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The spin and orbital moments of the surfaces of Fe, Co, and Ni as well as of overlayers of these metals
deposited on Cu have been calculated using a full-potential linear muffin-tin orbital method in a slab geometry.
With one exception, Ni on Cu~001!, the calculated spin moments are considerably enhanced at the surface,
which is in agreement with previous theoretical and experimental work for some of the presently studied
systems. We argue that the Ni-d–Cu-d hybridization is responsible for the reduced Ni spin moment in the case
of a Ni monolayer on a Cu~001! substrate. The orbital moment is enhanced at the surface for all of the studied
cases, sometimes by as much as a factor of 2 relative to the value found in the bulk. Based on our theoretical
calculations we propose that an experimental confirmation of an enhanced orbital magnetic moment on a
surface is most likely to be found for a monolayer of Co on a Cu~001! substrate or for the Fe~001! surface
layer. Experimental work on Co on Cu~001! confirm this behavior.

I. INTRODUCTION

During the last decades it has become possible to prepare
and measure the magnetism of clean surfaces in ultrahigh
vacuum and a number of interesting observations have been
made. Developments of theoretical models which treat sur-
faces have also been quite successful. Of central interest to
the present investigation is the fact that the spin moment on
surfaces is very often~but not always! enhanced relative to
its value in the bulk material. There have been a number of
theoretical investigations addressing this behavior. For in-
stance, from theoretical work the spin moments of the sur-
face of Fe, Co, and Ni are known to be enhanced.1–12 Most
of the attention has been focused on the magnetism in 3d
materials, although the possibility to observe magnetism in
4d and 5d elements in a surface geometry has been
suggested.13–19 A simple explanation for the tendency to-
wards enhanced magnetic moments at the surface is that the
coordination number is lowered at the surface and therefore
the width of thed band is reduced. Most often this effect is
dominating and as a result the spin moment is enhanced.

The situation is much less clear concerning the orbital
moment and little work has been done to extract this quan-
tity. On general grounds one might expect that also this prop-
erty should be enhanced at the surface due to at least three
effects.9 First, at the surface thed bands become more nar-
row, causing larger spin moments. The net orbital moment is
composed of a spin-up and a spin-down electron contribu-
tion, each with a different sign. If one spin band is filled, the
orbital moment associated to this band is zero. Thus a large
spin moment, which saturates one spin band and has a non-
negligible occupation of the other spin band, enhances the
orbital moment. Second, the symmetry is reduced at the sur-

face and from this point of view the crystal field quenching
of the orbital moment is expected to be reduced, resulting in
an enhanced surface orbital moment. Third, the value of the
density of states~DOS! at the Fermi level,EF , is larger than
in the bulk. Previously it was shown that a large DOS at
EF results in an enhanced orbital moment.20 A number of
theoretical investigations5,9,11,12have indeed shown that the
orbital moment of the surface atoms of Fe, Co, and Ni is
enhanced compared to the bulk and present magnetic circular
dichroism ~MCD! measurements on thin Co films21 have
shown a quantitative enhancement of the orbital moment for
thin Co films. Earlier MCD measurements have also indi-
cated some enhancement of the orbital moment for Ni
surfaces22 and Co/Pd interfaces.23

The present investigation has partly been motivated by the
fact that recently experimental work has been performed on
Co and Ni overlayers on an fcc Cu substrate.21,24 By means
of magnetic circular dichroism~MCD! experiments, spin and
orbital moments were extracted for systems with varying
overlayer thickness. The study of Ref. 21 also included a low
coverage of Co on fcc Cu~001! and this particular system is
addressed theoretically in the present report. For thin mono-
layers of Co on fcc Cu~001! it was demonstrated that the
ratio between the orbital and spin moments is enhanced com-
pared to the ratio found for bulk Co. The conclusion from
this experiment is thus that there is an enhancement of the
spin and orbital moments at the surface. MCD measurements
for a Ni overlayer on a Cu~001! substrate showed that the Ni
moment was constant for systems with 2–6 layers of Ni.
Unfortunately this study gave less information for one mono-
layer of Ni on Cu~001!, which is what we have studied here.
The experimental findings mentioned above have motivated
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us to undertake the present theoretical investigation of these
materials.

