lying halfway
from the T point to the M point along the 3,
direction should not contribute greatly to ESP at
threshold. We are not aware of any experimental
data on the Fe(001) surface.

Recent measurements of Eib and Reihl'® on
Fe(111) show a positive ESP (+60%) at Er which
drops linearly to 17% within 3 eV above threshold.
This was interpreted as consistent with an itinerant
model of ferromagnetism since the bulk DOS at Ex
is predominantly of majority spin. As discussed
earlier, we expect a large demnsity of minority-spin
SS at Er to exist on all surfaces of Fe. These SS
may not contribute much to ESP at threshold if
the magnitude of their wave vectors are large; but
they are important in accounting for the rapid
drop of ESP away from the threshold where the
ESP of the bulk DOS initially becomes more posi-
tive.

We have seen from Fig. 2 that the area below
the majority-spin surface-projected DOS (top
panels) integrated up to Er is much larger than
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that below the center plane or bulk results (bottom
panels), while the area below the minority-spin
surface-projected DOS is smaller. Thus the surface
magnetization on Fe(001) is substantially enhanced
in contrast to the 20% reduction that we found on-
the Ni(001) surface (cf. Table I). This result seems
to be supported by several experiments performed
on different surfaces of Fe. Let us first consider
the angle resolved photoemission experiment. In
contrast to the results of Ni where the measured
exchange splitting [0.3 eV(Ref. 30)] is only half
of the theoretical prediction [0.6 eV (Ref. 11)] for
the bulk system, the agreement between theory and
experiment is, in general, rather good for Fe.!*
The major deviation occurs along the Az;-P4-F;
direction where the exchange splitting at P, mea-
sured on the Fe(111) surface is larger than that of
the theoretical value?! of 1.34 eV for the bulk sys-
tem by approximately 0.3 eV. This result can be
interpreted as an indication of the contribution
from the relevant SS whose exchange splittings are
increased due to the enhancement of the surface
magnetization. Qualitatively, both of these results
may be viewed as consistent with anomalous Hall-
effect'” and spin-polarized tunneling'® experiments

using ultrathin Ni, Fe, and Co films: These experi- ,

ments agree in that Ni films become ferromagnetic
only for films thicker than 2.5 atom layers while a
monolayer of Fe or Co film already shows a mag-
netic moment. Further quantitative comparison of
our results with ultrathin film measurements are
limited by the possible influence of the interface be-
tween magnetic metal and nonmagnetic substrate.
Nevertheless, our results clearly rule out the possi-
bility of magnetic “dead layers” on Ni (Ref. 13) or
Fe (Ref. 31) metal surfaces.

Of course, the interpretation of spin-polarized
tunneling'® and field emission'?3? experiments
depends importantly on the precise details of the sp
electron-spin densities because the transition matrix
element for the extended sp electrons may be con-
siderably larger than those for the localized d elec-
trons. We have seen above that the Fe(001) and
Ni(001) spin densities show differing results, with
the Ni(001) showing negative spin density
throughout the interstitial region (including the
surface layer) but only along the [110] direction on
Fe(001).

Surface electron-spin densities may be probed by
Massbauer effect and electron-capture spectroscopy
(ECS) studies. In ECS experiments, '® unpolarized
swift deuterons impinge at grazing angles upon
clean single crystalline ferromagnetic surfaces and
capture spin-polarized electrons during reflection
and thus probe the exponential tail of the electronic
spin density at the surface. Recently, Rau'® report-
ed that his measured spin polarization of —64%
on Ni(001) surface agrees very well with our earlier
values of —55% (versus the center plane value of
—78%) for a nine-layer Ni(001) film. Our results for
Fe(001) in Fig. 5 indicate only positive spin densi-
ties in the outer part of the surface regions, again
in agreement with Rau’s results which show only
positive spin polarization in all directions.

Finally, enhanced surface magnetization on the
Fe(001) surface was also inferred from recent
Mossbauer measurements.!” A family of films with
a total Fe thickness of 60 A were constructed,
made primarily of isotopically pure *°Fe with a
very thin layer (4—10 A) of >Fe placed at different
depths in the film. Bulk values of the hyperfine
field of H, were obtained for >’Fe layers near the
middle of the film and significantly enhanced
values of H, were obtained for >’Fe layers near the
surface of the film. Furthermore, they found that
the average H, for 20-A-thick films at 4.2 K was
greater than the bulk value. Both of these results
are consistent with our prediction of an enhance-
ment of surface spin magnetic moments on
Fe(001).
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