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Abstract

The present state of the art of theoretical studies of magnetism in artificial low dimensional tran
sition metal materials, e.g., surfaces, overlayers and multilayers, is reviewed here by means of 
some illustrative examples. Strong magnetic moment enhancements are found for Fe, Co and 
Ni atoms at surfaces or interfaces contacting with inert substrates. By contrast, the spin polar
ization is strongly frustrated in systems with strong hybridization, which usually leads to more 
complex antiferromagnetic ground states. As a major progress for first principles determination 
of the magneto-crystalline anisotropy, the state tracking and the torque approaches enable us to 
obtain very stable and reliable results of the MCA energy and other subsequent effects such as 
magnetostriction. The x-ray magnetic circular dichroism and its application for determination of 
spin, orbital and dipole moments at surfaces and interfaces are also discussed.

1 Introduction

As Allan Mackintosh understood and applauded, magnetism research has been 
undergoing a renaissance over the last decade following the discovery of a variety 
of new scientific phenomena associated with man-made transition metal thin films. 
Among them are the theoretical prediction of enhanced magnetic moments in ultra
thin films and at surfaces (Freeman et al., 1991), the discovery of perpendicular 
magnetic anisotropy (Garcia et al., 1985) in layered structures, and the discovery 
of giant magnetoresistance (GMR, Baibich et al., 1988 and Binasch et al., 1989) 
and accompanying oscillatory exchange coupling in multilayers made by alternating 
magnetic and “nonmagnetic” metals (Parkin et al., 1990). Some of these discoveries 
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are expected to have a major impact on the magnetic recording industry. An 
example is the so-called spin-valve sensor (Dieny et al., 1991), which is about to be 
used as a magnetic recording head. Other applications are multilayers with out- 
of-plane anisotropy which show promise as “blue” magneto-optical media (Hurst 
et al., 1993), or GMR based structures which offer non-volatile alternatives to 
semiconductor based DRAM (Daughton et al., 1992).

As was also known to him, the great success of first principles electronic struc
ture studies based on local spin density functional theory, which performs extremely 
complex simulations of ever increasingly realistic systems, plays a very important 
role in explaining magnetism in thin films and has led to the facing of even more 
challenging problems (Freeman et al., 1991). Theoretical calculations predicted 
the large enhancement of the magnetic moment for 3d transition metal (TM) sur
faces or overlayers deposited on inert substrates, and the possible magnetization 
in some normally non-magnetic materials - for which some results have already 
been verified experimentally. Complex magnetic structures, especially some anti
ferromagnetic (AFM) configurations, can now be predicted by comparing total 
energies with their equilibrium atomic geometries (including multilayer relaxations 
and reconstructions at surfaces and interfaces) optimized very efficiently using the 
atomic force approach. Significant progress has been made very recently for the 
treatment of the weak spin-orbit coupling (SOC) and now we are able to obtain 
(i) very reliable results for the magneto-crystalline anisotropy (MCA) energies and 
magnetostrictive coefficients for transition metal thin films using the state tracking 
(Wang et al, 1993) and the torque (Wang et al., 1996) approaches; (ii) magneto
optical Kerr effect (MOKE) and soft x-ray magnetic circular dichroism (MCD). 
Using a linear response theory, magnetic transport properties, such as GMR, can 
also be determined from the ground state band structures.

The aim of the present review, dedicated to Allan Mackintosh, is to present 
the main lines of important theoretical developments in this exciting area in recent 
years with an emphasis on our own full potential linearized augmented plane wave 
(FLAPW) (Wimmer et al., 1981) calculations. Examples presented here indicate 
that high quality ab initio calculations of magnetic systems can achieve high ac- 
curacy/precision for a wide range of magnetic properties of transition metal and 
rare-earth metal systems. The new level of performance and the capability of mod
ern computational simulations can help to alleviate many expensive experimental 
procedures, and can gradually build up effective tools to search for new magnetic 
materials.
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2 3d Overlayers

As determined by Hund’s rules, most of the free transition metal atoms possess 
a net spin moment. In the solid state, their magnetic moments decrease because 
the interatomic Coulomb repulsion diminishes the parallel spin alignment in the 
region between the atoms. Naturally, a reduced dimensionality, e.g., in 2D (i.e., 
monolayer) or ID (i.e., linear chain) systems, is expected to restore the free atom 
nature of the atom in question and thus to enhance the local magnetic moment. 
Indeed, the calculated magnetic moments of 3d transition metals increase with 
the decreasing dimensionality of system in going from bulk, surface and to a free 
monolayer (Freeman et al., 1991).

To realize the predicted strong magnetic moment in monolayers, supporting 
substrates should be lacking electronic states at the Fermi energy so as to minimize 
the overlayer-substrate hybridization. As listed in Table I, the magnetic moments 
of Fe and Co atoms are reduced by only about 0.1-0.2 pB on Ag(001) or Au(001) 
compared to those in their free-standing monolayers. Surprisingly, Cu(001) exhibits 
very strong proximity effects; the overlayer magnetic moments are reduced by 0.5 
pB from those in the free standing case. A benign substrate, namely MgO(OOl), 
was found on which the spin moment of an Fe monolayer is as large as 3.07 pB — 
almost unchanged from the value for the free standing Fe monolayer, 3.10 pB. Since 
MgO(OOl) has no states in the gap at Ep even for the surface layer, