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Spin Separation in a Metal Overlayer
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The electronic properties of a ferromagnetic Fe monolayer epitaxially adsorbed on a Ag(100) sub-
strate have been computed fully self-consistently. The minority d-band spin states of the Fe over-
layer were found to be separated energetically from the majority-spin band. The magnetic moment
per overlayer atom is 3.0p, g, 36/0 larger than that of bulk iron.

PACS numbers: 75.50.8b

We have carried out a calculation of the electronic
structure of an Fe monolayer on Ag(100) and have
found unusual and perhaps unique magnetic proper-
ties. Despite the tendency of nonmagnetic substrates
to quench ferromagnetism, we found a 36'/o enhance-
ment of the Fe magnetic moment in the monolayer
over that in bulk Fe. Further, we find spin splittings
of the Fe d bands of 2 to 3 eV. These splittings are
sufficient to completely separate the majority- and
minority-spin d bands of the Fe.

In the considerable literature on ferromagnetic over-
layers on nonmagnetic substrates (see Refs. 1 —6, and
references therein), no overlayer moment has been
found to be higher than that of the corresponding
bulk. Also spin separation of overlayer bands has not
been seen. Recent activity in magnetic overlayers was
initiated by Liebermann et al. 7 s They deposited Fe on
Ag, Cu, and Au substrates and reported magnetic
"dead" layers in the two Fe atomic layers closest to
the substrate. Dead layers were also found for Ni and
Co overlayers. These results were contradicted by a
number of other experimental findings. Walker,
Guarnieri, and Semper9 found no nonmagnetic layer
of Fe deposited on Ag{111),and similarly Bergmann'o
found that the first monolayer of Fe on Pb-Bi showed
a magnetic moment. More recently, Meservey,
Tedrow, and Kalvey" found ferromagnetism in Fe
only one atomic layer thick on Al as did Bergmann'2
for Fe on In, Sn, Pb, and Pd substrates. There is now
experimental evidence that one to two monolayers of
Ni on noble metals can remain ferromagnetic, 2 4'3
while Ni dead layers may be found'o "'2 on Pb-Bi, Al,
Mg, In, Sn, and Pb substrates. For the case of the
solid-vacuum interface, we know that the magnetic
moment of the surface layer of Ni(100) (see Ref. 14,
and references therein) and Fe {100) is actually
enhanced relative to the bulk. '

There are at least two competing factors affecting
the overlayer magnetic moment. Magnetic mo-
ments generally increase with decreasing coordination
number as illustrated in Table I. An overlayer has a
lower coordination number than the bulk, and it is
lower the higher the index of the plane. A nonmag-
netic substrate will generally tend to lower the moment
of the overlayer, and experimental evidence suggests

TABLE I. Magnetic moment per iron atom and total en-
ergy change due to spin polarization for various configura-
tions. The geometry for all configurations is {100).

Magnetic moment
(P s)

E(ferro) —E (para)
(eV/Fe atom)

Fe atom'
Fe monolayer"
Fe on Ag
Fe surface'
Ag on Fed
Fe bulk'

3.4
3.0
2.9
2.5
2.2

—1.3
—1.2

'The orbital angular momentum is assumed to be quenched as it is
in the solid.

At the Ag lattice constant 5.449 bohr. The bulk Fe lattice con-
stant would give a square surface lattice constant of 5.405 bohr.

'Reference 15. These authors report 2.98ps for the Fe(100) sur-
face layer computed within the muffin-tin spheres only. As the spin
density outside the spheres is largely negative, we infer the value
2.9.

Reference 16. Value is for top (interface) Fe layer.
'Re ference 17.

the substrate tends to be more effective the higher the
substrate sp-conduction-electron density. We suspect
that d-d coupling between the magnetic overlayer and
a nonmagnetic substrate could also act to lower the
overlayer moment significantly.

With the above in mind, we chose Fe on Ag(100) as
a likely candidate to have a relatively large moment on
the Fe overlayer. We suspected that the overlayer d
band would be sufficiently narrow so that it would not
overlap the Ag(100) d band, thus minimizing the d-d
coupling effect. The Fe-Fe spacing in the overlayer is
larger than that of the Fe bulk, which also reduces the
d-d coupling. The experimental results also suggest
that Fe is less sensitive than Ni to demagnetization ef-
fects coming from substrate-overlayer stpd hybridiza-
tion. In addition, Ag has a relatively low sp-
conduction-electron density. Finally, it is known's
that a monolayer of Fe can be grown epitaxially on
Ag {100),so the system can be realized experimentally.

