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Local density functional calculations are used to investigate the structural, cohesive, and magnetic properties
of Ni, Co, and Fe on various orientations of the W surface. We found that all these elements wet all the W
surface orientations for at least one monolayer so that thermodynamically stable ultrathin coatings of these
elements can be formed. However, the magnetic properties are strongly orientation dependent. We will see that
thermodynamically stable and ferromagnetic ultrathin coatings with large differences between the majority-
and minority-spin density of states near the Fermi level may be realizable for some of these 3d metals on some
orientations of the tungsten surface.
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I. INTRODUCTION

The magnetism and other physical properties of ultrathin
magnetic layers have attracted a lot of attention from theo-
rists and experimentalists,1–4 not just because of their funda-
mental importance as a physics problem, but also because of
many plausible applications.5 In this paper, we report some
theoretical calculations that address the properties of thin
magnetic layers grown on top of various orientations of the
W surface. Instead of focusing on one single system, we
investigated and compared the energetics and surface mag-
netisms of three 3d elements on three different orientations
of the refractory metal substrate. This comprehensive study
establishes a systematic trend of behavior and offers us a
better feeling of the physics governing the thermodynamics
and magnetic properties of ultrathin magnetic films on re-
fractory metal surfaces. These studies also shed some light
on whether these systems may be used a source of spin-
polarized electrons in field emission.6 We note that while
refractory metals are frequently employed as field emission
tips, they cannot be used as spin-polarized electron sources
since they are not magnetic. However, refractory metal tips
coated with a thin layer of magnetic film may have the po-
tential of being developed into a source of spin-polarized
electrons. That requires that the coating layer be stable, be
magnetic, and have a significant difference between the
majority- and minority-spin density of states near the Fermi
level. We will see that ultrathin films of some 3d metals on
W surfaces can satisfy these necessary conditions.

II. METHOD OF CALCULATION

The calculations are performed using the computer pro-
gram WIEN2k,7 an implementation of the full-potential linear
augmented plane-wave method8 �FLAPW� based on density
functional theory.9 For the exchange and correlation potential
we used the Perdew-Burke-Ernzerhof �PBE� generalized gra-
dient approximation �GGA� form.10 The scalar relativistic
treatment including the velocity and Darwin terms was

adopted in our calculation. Spin-orbit coupling was not in-
cluded; therefore, the orbital magnetic moment is not calcu-
lated. The magnitude of the orbital magnetic moment was
estimated to be around 0.1�B.11 We used the repeated geom-
etry to model the surface systems. The W substrates are mod-
eled by 5- and 7-layer slabs for the W�100� and W�110�
orientations, and 7- and 11-layer slabs are used for W�111�.
The surface unit cell is p�1�1�, and therefore we have re-
stricted ourselves to ferromagnetic states of the magnetic
film. Since we are looking for thin-film magnetism, the coat-
ing layer elements are chosen to be elements like Ni, Co, and
Fe, which are magnetic in the bulk. The coating overlayers
are pseudomorphoic and are put on both sides of the sub-
strate W slab. The vacuum thickness is 10 Å. All atomic
coordinates are fully relaxed. The atomic relaxation is impor-
tant since surface magnetism is rather sensitive to the inter-
layer distance between the overlayer and substrate. For the
�100� and �110� orientations, we have considered overlayer
thicknesses of one and two monolayers, while for the �111�
orientation, we have considered the adsorption of one, two,
and three monolayers. The k-point sampling is 16�16�1
for �100� and �110� orientations and 12�12�1 for �111�
orientation. The radius of the muffin tin is 2.3 a.u. for W
atoms and 2.0 a.u. for Fe, Co, and Ni atoms. A plane-wave
cutoff energy of 16 Ry and convergence criteria for energy
of 10−5 Ry are selected. All the interlayer distances were
fully relaxed by computing the Hellmann-Feynmann forces,
until the maximum force acting on the atoms was smaller
than 5 mRy/a.u. As a test, calculations with various vacuum
thicknesses, plane-wave cutoff energies, and k-point sam-
pling were performed and magnetic moments are found to
converge to 0.1�B and the heat of formation is converged to
0.01 eV.

III. RESULTS

Our results are summarized in Table I, in which we list
the magnetic moments �in �B� of the coating layer atoms and
the heat of formation of the overlayer. Results are shown for
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TABLE I. Magnetic moment and heat of formation. Here, a negative value of the heat of formation means
stable adsorption.

