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Prediction of Strongly Enhanced Two-Dimensional Ferromagnetic Moments on
Metallic Overlayers, Interfaces, and Superlattices
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Strongly enhanced two-dimensional ferromagnetic moments are predicted for 3d bcc transition
metals as overlayers and/or sandwiches and superlattices with Au and Ag. These range (in Bohr
magnetons) from (i) 3.70 for Cr/Au(001), 2.96 for Fe/Ag(001), and 2.0 for V/Ag(001) for the
overlayers, to (ii) 3.10 for the Au/Cr/Au sandwich and 2.95 for the Cr/Au superlattice, and to (iii)
3.1 for Cr on Fe/Au(001) and 2.30 for Fe on Cr/Ag(001). Surprisingly, a sizable moment
(0.14p,a) is induced onto neighboring Au atoms. The noble metals play an optimal role as an al-
most ideal substrate which allows two-dimensional magnetism to occur.

PACS numbers: 75.30.—m, 73.40.—c, 73.60.Dt

Magnetism at surfaces and interfaces of transition
metals continues to attract considerable experimental
and theoretical attention. The reduced symmetry, the
lower coordination number, and the availability and
role of highly localized surface and interface states
offers the possibility of inducing new and exotic
phenomena and may hold out the promise of new de-
vice applications. A key question and goal has been
the possibility of inducing two-dimensional (2D)
magnetism in a controlled way. The availability of re-
cently developed sophisticated synthesis and character-
ization techniques makes observation of such
phenomena in laboratory-made structures such as
overlayers, epitaxial sandwiches, and modulated struc-
tures (artificial superlattices) a challenging possibility.
Concurrently, all-electron theoretical approaches have
been developed —notably the total-energy full-
potential linearized augmented plane-wave (FLAPW)
method —which give highly precise descriptions of
the electronic, magnetic, and structural properties of
thin films and bulk solids. The lively interplay of
theory and experiment has already yielded interesting
results. Thus, for example, enhanced magnetism at
Fe,2 Ni, 3 and Cr 4 surfaces has been predicted and ob-
served. As regards interface magnetism in, say, bime-
tallic systems, however, it is generally believed and (so
far) observed that in the absence of large negative-
pressure effects, such as arise from lattice parameter
mismatches, s a nonmagnetic metal would diminish the
magnetism, if any, of the other metal.

We report here results of extensive FLAPW investi-
gations which predict enhanced 2D magnetism in a
number of transition-metal —noble-metal systems. Our
findings include the unexpected theoretical prediction
of (i) very large ferromagnetic moments (3.70p, a/
atom) in monolayers of Cr on Au(001), (ii) the fer-
romagnetism of monolayers of V and Fe on Ag(001)
and Fe on Cu(001), all with substantial moments
(2.0p, a, 2.96p,a, and 2.85p, a, respectively), (iii) the re-
latively small reduction of the Cr magnetic moment
(to 3.10p,a/atom) when sandwiched between Au layers

or when formed into a Cr-Au superlattice with Au of
varying thickness, and (iv) a sizable magnetic moment
[(0.10—0.14)p, a] induced onto neighboring Au atoms.
These results are all the more remarkable when com-
pared with the bulk versus surface (001) values for the
clean transition metals: (0.59 versus 2.49)p, a for Cr, 4

(2.15 versus 2.98)p, a for Fe, 2 and (0 versus 0)p, a for
V.6 Further, the consistency of the results indicates
that true 2D magnetism is formed in these systems.
These predictions, thus far on only a fraction of vari-
ous combinations possible, are part of a growing litera-
ture which indicates the range and wealth of magnetic
phenomena available for experimental investigation by
a variety of techniques.

The all-electron local-spin-density-functional equa-
tions are solved self-consistently by means of the
FLAPW method' (for single slab geometry) and the
linear muffin-tin orbital method7 (for the coherent
modulated structure). In both approaches, the core
electrons are treated fully realtivistically, and the
valence states are calculated semirelativistically. For
the seven- (nine-) layer slabs, lattice harmonics with
angular momentum components 1» 8 are included to
describe the charge and potential within the touching
muffin-tin spheres: The wave functions are expanded
in about 2 x 300 (350) LAPW basis functions. We em-
ploy9 the explicit form of von Barth and Hedin for the
local spin exchange-correlation potential and the
Hedin-Lundqvist potential for the paramagnetic case.

Consider first the Cr -Au„system for which a large
number of configurations have been investigated for
different numbers of atomic layers, m and n When.
the plane of Au(001) is rotated by 45' with respect to
that of Cr(001) there is an exact matching'0 of their
primitive 2D square nets, because the experimental
lattice constant of Cr (2.88 A) is exactly a factor of J2
smaller than that of Au (4.08 A); the stacking has
atoms in the fourfold hollow site of adjacent atomic
planes. Since the work of Brodsky et al. 'o has raised
the possibiilty of the formation of fcc Cr when
sandwiched by Au, we first carried out FLAP& total-
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energy determinations of the Cr-Cr, Cr-Au, and Au-
Au interlayer spacings. We found that (i) just one
layer away from the Cr/Au interface, the Au fcc struc-
ture and the Cr bcc structure are retained; (ii) the Cr-
Au interlayer spacing is close to the average of the
bulk bcc Cr and fcc Au spacings —a result long
suspected by materials scientists.