Since the present paper concerns magnetism of Fe, Co,
and Ni in surface geometries we like to mention that during
the last decade a large number of reports on this subject have
been published.1–12,21–32

II. DETAILS OF THE CALCULATIONS

The calculational method presently used33 is based on a
slab technique, as done previously by others,34–38 in combi-
nation with linear muffin-tin orbitals.39 The details of the
technique will be presented elsewhere33 and here we only
give the main features of our theory. In short the approach is
quite similar to the method published in Ref. 38. No approxi-
mation is made concerning the shape of the density or po-
tential, and this so-called full potential treatment is quite im-
portant when considering surface geometries. In order to
achieve this we adopt a base geometry based on muffin-tin
spheres, an interstitial region, and a vacuum region. Inside
the muffin-tin spheres and in the interstitial region our ex-
pansion of the density, potential, and wave function is essen-
tially identical to our full-potential bulk code.40 Thus, inside
the muffin tins the density and potential are expanded by
means of spherical harmonic functions times a radial com-
ponent. In the interstitial region the expansion of the density
and potential makes use of a Fourier series. The interstitial
basis function is a Bloch sum of Neuman and Hankel func-
tions. Each Neuman or Hankel function is then augmented
~replaced! by a numerical basis function inside the muffin-tin
spheres, in the standard way of the linear muffin-tin orbital
method.39 Since a Bloch sum of atomic centered Hankel or
Neuman functions is an object which has the periodicity of
the underlying lattice one may expand it in a Fourier series,
something which we have done. Evaluating matrix elements
of the Hamiltonian and overlap from the interstitial region
thus involves relatively simple analytical functions: plane
waves. In the vacuum region the basis function is composed
of plane waves parallel to the surface times a numerical func-
tion which depends only on thez direction~perpendicular to
the surface!. Thez-dependent part of the vacuum basis func-
tion is a solution to the Schro¨dinger equation for a planar
averaged potential. The continuity and differentiability of the
wave function at the boundary between the vacuum and the
interstitial is ensured by requiring that each parallel compo-
nent of the wave function in the vacuum region match to the
corresponding component in the interstitial.33 To put things
simply, the vacuum region may be seen as an extra sphere,
with infinite radius, since the Neuman or Hankel functions
which come from the interstitial region are augmented~re-
placed! by numerical functions in the vacuum region~just as
is done inside the spheres!. The vacuum region is typically
chosen to extend some 10–20 a.u. outside the surface bound-
ary and at this distance we impose a boundary condition of
the z-dependent part of the vacuum wave function, namely
that it should equal the analytical solution for a planar, con-
stant potential.

Furthermore, the calculations are all-electron as well as
fully relativistic. The latter is obtained by including the mass
velocity and Darwin terms~and higher order terms! in the
calculation of the radial functions~inside the muffin-tin

spheres! whereas the spin-orbit coupling was included at
each variational step using an (l ,s) basis. Moreover, the
present calculations made use of a so-called double basis, to
ensure a well-converged wave function. This means that we
used two Hankel or Neuman functions each attaching to its
own radial function with an (n,l ) quantum number. We thus
had two 4s, two 4p, and two 3d orbitals in our expansion of
the crystal-slab wave function. We note here that even
though we have made use of plane waves in the Fourier
expansion of the wave function in the interstitial region, the
matrix size is not larger than 36•n336•n, in our calcula-
tions, wheren is the number of atoms per cell~the size
would be 18•n318•n if we had made use of a single-basis
set, remember that the matrix size is doubled due to the
spin-orbit coupling!.

The direction of the moment is chosen to be perpendicular
to the surface and we thus neglect the possibility that the
easy axis might be in another direction. Note that one has to
be especially careful about the symmetry in these calcula-
tions since, due to the spin-orbit coupling, spin has a specific
orientation in space. Thus one has to consider the magnetic
group of the crystal, as for example is done by Cracknell.41

In Ref. 41 it is shown that although it is true that certain
elements of the magnetic group are products of a rotation~or
rotation followed by space inversion! and the time reversal
operator ~anti-unitary elements!, the space inversion fol-
lowed by a 180° rotation around thez axis (z reflection! is a
unitary element for the bcc, fcc, and hcp slabs. We have thus
treated atoms at positions (x,y,z) and (x,y,2z) as equiva-
lent and this means that we only have four inequivalent atom
types in our seven-layer thick slabs. We did not include the
antiunitary elements of the magnetic group in these calcula-
tions and have thus performed calculations of slightly lower
symmetry than what is needed. Although this does not intro-
duce errors in the description of the symmetry properties of
our slabs we have performed calculations for an object with
slightly to low symmetry.