Magnetic moment ��B�

Heat of
formation �eV�Overlayers W

1Fe/5W�100� 1.89 −0.22 −0.61

1Fe/7W�100� 1.78 −0.20 −0.57

2Fe/5W�100� 2.73 1.90 −0.23 0.00

2Fe/7W�100� 2.75 1.92 −0.21 0.01

1Co/5W�100� 0.09 0.00 −0.72

1Co/7W�100� 0.06 0.00 −0.70

2Co/5W�100� 1.75 1.51 0.01 0.22

2Co/7W�100� 1.73 1.49 0.02 0.25

1Ni/5W�100� 0.00 0.00 −0.86

1Ni/7W�100� 0.00 0.00 −0.82

2Ni/5W�100� 0.00 0.00 0.00 −0.15

2Ni/7W�100� 0.00 0.00 0.00 −0.13

1Fe/5W�110� 2.45 −0.10 −0.23

1Fe/7W�110� 2.46 −0.09 −0.22

2Fe/5W�110� 2.80 2.29 −0.10 0.01

2Fe/7W�110� 2.81 2.28 −0.09 0.00

1Co/5W�110� 1.40 −0.03 −0.08

1Co/7W�110� 1.51 0.00 −0.03

2Co/5W�110� 2.02 1.69 0.01 0.30

2Co/7W�110� 2.01 1.69 0.03 0.31

1Ni/5W�110� 0.00 0.00 −0.38

1Ni/7W�110� 0.00 0.00 −0.38

2Ni/5W�110� 0.71 0.14 −0.02 0.44

2Ni/7W�110� 0.79 0.20 0.00 0.45

1Fe/7W�111� 2.30 −0.30 −0.53

1Fe/11W�111� 2.10 −0.24 −0.47

2Fe/7W�111� 2.73 2.06 −0.16 −0.18

2Fe/11W�111� 2.73 1.81 −0.22 −0.09

3Fe/7W�111� 2.72 2.60 2.52 −0.14 0.37

3Fe/11W�111� 2.71 2.58 2.50 −0.15 0.38

1Co/7W�111� 1.23 −0.05 −0.49

1Co/11W�111� 0.76 −0.04 −0.44

2Co/7W�111� 1.69 1.05 −0.01 0.02

2Co/11W�111� 1.69 0.79 −0.03 0.08

3Co/7W�111� 1.68 1.88 1.51 0.02 0.59

3Co/11W�111� 1.65 1.84 1.47 0.01 0.64

1Ni/7W�111� 0.00 0.00 −0.79

1Ni/11W�111� 0.00 0.00 −0.74

2Ni/7W�111� .00 0.00 0.00 −0.21

2Ni/11W�111� 0.00 0.00 0.00 −0.20

3Ni/7W�111� 0.43 0.43 0.18 0.10 0.40

3Ni/11W�111� 0.40 0.37 0.15 0.09 0.43

HUANG et al. PHYSICAL REVIEW B 72, 075433 �2005�

075433-2



one and two monolayers of Fe, Co, and Ni on the �100� and
�110� orientations and from one to three monolayers on the
�111� orientation. In our calculations, the heat of formation
per overlayer atom is defined as

1

2
�E�slab+overlayer� − Eslab − 2Ebulk� , �1�

where E�slab+overlayer� is the total energy of the slab plus an
additional two-dimensional �2D� pseudomorphoic overlayer
of Fe, Co, or Ni covering either side the substrate slab. Eslab
is the energy of the slab without the overlayer, and Ebulk is
the energy of the overlayer element in the bulk environment.
There is a factor of 2 that premultiplies the Ebulk because we
are putting overlayers on both side of the slab in a �1�1�
surface unit cell so that we are adding two overlayer atoms to
the supercell for every monolayer that is added to one side of
the slab. Similarly, the factor of 1