Selected results for the magnetic moments calculat-
ed within each atomic sphere at the Au/Cr interface
are presented in Table I. As an aid in understanding
the underlying physics and to emphasize its 2D nature,
we focus first on results for the experimentally unat-
tainable free monolayer Cr(001) film. A large mag-
netic moment of 4. 12@,B is obtained which is close to
the atomic limit and substantially larger than that of
bulk antiferromagnettc Cr metal (0.59pB). This is
simply related to the band narrowing of the d band due
to the reduced coordination number and lower sym-
metry for the monolayer. Surprisingly, when a mono-
layer of Cr(001) is deposited onto Au(001), the mag-
netic moment of the Cr overlayer decreases by only a

small amount from the free monolayer value to
3.70p, a. This extremely large moment —the largest
value reported for a transition metal other than for
Mn —is 50% greater than that of the surface layer in
Cr(001) predicted theoretically4 (2.49p, q) or derived
experimentally (2.4p, B). Also surprising is the finding
that this substantially enhanced moment is only
moderately reduced (to 3.10p,a) when the Cr overlayer
is itself covered by a Au layer. A very similar result
was obtained, 2.95p, B per Cr atom, when the (lx 1)
Cr/Au coherent modulated structure was studied with
the linear muffin-tin orbital approach (Table I). Since
Cr is a notorious getter, the retention of this enhanced
2D magnetization in either the single sandwich or su-
perlattice structures might make its observation much
easier. Further, additional studies (not reported here)
show that the Cr magnetic moment is hardly affected
by the increase of Au thickness; more layers of Au
tend to reduce the antiferromagnetic coupling between
the ferromagnetic monolayer sheets in the superlattice
geometry. Thus, there is the added degree of freedom

TABLE I. Theoretical layer by layer magnetic moments (in p, a) for specified cases (with
estimated uncertainties of +0.03pa). S and (S—n) indicate surface and subsurface
layers. The last column shows the spin-polarization energy (in eV). CMS, coherent
modulated structure.

Cr Nearest Au
E(para. )

—E(spin-pol. )

Cr monolayer
I Cr/Au(001) overlayer
2 Cr/Au(001)

Au/Cr/Au(001) sandwich

(1x I) Au/Cr CMS

Fe monolayer
I Fe/Cu(001)
I Fe/Ag(001)
2 Fe/Ag(001)

Ag/Fe/Ag
Au/Fe/Au

I V/Au(001)
1 V/Ag(001)
2 V/Ag(001)

Ag/V/Ag

Cr/Fe/Au (001)

Fe/Cr/Ag (001)

4.12
3.70
2.90 (S),

—2.30 (S—I)
3.10

2.95

Fe

3.20
2.85
2.96
2.94 (S),
2.63 (S —I)
2.80
2.92

V

1.75
1.98
1.15 (S),

(005 (S—I)
0

3.10 (Cr),
—1.96 (Fe)

2.3O (Fe),
—2.4O (Cr)

~ ~ ~

0.14
—0.08

0.14 (S),
0.13(S—2)
0.10

Nearest Cu, Ag, Au

~ ~ 4

0.04
0
0.05

0
0.08

Nearest Ag, Au

0.04
0.06
0

—0.04 (Au)

—0.09 (Ag)

1.69
0.78
0.60

0.38

0.25

1.34
0.70
1.14
1.15

0.88
0.97

0.10
0.14
0.08

0.68

0.52
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netically ordered with a sizable magnetic moment
(1.98p, a) which is almost as large as the moment of Fe
in bulk Fe. (If confirmed, this will be the first solid
material for which elemental vanadium demonstrates
magnetic ordering. ) The origin of magnetic ordering
is not negative pressure since, in fact, the matching to
the Ag(001) substrate results from a reduced lattice
constant for V by 5'/o. For both the Fe and V over-
layers, we find —despite some hybridization between
the d bands of the adsorbate and substrate —that the
adsorbate-localized surface state bands retain their
quasi-2D behavior for these systems. This behavior is
further demonstrated for a monolayer of Fe
sandwiched by Ag(001). The magnetic moment of Fe
is only slightly decreased from that of the overlayer of
Fe/Ag (001) to 2.80p, a. [Similarly, a moment of
2.92p, B on the Fe site is found for an Au/Fe/Au(001)
sandwich. ] However, when a monolayer of V(001) is
sandwiched by Ag(001), the vanadium layer becomes
paramagnetic. Apparently, the hybridization with Ag
further reduces the LDOS of V near EF and results in
a Stoner factor which is just less than 1 (the exchange
correlation parameter for V is 0.4 eV).6

The sensitivity of the magnetic ordering of V to its
metallic environment is further illustrated by calcula-
tions with two layers of V on Ag (001): In this case the
interface layer atoms remain essentially in the
paramagnetic state and the surface layer has a moment
of 1.15p,s which is substantially reduced from that of
the single-overlayer value (1.98p,B). We thus have
the result that a Ag substrate is more amenable for the
magnetism of a V monolayer than is another V layer.

In Table I we also list the change of total energy due
to spin polarization. In all cases, the magnetic state
has a lower energy than that of the paramagnetic state.
Moreover, we find that the effect of charge transfer is
small —less than O. le from the noble to the transition
metals —again reflecting their well-separated d bands.

There is a great wealth of other interesting possibili-
ties. As illustration, we close with results of two such
cases based on systems considered above: (i) For an
overlayer of Cr on Fe/Au(001) the Cr moment is
enhanced to 3.1p,~ [which is smaller than the 3.7p, B for
Cr on Au(001) but larger than the 2.49p, B for the sur-
face layer of Cr(001)]. However, the Fe, now an in-
terface layer, has its moment reduced to —1.96p, B as a

result of hybridization. (ii) For an overlayer of Fe on
Cr/Ag(001), the Fe moment is reduced to 2.3p, B [i.e.,
smaller than either the value, 2.96p, B, for Fe/Ag(001)
or that for the surface layer of Fe(001), 2.98p, a]. The
interface Cr layer has a moment of —2.4p, B which is
larger than that of the Fe surface layer.
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