Further, the calculations were converged using>64 k
points in the two-dimensional Brillouin zone and the number
of k points were increased until the calculated moments were
stabilized within 3%. The sampling of the Brillouin zone was
done over the irreducible two-dimensional wedge which was
1/4 for the cubic materials and 1/3 for the hexagonal ones
~these numbers would be 1/8 and 1/6, for the cubic and hex-
agonal systems, respectively, if antiunitary elements are con-
sidered!. In all calculations we have used a seven-atomic-
layer-thick slab~except for the calculations of free standing
monolayers!. In order to investigate if the slab thickness is
sufficiently large, to ensure that the central layer is bulklike,
we checked that the magnetic moment, the occupation num-
bers, and the density of states~DOS! for the middle layer
compare well with data from bulk calculations. Since we
make use of different expansions of the density in the three
different regions there may be~small! differences of the
charge density at the boundary between the interstitial and
the muffin-tin sphere as well as between the interstitial and
the vacuum. This difference can of course be made to vanish
simply by increasing the number of functions used in the
expansion of the density in a certain region, for instance the
number of plane waves used in the Fourier series in the ex-
pansion of the interstitial charge. Typically, in our calcula-
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tions, the discontinuities at the boundaries between the
muffin-tin sphere and the interstitial region as well as at the
boundaries between the interstitial region and the vacuum
region is not larger than 0.1% of the density at these points.
Furthermore, the calculations were based on the local spin
density approximation~LSDA! with the von Barth–Hedin
parametrization. In our calculations we also included an or-
bital polarization correction suggested by Erikssonet al.,42

which has the form DEl ,s,ml 52Rl ,sLsml . Where

DEl ,s,ml is added to the diagonal elements of the Hamil-

tonian matrix. The Racah parameter,Rl ,s ~usually calledB
for d states!, was calculated self-consistently using the radial
d wave functions for each spin channel.Ls is the orbital
moment for thes-spin channel andml is the magnetic quan-
tum number.

III. RESULTS

A. Fe, Co, and Ni surfaces

Using the above-mentioned full-potential linear muffin-tin
orbital method we have performed electronic structure calcu-
lations for bcc Fe~001! (a55.42 a.u.!, hcp Co~0001!
(a54.74 a.u. andc/a51.62), and fcc Ni~001! (a56.82 a.u.!
slabs. The calculated spin and orbital moments for each layer
are presented in Tables I and II and in Fig. 1. The numbers
listed in Table I were obtained by neglecting the orbital po-
larization term whereas the numbers in Table II included the
effect of the orbital polarization. The moments of a specific
layer are taken to be the moments inside the muffin-tin
sphere for the corresponding atom~neglecting the interstitial
moment!. In Tables I and II we also present the spin moment
contribution from the interstitial region. In principle there is

also an orbital contribution to the magnetism in this region
but this moment is very small and was neglected. The total
moment of the slab is the sum of the moments~spin and
orbital! from each layer, the moment from the interstitial
region, and the moment from the vacuum region~which is
very small!. We note here that both the spin and orbital mo-
ments in Tables I and II~as well as in the results to be
described below! are dominated by thed orbitals. As seen
from Tables I and II the spin moment for all layers~surface
as well as bulk! decrease when traversing the series~i.e., the
moments follow the so called Slater-Pauling curve!. This be-
havior is known to originate from band filling effects. In
order to illustrate this we show the density of states~DOS!
projected on the different muffin-tin spheres of the various
atomic layers~Fig. 2!. In Fig. 2 it is seen that the majority-
spin band is almost filled for all layers and elements~in bulk
Fe the majority-spin band is not quite as filled as it is in Co
and Ni, see below!. Since Co has one more, and Ni two
more, valence electrons than Fe the minority-spin band be-
comes more filled when the series is traversed~since the
majority-spin band is almost saturated!, and the spin moment
therefore decreases. Moreover, the spin moment is enhanced
for the surface layer for all three systems~Fig. 1 and Tables
I and II!. The enhancement of the spin moment is 31% for
Fe, 10% for Co, and 26% for Ni. In absolute values the
enhancement of the moment of the surface atoms is
;0.69mB for Fe,;0.16mB for Co, and 0.15mB for Ni. This
is in good agreement with previous theoretical findings.1–12

The reason for the enhanced spin moment on the surface is
that the bandwidth of the surface atoms is smaller than the
corresponding bandwidth of the bulk atoms~central layer,
C!, due to the reduced coordination number~i.e., the lower
number of nearest neighbors!. As pointed out above the sur-

TABLE I. Calculated spin and orbital moments~in mB), including the spin-orbit coupling but not the
orbital polarization, inside the MT sphere for the different atomic layers for Fe, Co, and Ni seven-layer slabs.
S denotes the surface layer while the central layer is denoted byC and the subsurface layer byS-1 and so
forth.