2 is to account for the fact
that we have two surfaces in our symmetric slab geometric.
The heat of formation defined this manner basically com-
pares the energy of two systems: �i� the overlayer forming a
2D pseudomophic layer coating the substrate and �ii� the
overlayer elements clump up to form a 3D macroscopic is-
land of its own, leaving the substrate exposed to vacuum. If
the former has lower energy than the latter �H�0�, the over-
layer will wet the substrate. By computing this heat of for-
mation for each additional overlayer and monitoring when
this number goes positive, we can tell when the growth mode
would change from layer by layer to 3D island formation.
From the values shown in Table I, we see that one monolayer
of all three 3d metals wets the W substrate for all three
orientations we considered. The heat of formation is less than
0.4 eV for the �110� orientation and somewhat higher for the
more open �100� and �111� orientations. This is consistent
with the high surface energy of W. W does not want to ex-
pose its atoms to the vacuum, and the surface energy be-
comes lower when the surface is covered by 3d metal atoms
which have lower surface energies. For the absorption of the
second layer on both the �110� and �100� orientations, the
heat of formation either becomes positive or just slightly
negative. This means that in the more compact surface ori-
entations, the first layer already shields the second layer from
bonding with the W substrate. For the �111� orientation, both
the first and second layers of Fe and Ni wet the W substrate.
It is because the �111� orientation is rougher and more open
than the other two orientations. Summarizing, we see that
these magnetic 3d metals wet the W surface at different ori-
entations with at least one monolayer to form thermodynami-
cally stable films. It is of course possible to form thicker
overlayer films that are metastable if the deposition is carried
out at lower temperatures.

The surface magnetic properties of these overlayers are
also shown in Table I. We show the magnetic moments, in
Bohr magneton units ��B�, for the overlayer atoms and the
top layer of the W substrate. From Table I, we observe some
obvious trends. First, the magnetic moments for the same
thickness and orientation are always going in the order Fe
�Co�Ni. This agrees with the trend in bulk magnetism of
these elements. The calculated magnetic moments for bulk

Fe, Co, and Ni are 2.27, 1.70, and 0.62, respectively, in good
agreement with the experimental values of 2.22, 1.72, and
0.61. The results for relaxed atomic geometries for Fe, Co,
and Ni on W surfaces are shown in Table II. The relaxations
of the interlayer spacings are stated with respect to the inter-
layer distances of bulk W�001�, W�110�, and W�111� layer
spacings, respectively, where �d0 is the relaxation of the
interface layer spacing between adatom and W and �dn and
�d−n are for the layer spacings that are n layers away from
interface in the adatom film and W substrate, respectively.
For the case of Fe on W�110�, our results are in good agree-
ment with the previous calculations12 and the experimental
data.13

We see that the first and second Ni monolayers on W�100�
and �111� and the first monolayer of Ni/W�110� have no
magnetic moments. This is consistent with the weaker bulk
magnetism of Ni. Another important factor is the higher co-
hesive energy of Ni on the W surface than the other two
elements, indicating a stronger interaction and hybridization
between the Ni and W orbitals. This shows that the proximity
effect of the substrate is important and can make thin over-
layers magnetically dead if the binding is strong between the
overlayer elements and the substrate. The only case that Ni is
magnetic on W is for two layers on top of W�110� and three
layers on top of W�111�. In these cases, we note that the heat
of formation is already positive, which means that they are
only thermodynamically metastable. If this configuration can
be realized at low temperatures, the Ni film is ferromagnetic.
The very fact that the heat of formation of the second layer is
positive implies that the first Ni layer already shields the
second Ni layer from bonding with the W substrate. It is not
then surprising that the second layer becomes magnetic.
When we compare the three orientations, we see that
X /W�110� �X=Fe,Co,Ni� has consistently higher moments
than X /W�100� and X /W�111�. This correlates well with the
trend in cohesive energies: X / �100� has highest binding in all
cases, which signifies a stronger interaction, while �110� has
the smallest. For all three elements we have considered, the
interlayer separation between the overlayer and top layer of
the �110� substrate is about 4.3 a.u., considerably larger than
the corresponding distances of the other two orientations.

We also note that if the substrate is covered by two mono-
layers, the magnetic moments of the top overlayer atoms are
in many cases bigger than that in the bulk of the 3d element.
This is not surprising because of the reduced coordination in
the surface environment. The 3d elements also have typically
smaller atomic radii than the 5d W and are thus in a kind of
expanded volume environment in pseudomorphoic films.

