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Using a scalar-relativistic norm-conserving pseudopotential and a Gaussian-orbital expansion, we
have calculated the cohesive energy of a Mo monolayer film at seven diff'erent lattice constants a.
For a & 5.545 bohrs a ferromagnetic state lies below the paramagnetic, but for a ~ 5.147 bohrs the
antiferromagnetic state lies lowest.

Heine and Samson' (HS) have shown, within the tight-
binding approximation, that the beginning and end of a
transition-metal series have a propensity toward fer-
romagnetism while the middle of the series tends toward
antiferromagnetism. This is the case for the bulk 3d
series where Cr and Mn are antiferromagnetic and Fe,
Co, and Ni are ferromagnetic. A glaring exception is Gd
which is ferromagnetic although in the middle of the 4f
series. This, however, is a consequence of an indirect-
exchange interaction which was not considered by HS.
Because of their narrower energy bands, monolayer films
are more likely to be magnetic than bulk crystals and
thus allow the HS theory to be tested for elements that
are not normally magnetic. For example Bliigel,
Weinert, and Dederichs have performed ab initio calcu-
lations of V, Cr, Mn, Fe, Co, and Ni monolayers on Pd
and Ag substrates and found V belongs in the antiferro-
magnetic group. The weight of experimental evidence is
on the side of V on Ag being antiferromagnetic or non-
magnetic although Rau et al. find it ferromagnetic.

As far as we know there are no ab initio calculations of
the magnetic properties of 4d transition-metal films in the
published literature. We here report the results of such a
calculation for a free-standing Mo(001) monolayer film as
a function of its lattice constant a. We use the same rela-
tivistic norm-conserving pseudopotential that we used
for bulk Mo except that we do not include the spin-orbit
term. We use an expansion of 56 Gaussian Bloch basis
functions in the paramagnetic and ferromagnetic cases
and twice as many in the antiferromagnetic. These con-
sist of the four atomic s, p, and d Gaussians used by
Chan, Vanderbilt, and Louie in their bulk Mo calcula-
tion, one additional set of long-range atomic s and p
Gaussians and two sets of s and p Gaussians in the hollow
sites above and below the plane of the monolayer. These
three new Gaussian exponents (the same Gaussians are
used for all spherical harmonics as in Ref. 9) as well as

the distance of the Qoating Gaussians from the plane
were adjusted for each lattice constant to minimize the
sum of the occupied one-electron eigenvalues in a
zeroth-order potential constructed from a superposition
of spherical unpolarized atomic charge densities. In Fig.
1 we show the two-dimensional Brillouin zone (BZ) and
the 21 points which we sample in the —,

' irreducible wedge
which represent 144 points in the full BZ. Also shown is
how this BZ folds back into the smaller antiferromagnet-
ic BZ leaving 12 points in the wedge. Sampling
equivalent k's eliminates one source of relative error in
comparing the ferromagnetic and antiferromagnetic
cohesive energies.

We used Kohn-Sham' exchange and Wigner" correla-

FIG. 1. Brillouin zones for monolayer Mo(001) film. The
large square is the paramagnetic and ferromagnetic BZ and the
small square is the c(2X2) BZ of the antiferromagnetic film.
The 21 k points in the —' irreducible wedge at
k=(1+2n, 1+2m, 1+2p)m. /12a are displayed. Of these, 12 are
in the c(2X2) BZ.
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tion, spin polarized in the manner of von Barth and
Hedin. ' We used a supercell configuration with 3ao be-
tween atomic planes where a0=5.943 bohrs is the bulk
lattice constant. This allowed us to calculate the cohesive
energy exactly as we did for the bulk crystal rather than
using the somewhat more complicated thin-film
method. ' We fit the charge density and exchange-
correlation potential at 4500 random points in the unit
cell. Of these, 208 are on a radial mesh at random angles
within a sphere of radius a/4 around the atom. Of the
remaining points, three-fourths are taken to lie within
3ao/4 of the atomic plane. The fitting functions consist-
ed of 306 symmetrized combinations of plane waves and
72 Gaussian lattice harmonics, up to ( =8, for the largest
a. For smaller a's the fit became numerically unstable so
we cast out the longest-range Gaussians as needed, end-
ing up with 54 at the smallest a. For the antiferromag-
netic unit ceil, both the number of fitting points and
fitting functions are doubled. In the antiferromagnetic
case we take the (n +1)st input potential to be

V;"„+'(r,o ) = V,"„(r,o )+a„b,,"„(r,o )+P„b,,"„„(r,o ),
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where

5"(r,o )= V,"„,(r, o ) —V;"„(r,o ) . (2)

FIG. 2. The cohesive energy for the paramagnetic (0), anti-
ferromagnetic (0 ), and ferromagnetic (0) Mo(001) films at the
lattice constants listed in Table I.

The difference between the nth iteration's spin-
dependent' input and output potentials is separated into
parts symmetric and antisymmetric under inversion
through a point midway between the two atoms in the
unit cell. Since only the spin density but not the charge
density is difFerent on the two atoms, b,,"„„(r,o ) arises
only from V„„ the exchange-correlation potential. Un-
like the Coulomb potential, this is an antiscreening po-
tential in the sense that if V„,,„t is more negative in some
region than V„",;„and therefore V„",+;„' is made more nega-
tive in that region, charge will Bow i.nto that region mak-
ing V„",+,'„, still more negative. If a„ in Eq. (1) is taken
much larger than 0.3, succeeding 6, 's will alternate in
sign and grow whereas P„=2 is typically used and it can
occasionally be taken to be even larger. If we did not
separate 5" into symmetric and antisymmetric parts, we
would have to use a common a„=0.3 and the conver-
gence of the antisymmetric part of the potential to self-

consistency would be interminable. '

In Table I are listed the cohesive energies for the
paramagnetic, antiferromagnetic, and ferromagnetic
states at seven different lattice constants. These are also
plotted in Fig. 2. The cohesive energy is defined to be

Ecr/sta1 Eatom where Eatom $6 ]77 04 Ry
calculated binding energy of the spin-polarized atom
without the spin-orbit term. Thus as a ~~ in Fig. 2 the
ferromagnetic and antiferromagnetic curves approach
zero but E~'h'~4. 193 eV, the difference between the
spin-polarized and unpolarized atomic energies. Note
that only the paramagnetic state exists at the equilibrium
value, a =4.5 bohrs and that this equilibrium nearest-
neighbor distance lies between that of the bulk crystal,
a =&3ao/2=5. 147 bohrs and the experimental value'
of the Mo2 bond length Ra=3.65 bohrs. Note also that
local density calculations' for Mo2 find that the dimer,

TABLE I. Cohesive energy at several lattice constants for paramagnetic, antiferromagnetic, and fer-
romagnetic states of Mo monolayer. The magnetization is given in Bohr magnetrons for the ferromag-
netic case.

a (bohrs)

4.125
4.400
4.636
5.147
5.545
5.943
6.615

E„'„'8 ( V)

4.200
5.070
4.995
4.017
2.927
1.838
0.172

EAFM (eV)

4.079
3.235
2.520
1.527

(eV)

2.941
1.994
1.172

MFM y+

0.423
2.769
4.843
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