Fe Co Ni
Layer MS ML ML/MS MS ML ML /MS MS ML ML/MS

S 2.94 0.096 0.033 1.79 0.090 0.050 0.73 0.062 0.085
S-1 2.33 0.054 0.023 1.68 0.079 0.047 0.61 0.049 0.080
S-2 2.38 0.047 0.020 1.62 0.075 0.046 0.61 0.043 0.070
C 2.25 0.049 0.022 1.63 0.075 0.046 0.59 0.042 0.071

Interstitial 0.16 -0.26 -0.19

TABLE II. Calculated spin and orbital moments~in mB), including the spin-orbit coupling as well as the
orbital polarization, inside the MT sphere for the different atomic layers for Fe, Co, and Ni seven-layer slabs.
The same notation as in Table I is used.

Fe Co Ni
Layer MS ML ML/MS MS ML ML /MS MS ML ML/MS

S 2.94 0.184 0.063 1.79 0.158 0.088 0.73 0.093 0.127
S-1 2.33 0.096 0.041 1.68 0.129 0.077 0.61 0.067 0.110
S-2 2.38 0.077 0.032 1.62 0.123 0.076 0.61 0.058 0.095
C 2.25 0.082 0.036 1.63 0.123 0.075 0.58 0.058 0.100

Interstitial 0.16 -0.26 -0.19
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face moment of Fe is more enhanced than for Co and Ni. The
reason for this can be seen in Fig. 2. Namely, bcc Fe has a
majority-spin band which is less saturated than the corre-
sponding band in Co and Ni. A narrowing of the band at the
surface will therefore result in a larger increase of the mo-
ment for Fe compared to Co and Ni. In Fig. 1 we demon-
strate the spin profile when we are penetrating these materi-
als from the surface to the bulk. We observe that for Fe~001!
there are small oscillations in the spin moment. These
Friedel-like oscillations have earlier been found in bcc Fe by
means of similar theoretical calculations.3,12 However these
oscillations have very small amplitude and bulk spin mo-
ments are found after only 3–4 layers. For Co and Ni we do
not see this oscillatory behavior.

From Tables I and II and Fig. 1 we note that the orbital
moments are strongly enhanced at the surface. In the calcu-
lations which include the orbital polarization the enhance-
ment is 120% for Fe, 30% for Co, and 60% for Ni. This
enhancement originates partly from the enhanced spin mo-
ment, as discussed above. However, there are additional rea-
sons for enhanced orbital moments at surfaces. The lack of a
large orbital moment in transition metals is traditionally ex-
plained as due to a large crystal field quenching of the orbital
moment. However, for the surface atoms the local symmetry
is lowered and the crystal field quenching of the orbital mo-
ment is therefore less effective. This results in an enhanced
orbital moment at the surface. The reason for why the orbital
moment in Co is relatively less enhanced than in Fe and Ni
~Fig. 1! can also be understood using these arguments since

Co has a lower symmetry already in the bulk~and therefore
a larger bulk orbital moment! and the relative lowering of the
symmetry at the surface is therefore not as pronounced. The
validity of these arguments can be inspected from the DOS
of for instance bcc Fe~Fig. 2! where the bulk DOS shows the
characteristic two-peak feature which originates from the
crystal field splitting of ad level intoeg and t2g states. This
splitting is reduced at the surface of Fe~since the two-peak
structure is absent!, revealing a reduced crystal field quench-
ing of the orbital moment at the surface. This was also
pointed out in Ref. 9. A third effect which tends to enhance
the orbital moment for the surface atoms was pointed out in
Refs. 20 and 43. There it was argued that the orbital moment
will to some extent depend on the value of the DOS at
EF ; a large DOS atEF should result in a large orbital mo-
ment. An inspection of the value of the DOS atEF for the
different atomic layers and the different metals~Fig. 2!
shows that the DOS is normally enhanced at the surface
~since the bands normally are narrower at the surface!. Fig-
ure 2 shows that the strongest enhancement of the DOS at
EF is found for bcc Fe and according to the arguments pre-
sented in Refs. 20 and 43, this is consistent with the fact that
the enhancement of the orbital moment is largest for this
surface~Tables I and II and Fig. 1!. In Fig. 1 we show that
also the orbital moment takes its ‘‘bulk value’’ only a few
atomic layers below the surface. Also for this property we
have found small oscillation in Fe~001! when penetrating the
material from the surface to the bulk.