We note that the first monolayer of Co on W�100� has
small magnetic moments. On the other hand, the magnetic
moments of the first monolayer of Co on W�110� and W�111�
are considerably larger. It implies that the interaction and
hybridization between Co and W substrate are stronger for
Co/W�100� than Co/W�110� and Co/W�111�. This agrees
with the stronger contraction of the interface layer spacing as
well as the higher heat of formation in Co/W�100�. Surface
atoms usually have a larger magnetic moment relative to that
in the bulk phase. This is indeed the case for almost all
systems shown in the table. An exception is found in the case
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of 3Co/W�111�, in which the magnetic moment of the Co
atom on the top layer is smaller than that of the second layer.
These unexpected features can be correlated with the inter-
layer spacing relaxations. We list the interlayer spacings in
Table II, and D3, D2, and D1 are given by 0.67, 0.81, and
0.82 Å, respectively, for 3Co/W�111�. For comparison, the
interlayer spacings D3, D2, and D1 are given by 0.79, 0.70,
and 0.87 Å, respectively, for 3Fe/W�111�. The interlayer
distance between the first and second layers for 3Co/W�111�
is smaller than that of 3Fe/W�111�, and the interlayer dis-
tance between the second and third layers of 3Co/W�111� is
larger than that of 3Fe/W�111�. It correlates with the fact
that the magnetic moment of the Co atom on the top layer is
smaller than that of the second layer for the case
3Co/W�111� and the magnetic moment of the Fe atom on
the top layer is larger than that of the second layer for the
case of 3Fe/W�111�. To check the result, we did the calcu-
lation using the projector augmented wave �PAW� method14

as implemented in the VASP package15 with PBE exchange-
correlation potentials for 3Co/W�111�. The results are very
similar to that calculated using FLAPW with PBE potentials.

One useful property that can be derived immediately from
the electronic structure calculations is the work function. The
work function is determined from the difference between the
Fermi level and the average potential in the vacuum region
where it approaches a constant. The calculated work func-
tions �based on PBE exchange correlation� for Fe, Co, and
Ni on W surfaces are also shown in Table II. For clean sur-
faces, the �111� orientation has a relatively low work func-
tion which agrees with experimental findings. It is generally
believed that the effect of a layer of adsorbates on the work
function of a surface is governed by the electronegativity of
the adsorbate. If the adsorbate is more electronegative than
the substrate, the work function of the substrate increases.
On the contrary, a decrease in work function is expected for
electropositive adsorbates. As Fe, Co, and Ni are more elec-
tronegative than W on the Pauling scale, they should increase
the work function of all W surfaces. However, the first layer
of these metals increases the work function on �100� and
�111� but decrease the work function on �110� as shown in
Table II. The reason for the failure of the simple electrone-
gativity argument has been discussed by a previous study,16

which shows that the work function changes are not just

TABLE II. The relaxed atomic geometries and the work functions for Fe, Co, and Ni on W surfaces.