The calculation was done using our self-consistent
local orbital method. '9 The method has been used to
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calculate the electronic structure of a number of d-band metal surfaces and interfaces and is established as an accu-
rate and reliable technique. In several instances our calculations have predicted the existence of surface-state
bands which were subsequently observed experimentally. o A spin-polarized version applied to the Ni(100} sur-
face'4 has yielded a structure in close agreement with those found using linear augmented-plane-wave schemes.
The Ceperley-Alder ' local-density expression for the exchange-correlation potential was used. The calculation
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FICr. 1. Electron energy bands along high-symmetry directions for a monolayer of Fe on Ag(100I. Majority-spin bands are
on the left and minority-spin bands are on the right. In (a) are those bands that are odd with respect to reflection in the mirror
plane perpendicular to the surface and (b) exhibits the even bands. The Fe d bands lie essentially within the horizontal solid
lines. The solid (dashed) energy bands correspond to wave functions symmetric (antisymmetric) with respect to reflection in
the z =0 plane.
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was carried out for a thin film consisting of seven
layers of fcc Ag{100) with monolayers of fcc Fe(100}
epitaxially adsorbed on either side of the film. The
Ag-Fe plane spacing was reduced from the fcc Ag-Ag
spacing by 0.508 bohr to account for the smaller atom-
ic diameter of Fe.

The resulting energy bands are shown in Fig. 1. The
majority-spin bands are given in the left panels and the
minority-spin bands are on the right. Figure 1(a) ex-
hibits those bands which are even with respect to re-
flection in the mirror plane and 1(b) the odd bands.
The Fe d bands are essentially contained between the
horizontal solid lines. We see that the Fe d bands lie
above the Ag d bands and are quite narrow. Also note
that the Ag minority-spin d bands differ relatively little
from the majority-spin bands, while the sp bands show
larger differences. The most striking feature of Fig. 1

is the large splitting between minority- and majority-
spin d bands of Fe. This splitting is slightly larger than
the Fe d-band width, leading to a separation of
majority- and minority-spin bands.

This separation is depicted in Fig. 2 in terms of
minority- and majority-spin densities of states as pro-
jected on the Fe overlayer. From this plot it is clear
that the two spin bands are resolved in the overlayer,
and this is the only example of such a separation in a
ferromagnetic overlayer on a nonmagnetic substrate to
our knowledge.

Because the Fe d bands do not overlap the Ag d
bands even after spin polarization, one would not ex-
pect spin polarization to have a large effect on the
binding of the Fe to the Ag. The total energy differ-
ences (ferromagnetic minus paramagnetic) listed in
Table I bear this out. We see that while the total ener-
gy of the FelAg(100) system is lowered by 1.2 eV per
Fe atom as a result of spin polarization, that of the iso-
lated Fe(100) monolayer is lowered by 1.3 eV. Thus
the change in binding energy of the Fe layer to the Ag
is —0.1 eV; i.e., the bond is weakened slightly.

Let us now consider the magnetic moments per
atom in the film. The Ag atoms all have magnetic mo-
ments less than 0.03p, B. The Ag seems very hard to
spin polarize, as expected. The Fe atoms have mag-
netic moments of 3.0p, a. We calculate 3.4p, a for an
isolated Fe(100) monolayer using the Ag(100} lattice
spacing. The lowering of the magnetic moment from
3.4p, a when the isolated Fe(100) monolayer is placed
on the Ag(100) surface is due to the effect of the non-
magnetic substrate. There is a charge transfer to the
Fe of 0.15 electrons, which helps to lower the Fe mo-
ment. It is interesting that the magnitude of this
suppression is very close to the increase due to
lowered coordination number for the isolated mono-
layer relative to the surface layer'~ of Fe(100) (0.4p, B
vs 0.5p, a, respectively; see Table I).

It is informative to compare the Fe on Ag {100}case
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with the case of Ag on Fe(100) (Ref. 16). We see
from Table I that the magnetic moment of the Fe
overlayer is 20'/o larger than that of the Fe interface
layer. Clearly the Fe coordination is lower for Fe on
Ag(100) than for Ag on Fe(100), helping to increase
the magnetic moment. Note the suppression due to
the presence of the nonmagnetic Ag(100) substrate is
the same as that due to a Ag(100) overlayer (0.4p, a).
This is at first thought surprising, because one might
expect the d-d coupling between the Ag and Fe to be
larger for Ag on Fe{100}than for Fe on Ag(100} due
to larger d-band overlap in the former case. However,
the d-band overlap turns out to be quite small for Ag
on Fe (100) as well. '6 2 Presumably the magnetic
suppression is primarily due to Ag(sp)-Fe(d) hybridi-
zation in both cases, which may explain why it has the
same magnitude.

The unusual magnetic properties we calculate for Fe
on Ag (100} make it a prime candidate for study using
spin-polarized photoemission or other spin-sensitive
probes. The separation of the Fe spin bands should be
easily observed and confirmed in such experiments.
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bands as projected on the Fe monolayer,
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