We now compare our calculated spin and orbital mo-
ments, and especially their ratio, with other theoretical data
as well as with experiment. If we compare our calculated
orbital moments obtained when not treating the orbital polar-
ization ~Table I! we find good agreement with the previous
surface studies; in most cases within 10–20 % of the data of
Bruno,5 Erikssonet al.,9 and Wuet al.12 Our calculated or-
bital moments~using orbital polarization, Table II! are; 40
to ; 90 % larger than the orbital moments calculated by
Bruno,5 Erikssonet al.,9 and Wuet al.12 On the other hand,
our bulk moments~central layer! compare well with the bulk
calculation of So¨derlindet al.44 as well as with experiment.45

This result demonstrates the importance of the orbital polar-
ization correction used in the present investigation. Wu
et al.12 calculated the ratio between the orbital and spin mo-
ments in the center of a seven-layer thick slab and found it to
be 0.024, 0.042, and 0.081 for Fe, Co, and Ni, respectively.
These numbers may be compared to bulk MCD measure-
ments, listed by Carraet al.,46 which give an experimental
value of this ratio of 0.067, 0.065, and 0.095 for Fe, Co and
Ni, respectively. However, later MCD measurements,47 for
Fe and Co, give the ratios 0.044 and 0.096, respectively.
Also, experimental data for thêl z&/^sz& ratio, deduced from
measurements of theg factor~using the de Haas–van Alphen
technique!, published by Bonnenberget al.,45 give the ratios
0.044, 0.097, and 0.098mB for bulk Fe, Co, and Ni, respec-
tively. When we compare our calculated ratios for the central
layers ~including the orbital polarization! in Table II with
experiment we observe that the agreement between the pres-
ently calculated bulk data and experiment47,45 is fair, and it is
clear that at least part of the difference between the previous
theory5,9,11,12 and experiment is due to the neglect of the
orbital polarization.

FIG. 1. Calculated spin and orbital moments for Fe, Co, and Ni
seven-layer slabs. The scale on the left side shows the values for the
spin moment while the right scale shows the orbital moment values.
The spin moments are marked by asterisks. The squares show the
calculated orbital moment when both spin-orbit interaction and or-
bital polarization is used while the circles show the calculated or-
bital moment when only the spin-orbit interaction is used.

53 9207CALCULATED SPIN AND ORBITAL MOMENTS IN THE 3d . . .



For completeness we also present our calculated work
functions for the Fe, Co, and Ni surfaces, and they are 4.8
eV, 5.2 eV, and 5.7 eV, respectively. This is in good agree-
ment with other calculated values and experiment.2–4,6,9,10,48

B. Fe, Co, and Ni overlayers on Cu„001…

We have also carried out electronic structure calculations
for an overlayer of Fe, Co, and Ni on a fcc Cu~001! sub-

strate. The overlayer~one atomic layer! is assumed to have
the same crystal structure and lattice constant~a56.82 a.u.!
as the Cu~001! substrate. The calculated spin and orbital mo-
ments for each layer are presented in Tables III and IV. In
Table III we show results obtained when neglecting the or-
bital polarization whereas in Table IV we present results
from calculations treating the orbital polarization. The DOS
projected to the overlayer atoms is shown in Fig. 3. The
major part of the interstitial contribution to the spin moment

FIG. 2. Calculated layer- and spin-projected density of states for seven-atomic-layer-thick slabs of~a! Fe bcc~001!, ~b! Co hcp~0001!, and
~c! Ni fcc~001!. S denotes the surface layer while the central layer is denoted byC and the subsurface layer byS-1 and so forth. The upper
panel for each layer shows the DOS for the majority spin while the lower panel shows the minority spin DOS.
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comes from the region close to the overlayer atoms. For the
overlayer of Fe and Co on Cu the spin and orbital moments
are enhanced compared to the corresponding values in the
bulk material. The reason for the enhanced spin and orbital
moments in these two systems is the same as discussed
above for the metal surfaces. However, for the Ni overlayer
the spin moment is decreased to a value of 0.45mB ~com-
pared to;0.6mB for the bulk spin moment of Ni! whereas
the orbital moment is increased compared to the bulk value.
This unexpected behavior of the spin moment will be dis-
cussed in detail in Sec. III D below. Concerning orbital mag-
netism we note that the orbital moment of the Co overlayer is
much larger than for the Fe and Ni overlayers. The reason for
this is at least partially found in the DOS plot~Fig. 3! where
it is clear that the DOS atEF for the minority-spin band is
larger in Co on Cu~001!. A similar behavior, with a large
DOS atEF , is found for Ni, but in this case the increase of
the orbital moment is not as pronounced because of the re-
duced spin moment in this system. However, as a conse-
quence of the large peak atEF theML /MS ratio is relatively
large for Ni on Cu~001!.