Relaxation �%�

Work function �eV�
��d2 �d1 �d0 �d−1 �d−2

7W�100� −10.7 2.2 −0.5 4.10

1Fe/7W�100� −24.0 2.6 0.0 0.5 4.53

2Fe/7W�100� −27.8 −12.1 0.6 −0.2 0.4 3.80

1Co/7W�100� −33.5 2.2 −0.2 0.7 4.93

2Co/7W�100� −37.8 −10.1 0.3 0.9 0.8 4.23

1Ni/7W�100� −23.2 −2.0 1.5 0.2 4.97

2Ni/7W�100� −27.3 −22.1 0.4 1.7 −0.3 4.10

�d2 �d1 �d0 �d−1 �d−2 �

7W�110� −2.5 0.9 0.4 4.79

1Fe/7W�110� −12.1 0.9 0.5 1.3 4.26

2Fe/7W�110� −20.9 −9.4 0.3 0.8 1.0 4.20

1Co/7W�110� −14.8 1.5 0.8 1.1 4.31

2Co/7W�110� −24.9 −8.9 0.7 1.5 2.0 4.28

1Ni/7W�110� −16.8 1.1 0.5 0.8 4.26

2Ni/7W�110� −22.0 −14.9 0.6 0.9 0.8 4.80

�d2 �d1 �d0 �d−1 �d−2 �d−3 �d−4 �d−5 �

11W�111� −21.1 −24.0 17.6 −4.3 3.2 4.25

1Fe/11W�111� −32.3 −14.6 5.5 −3.9 3.5 1.9 4.33

2Fe/11W�111� −13.4 −43.7 16.9 −4.9 −1.3 5.6 −0.1 4.25

3Fe/11W�111� −14.3 −23.7 −5.3 −0.1 −1.8 2.7 0.9 −0.3 3.71

1Co/11W�111� −40.8 −10.8 3.4 −4.5 6.2 1.6 4.39

2Co/11W�111� −8.5 −52.2 18.4 −3.2 −2.6 4.9 −0.5 4.32

3Co/11W�111� −27.7 −12.5 −11.5 −4.5 1.2 1.5 1.4 −0.4 4.14

1Ni/11W�111� −36.5 −11.6 4.6 −5.9 6.1 1.3 4.39

2Ni/11W�111� −12.2 −50.7 16.5 −0.2 −6.8 7.5 −0.6 4.52

3Ni/11W�111� −20.3 −9.1 −22.0 −1.1 2.4 −0.6 3.4 0.0 4.17
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decided by the value of charge transferred, but also by the
details of the charge redistribution leading to a strong depen-
dence of the work function change on the orientation of the
substrate. The second overlayer may increase or decrease the
work function, and such a strong oscillation of physical
properties �quantum size effect� is rather common in ultra-
thin layers. Since the values of the work function depend on
the details on the charge density, we also check some of our
results using different exchange-correlation potentials and
basis functions. For comparison, Table III shows the work
function of clean W surfaces and one monolayer of Fe on W
surfaces calculated using PAW �Ref. 15� with local density
approximation �LDA� exchange correlation potentials, PAW
with PBE exchange correlation potentials, and FLAPW with
PBE. The experimental results of the clean surfaces are also
shown17 for reference. The work functions calculated by
FLAPW �WIEN2k� and PAW with PBE potential agree very
well with each other. The values of the work function calcu-
lated by PBE is always lower than the LDA, but the effect of
the overlayer on the work function given by the LDA and
PBE approximation are very consistent. It is clear that the
LDA gives a better agreement with experiment than the PBE
approximation.

In order to better understand the proximity effect of the
substrate on the thin-film magnetism, we have calculated the
magnetic moment of the overlayer atoms as we pull the over-
layer away from the W substrate, with the substrate atoms at
frozen positions. Table IV compares the magnetic moments
of the first monolayer at their equilibrium positions �lowest-
energy position� with the moments when the layer is pulled
up into the vacuum by 0.5 and 1 Å. In each case, the moment
increases as the overlayer is pulled away from the nonmag-
netic substrate, as expected. The case of Ni clearly illustrates
the quenching effect of the substrate. The Ni layers are mag-
netic when they are 1 Å above its lowest-energy position.
We note that the packing densities of the monolayers at the
three different orientations are different, and hence the mag-
netic moments can be different. For all three orientations, the
moment becomes zero when the layer reaches the equilib-
rium position. By comparing the moment at 0.5 Å with those
at 0 and 1 Å away from the equilibrium for Ni, we see that
the quenching effect of the substrate goes in the order

�100�� �111�� �110�, in the same order as the heat of for-
mation. For Fe and Co, a single overlayer is magnetic at the
equilibrium position �labeled as 0 Å in the table�, and we see
that the overlayer magnetic moment is smallest for the �100�
orientation and highest for the �110� orientation. And hence
the quenching effect for the substrate also goes in the order
�100�� �111�� �110�, similar to the case of Ni. For these
two elements, the magnetic moments of the 2D overlayers at
different orientations are rather similar when the layers are
about 1 Å away from their lowest-energy positions, but they
become very different at the equilibrium position. This
shows that the orientation dependence is mainly due to the
overlayer-substrate interaction, rather than the interaction
among the overlayer atoms.

To see the trend in the surface magnetism, we compare
the spin-decomposed local density of states �LDOS� of the
overlayer atoms. In LDOS calculations, we use more k points
than those used in the relaxation calculations �25�25�1 for
�100�, 21�21�1 for �110�, and 30�30�1 for �111� orien-
tation�. The W substrates are modeled by 7-layer slabs for
the W�100� and W�110� orientations, and 11-layer slabs are

TABLE III. The work functions of clean W surfaces and one monolayer of Fe on W surfaces calculated
using various methods. We note that while the values of the work function do depend on whether the GGA
�with PBE� or LDA is used �the GGA consistently gives lower values of the work function than the LDA�,
the effect of the overlayer on the work function is very consistent.

Work function �eV�

Expt.a WIEN2k �PBE� VASP �PAW-LDA� VASP �PAW-PBE�

7W�100� 4.65 4.10 4.44 4.13

1Fe/7W�100� 4.53 4.77 4.49

7W�110� 5.25 4.79 5.07 4.84

1Fe/7W�110� 4.26 4.57 4.20

11W�111� 4.47 4.25 4.48 4.20

1Fe/11W�111� 4.33 4.69 4.31

aReference 13.

TABLE IV. Magnetic moment of the overlayers as a function of
their distances from the W substrate. Here 0 Å means that the over-
layer is at the zero-force equilibrium position, while 0.5 and 1 Å
mean that the overlayer is pulled up a distance of 0.5 and 1 Å from
its equilibrium position, with the W atoms frozen.

Magnetic moment ��B�

0.0 Å 0.5 Å 1.0 Å

Fe/5W�100� 1.89 2.91 3.09

Fe/5W�110� 2.45 2.87 3.00

Fe/7W�111� 2.30 2.90 3.13

Co/5W�100� 0.09 1.47 1.92

Co/5W�110� 1.40 2.02 2.11

Co/7W�111� 1.23 1.78 1.99

Ni/5W�100� 0.00 0.00 0.41

Ni/5W�110� 0.00 0.55 0.84

Ni/7W�111� 0.00 0.01 0.49
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used for W�111�. We will first look at the case of one mono-
layer of Fe, Co, and Ni on W�111�, and the LDOS are shown
in Fig. 1, in which the majority-spin LDOS �solid line� is
compared with the minority-spin LDOS �dotted line�. For the
case of Ni, the majority and minority spins overlap since this
system is not magnetic. For Fe and Co, there is a difference
in the number of occupied electrons in the majority and mi-
nority spins, leading to the magnetic moments reported in the

previous sections. The LDOS are actually rather generic in
the three cases. In particular, the LDOS of the majority spin
are quite similar for all three cases, and the d states in ma-
jority spin are mostly occupied, leading to a small majority
spin DOS at the Fermi level. The difference in the magnetic
properties of Fe, Co, and Ni comes from the difference in the
occupation of the minority spin. Fe has the least number of
electrons among the three elements; the minority-spin DOS
is about half occupied in the d bands. In a bcc structural
environment, half occupied d bands means a small DOS near
the Fermi level �the physical picture is modified somewhat
by the existence of surface states�. In the case of Fe, even
though the minority-spin LDOS is small because it is at the
dip between two peaks �half band filling in bcc structure�, it
is still bigger than the majority-spin LDOS, leading to a
moderate difference of DOS at the Fermi level. However, the
total number of occupied electrons between the majority and
minority spins is quite different, leading to a large magnetic
moment.

Co has one more electron than Fe. The Fermi level is now
at a peak of the minority-spin LDOS, corresponding to the
maximum of the second peak of the double-peak DOS typi-
cally that of a bcc environment. This leads to a larger differ-
ence between majority- and minority-spin LDOS at the
Fermi level. Since more electrons are now occupied in the
minority spin �compared with Fe�, there is a smaller differ-
ence between the number of occupied electrons in majority
and minority spins, and therefore Co/W�111� has less total
magnetization compared with Fe/W�111�. Hence,
Co/W�111� has a smaller total moment, but a larger differ-
ence between majority- and minority-spin DOS at Ef. If
these systems are to be used as spin-polarized emission
sources, Co/W�111� would be the better choice since it is
the electrons with energy near the Fermi level that count in
tunneling, even though Fe/W�111� has a larger total mo-
ment. For Ni, the minority-spin occupation is the same as
that of the majority spin. In this case, the magnetization can-
not survive the effect the nonmagnetic substrate.

In Fig. 2, we compare the LDOS of the Co atoms for one
and two monolayers of Co on three different orientations of
W. We first focus on the one-monolayer Co on W cases, the

FIG. 1. �Color online� Local density of states of the overlayer
atoms for Fe, Co, and Ni on W�111�. The solid lines and dashed
lines are for the majority and minority spins, respectively.