Let us now compare our theoretical results~Table IV!
with the MCD measurement in Ref. 21. Experimentally it
was observed that the ratio between the orbital and spin mo-
ments for a monolayer of Co on Cu~fcc! is enhanced com-
pared to the bulk ratio. From Table IV we extract the calcu-
lated ratio to be 0.141 for the Co overlayer on Cu which is in
fair agreement with the experimental ratio 0.19. Notice that
the experimental ratio is obtained from an extrapolation of
Co films which are> 3 atomic layers thick, a procedure
which may introduce a small uncertainty.

The work functions for the Fe, Co, and Ni monolayers on
Cu~001! are calculated to be 5.9 eV, 5.3 eV, and 5.1 eV,
respectively. This is in good agreement with other theoretical
results.26,28,29

C. Fe, Co, and Ni free standing monolayers

In order to compare with the overlayer calculations we
have also calculated the electronic structure for a free stand-
ing monolayer of Fe, Co, and Ni with the same lattice geom-
etry and interatomic spacing as for the overlayers in the pre-
vious section. Such calculations are not entirely of a
hypothetical nature since it has been demonstrated that epi-
taxial growth of for instance Fe on MgO yields a surface
magnetism which is almost ‘‘two dimensional,’’ i.e., which
in many ways behaves as a free standing monolayer.49 The
present analysis may be viewed as a precursor for such a
more realistic study. The spin and orbital moments from the
monolayer calculations are presented in Tables V~spin-orbit!
and VI ~spin-orbit and orbital polarization!. In the case of
free standing monolayers we notice that both the spin and
orbital moments are enhanced compared to both the over-
layer calculations as well as to the metal surfaces. However
it is interesting that the enhancement of the spin moment is
not as strong as the enhancement of the orbital moment. The
reason for this is that these systems have almost saturated
spin moments. As a result the spin moments of the monolay-
ers ~Tables V and VI! are enhanced with; 5–35 % com-
pared to the data in Tables I–IV~not comparing with Ni on
Cu!. The orbital moment of the monolayers is enhanced con-
siderably more, sometimes by over a factor of 2. The strong
enhancement of the orbital moment is partly an effect of the
increased spin moment as well as the increased value of the
DOS atEF . However, these two effects alone cannot explain
the trend of the orbital moments in Tables V and VI since the
orbital moment~which has a maximum for Co! does not
follow the trend of the spin moment~strictly decreasing
when the series is traversed! nor the trend of the DOS at
EF ~not shown! and it appears that the monolayer calcula-

TABLE III. Calculated spin and orbital moments~in mB), including the spin-orbit coupling but not the
orbital polarization, inside the MT sphere for the different atomic layers for Fe/5Cu/Fe, Co/5Cu/Co, and
Ni/5Cu/Ni seven-layer slabs. The same notation as in Table I is used.

Fe/5Cu/Fe Co/5Cu/Co Ni/5Cu/Ni
Layer MS ML ML/MS MS ML ML /MS MS ML ML/MS

S 2.81 0.071 0.025 1.85 0.121 0.065 0.45 0.055 0.122
S-1 0.05 0.03 0.01
S-2 20.01 -0.01 ; 0
C ; 0 ; 0 ; 0

Interstitial 0.11 -0.06 -0.02

TABLE IV. Calculated spin and orbital moments~in mB), including the spin-orbit coupling as well as the
orbital polarization, inside the MT sphere for the different atomic layers for Fe/5Cu/Fe, Co/5Cu/Co, and
Ni/5Cu/Ni seven-layer slabs. The same notation as in Table I is used.

Fe/5Cu/Fe Co/5Cu/Co Ni/5Cu/Ni
Layer MS ML ML/MS MS ML ML /MS MS ML ML/MS

S 2.81 0.126 0.045 1.85 0.261 0.141 0.45 0.087 0.193
S-1 0.05 0.03 0.01
S-2 20.01 -0.01 ; 0
C ; 0 ; 0 ; 0

Interstitial 0.11 -0.06 -0.02
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tions serve as a good example for illustrating the effect of
band filling on the orbital moment. Above we have discussed
several reasons for finding enhanced orbital moments; re-
duced symmetry, a large value of the DOS atEF , and en-
hanced spin moments. For the monolayers the symmetry is
the same for Fe, Co, and Ni and the spin moment is saturated
and decreases therefore with;1mB from one element to the
next in the series. The trend displayed by the orbital moment,
which is much larger in Co than in Fe and Ni, can therefore
not be explained from symmetry arguments nor from the
spin moment. Moreover, the value of the DOS atEF is simi-
lar for the three elements and thus the trend cannot be ex-
plained from this effect either. However, as indicated above
the explanation lies in the particular filling of the orbitals
~band filling effect!. To illustrate this we consider the ex-
treme case of infinitesimally narrow bands, i.e., the Fe, Co,
and Ni free atoms. If the 3d level of Fe, Co, and Ni occupies
6.5, 7.5, and 8.5 electrons, respectively, one expects orbital
moments of 2.5mB , 3.0mB , and 2.5mB , respectively. This is
the same trend as one finds in Tables V and VI. Due to that
these atomic levels broaden into~narrow! bands in the mono-
layers the orbital moments are reduced considerably com-
pared to the atomic values but the trend is the same as one
expects from the atomic limit. The data in Tables V and VI
therefore illustrate the importance of band filling effects on
the orbital moments. Quite generally this effect tends to give