FIG. 2. �Color online� Comparing the local
density of states of the overlayer Co atoms for
one and two monolayers of Co on W�110�, �100�,
and �111�. The symbol “S” in the brackets indi-
cates the top layer, and “S-1” indicates the sub-
surface Co layer when there are two monolayers.
The solid lines and dashed lines are for the ma-
jority and minority spins, respectively.
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LDOS, and hence the magnetic moment and the difference in
LDOS at Ef differ significantly from one orientation to an-
other. The �110� orientation has the largest magnetic moment
as well as the largest difference in the LDOS at Ef. We note
that the bandwidth of the d states is smaller in the �110�
direction than the �100� and �111�, a consequence of the
smaller coupling of the Co states with the most compact
W�110�. This smaller coupling also manifests itself in other
physical quantities: The Co layer is at 4.3 a.u. away from the
W surface compared with 3 a.u. for the case of W�100�, as
well as the smallest heat of formation, as already explained
in previous paragraphs.

We now compare the overlayer LDOS when there is one
monolayer with the LDOS when there are two monolayers
for the three different orientations of the W substrate. In Fig.
2, we found that the evolution of the LDOS as a function of
the overlayer thickness and thus the total moment and the
LDOS at Ef again depend very much on the surface orienta-
tion. The �110� orientation shows the least variation. When
we compare the LDOS of the top layer when there are two
monolayers with that of the single monolayer, we see that the
former case has a larger splitting of the majority- and
minority-spin states, leading to a higher magnetic moment.
Despite these differences, the overall shapes of the LDOS for
the monolayer and top layer of two monolayers are rather
similar. This is consistent with our previous results, since the
overlayer is at the largest distance away and shows the small-
est interaction with the most compact �110� orientation of the
substrate. On the other hand, the LDOS at the first mono-
layer differs significantly from that of the top layer when
there are two layers on the �100� orientation, which has a
maximum overlayer-substrate interaction. For the case of
�111�, there are also fairly significant changes.

For the cases of two monolayers, we note that the LDOS
of the top and second layers of the minority spin look rather
similar, while those of the majority spin show more differ-
ences. We observe more or less the same behavior for Fe. We
do not have a very good explanation except that the
minority-spin states in these systems tend to be more delo-
calized near the surface, leading to more similar LDOS when
the DOS is projected to the different sites.

IV. SUMMARY

We have calculated the heat of formation and the mag-
netic moments of Fe, Co, and Ni on different orientations of
the W surface. The surface magnetic properties are found to
be strongly correlated with the cohesive properties and are
orientation dependent. We are looking for thermodynami-
cally stable and magnetically live thin films on W surfaces,
with an eye on the possibility of using these systems as

ultrathin-layer-coated tungsten field emission tips that give
spin-polarized electrons. Maximum thermodynamic stability
and large magnetic moment of the overlayer are found to be
conflicting conditions. In general, we found that a large heat
of formation, indicating strong interaction between overlayer
and substrate, tends to diminish strongly the magnetic mo-
ment of the layer directly in contact with the nonmagnetic
substrate. Additional monolayers quickly regain the magnetic
moment in more compact orientations, because of the good
screening effect of the layer in direct contact with the W
substrate. The good screening also shields the second layer
from direct bonding with the substrate, and the heat of for-
mation also diminishes quickly. From a thermodynamical
point of view, the system thus becomes marginally stable or
metastable with respect to 3D island formation. However,
there are systems like Co/W�111� in which the overlayers
are thermodynamically stable and have reasonably large
magnetic moments and large differences in the majority- and
minority-spin DOS near Ef. There are cases, such as two
layers of Fe on W�100� and three layers of Fe on W�111�,
that have the additional advantage of having a relatively low
work function, which may be favorable for field emission.

We emphasize that a thermodynamically stable and ferro-
magnetic coating with a large difference in the DOS near Ef
is just a plausible candidate as a spin-polarized field emitter
tip. The polarization of the emitted electrons does not only
depend on the LDOS near Ef. It depends also on the trans-
verse component momentum of the electron states, the de-
tails of the wave function, and the details of the potential
function near the surface when an external field is induced.
These factors can be considered as a scattering problem. We
have also restricted our calculations to a �1�1� surface unit
cell. It is possible that antiferromagnetic or other spin con-
figurations may have lower energies in these thin films, and
to answer these questions, we have to use larger surface unit
cells. It is possible that fluctuation is large in thin layers so
that the Curie temperature is below room temperature. All
these complex and interconnected factors have to be consid-
ered in the design of a serviceable spin-polarized field emis-
sion tip, and these will be the subject of further studies.
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