larger orbital moments for Co compared to Fe and Ni, some-
thing which very often is observed experimentally.

If one would be able to grow for instance Co on a sub-
strate such that the electronic structure of Co maintained a
two-dimensional character, Co on MgO might be a good ex-
ample, one should be able to observe large orbital moments
~of the magnitude listed in Table VI!. As a consequence it is
likely that such a material might display a large surface mag-
netocrystalline anisotropy, Kerr rotation angle, and other ef-
fects which are related to orbital magnetism and relativistic
effects.

D. Decreased spin moment in the Ni overlayer on Cu

In this section we will return to the decrease of the spin
moment of the Ni overlayer on the fcc Cu~001! substrate.
This decreased Ni moment is well known from theory.27,29,50

However the cause of it has been a source of confusion. In
Ref. 27 the spin moment for the Ni overlayer on Cu~001!
was calculated to be 0.39mB which agrees well with our
result. In that paper the decrease is claimed to be due to a
change in the 3d occupation number of the Ni overlayer
atoms compared to bulk Ni as well as to the surface of Ni
metal. An alternative explanation was provided in Ref. 50
where, by means of a tight-binding model, the decrease of
the Ni spin moment was claimed to be an effect of strong
hybridization between the Ni 3d electrons and the Cus and
p electrons. This difference in the explanation of the de-
creased Ni moment on a Cu substrate has motivated us to
investigate this effect in more detail. First of all we observe
that in our calculations we cannot find any significant change
in the occupation number of the monolayer compared to the
surface atom of Ni metal or to the Ni atom on the Cu sub-
strate. Thed occupation of the surface atoms is a little higher
for the overlayer systems compared to the metal surfaces,
which would suggest a decreased Ni moment on the Cu sub-
strate. However, the difference in occupation number be-
tween the Ni overlayer and the Ni metal surface is far from
sufficient to explain the large reduction in moment.

Next, we analyze the effect of hybridization for the
Ni/Cu~001! system. A very useful estimate of the hybridiza-
tion between states of (t,l ) and (t8,l 8) character (t stands for
atom type andl stands for angular momentum! has been
suggested by Andersenet al.51 This analysis is based on
common concepts in the linear muffin-tin orbital method in
the atomic sphere approximation~ASA!. We now study the
hybridization in the Ni/Cu~001! system by means of the
method outlined in Ref. 51. First, the amount of (t,l ) char-
acter present in the (t8,l 8) band~which is a measure of the
hybridization! can be estimated from the following expres-
sion:

FIG. 3. Calculated layer- and spin-projected density of states for
the overlayer of a seven-atomic-layer-thick slabs of Fe/5Cu/Fe,
Co/5Cu/Cu, and Ni/5Cu/Ni. In all cases the geometry was fcc~001!.
The upper panel for each layer shows the DOS for the majority spin
while the lower panel shows the minority spin DOS.

TABLE V. Calculated spin and orbital moments (mB), including spin-orbit coupling but not the orbital
polarization, inside the MT sphere for a free standing monolayer of Fe, Co, and Ni.

Fe Co Ni
Layer MS ML ML/MS MS ML ML /MS MS ML ML/MS

S 2.96 0.094 0.032 2.07 0.142 0.069 0.99 0.122 0.123

Interstitial 0.06 -0.01 -0.01
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Ntl5
D t lD t8 l 8uSt8 l 8

t l u2

~Ct8 l 82Ctl !
2 . ~1!

In the equation aboveCtl is the center of the (t,l ) band,
D t l is a bandwidth parameter, anduSt8 l 8

t l u2 is normally re-
ferred to as the second moment of the structure constants.51

The latter quantity can be calculated in real space using the
expression in Ref. 51. The hybridization between the Nid
band and the Cus, Cu p, and Cud bands can thus be
estimated from Eq.~1! and this analysis reveals that the Ni-
d–Cu-d hybridization is dominating. Next, we analyze the
shifts of the Nid bands due to the hybridization with the Cu
d states. We start out by considering the Nid states from the
monolayer calculation. In this case, where of course there is
no hybridization between Cud states, the Nid minority-spin
band is centered at20.100 Ry and the Nid majority-spin
band is centered at20.035 Ry . The exchange splitting is
thus 0.065 Ry for the monolayer. If we now consider the
presence of Cud states, which are centered at20.180 Ry,
one can estimate the shift in energy of the Nid band due to
the hybridization with the Cud band using the expression

dEtl5
D t lD t8 l 8uSt8 l 8

t l u2

~Ct8 l 82Ctl !•nt~2l11!
, ~2!

wherent is the number of atoms of typet in the unit cell. We
have inserted into this equation the band positions mentioned
above. A real space summation ofuSt8 l 8

t l u2 gives a value of
; 75 for this quantity and the values ofD t l andD t8 l 8 are
approximately 0.015 Ry. With these values we estimate that
the Ni d majority-spin band is pushed upwards an amount
0.041 Ry and the Nid minority-spin band by an amount
0.023 Ry, due to the hybridization with the Cud states.
Therefore, as a consequence of the hybridization with the Cu
d states, the exchange splitting of the Nid band is reduced
from 0.065 Ry to 0.047 Ry. An inspection of Fig. 3 shows
that the fully self-consistent value of the exchange splitting
of the Ni d states on the Cu substrate is very close to our
estimate. Thus we conclude that the Ni-d–Cu-d hybridiza-
tion is responsible for the reduced moment of the Ni atoms
on the Cu substrate. The hybridization with the Cu states also
tends to reduce the magnetic moments of the Fe and Co
overlayers, but in this case the narrowing of the bands due to
the lower coordination number is sufficient to produce large
spin moments.

IV. CONCLUSIONS

In the present work we have studied the spin and orbital
magnetism for the metal surfaces of Fe, Co, and Ni, mono-
atomic overlayers of these materials on a Cu fcc~001! sub-

strate, and single layer slabs of Fe, Co and Ni. Figure 4
shows a summary of the calculated magnetic properties,
MS ,ML , andML /MS , of Fe, Co, and Ni, in the different
geometries discussed here. We have found that with one ex-
ception, Ni on Cu~001!, the spin moments of Fe, Co, and Ni
are enhanced at the surface. The orbital moments are found
to be enhanced at the surface for all systems, sometimes with
more than a factor of 2 relative to the bulk value. The im-
portance of treating orbital polarization effects42,52–54is also
demonstrated. The enhanced spin moments are caused by
band narrowing effects at the surface due to a reduction of
the coordination number. However, in the case of Ni on
Cu~001! we have showed that the Cu-d–Ni-d hybridization
to some extent quenches the exchange splitting, producing a
spin moment which is lower than in bulk Ni metal. We argue
that the enhancement of orbital magnetism is caused by one
or more of the following mechanisms; enhanced spin mo-
ments, lowered symmetry at the surface, large value of DOS
at EF , and band filling effects. The observation that several
effects are responsible for the surface behavior is somewhat
unfortunate since it would be much simpler to predict this

FIG. 4. Summary of calculated properties for the surface layers
in different geometries for Fe, Co, and Ni. The upper panel shows
the calculated spin moment (MS), the middle panel shows the or-
bital moment (ML), and the lower panel shows the ratioML /MS .
In all cases the orbital polarization term is used in the calculations.

TABLE VI. Calculated spin and orbital moments~in mB), including the spin-orbit coupling as well as the
orbital polarization, inside the MT sphere for a free standing monolayer of Fe, Co, and Ni.

Fe Co Ni
Layer MS ML ML/MS MS ML ML /MS MS ML ML/MS

S 2.96 0.199 0.067 2.06 0.338 0.164 0.99 0.235 0.237

Interstitial 0.06 -0.01 -0.01
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surface property if one effect would dominate over the oth-
ers. As it turns out one has to perform extensive calculations
in order to obtain a reliable estimate of the orbital moment.
Finally we have found a fair agreement for the Co/Cu~001!
system concerning the calculated ratio between the orbital
and spin moments and the corresponding experimental value
deduced from MCD experiments.21 Further, both our spin
and orbital moments for the central layer of Fe, Co, and Ni
agree well with bulk calculations,44 g-factor measurements,45

as well as MCD measurements for Fe and Co performed by
Chenet al.47 The accuracy of our calculations in reproducing
spin and orbital moments of bulk Fe, Co, and Ni gives sup-
port to that our theoretical method is reliable in reproducing

experimental spin and orbital moments for bulk, interface,
and surface systems.
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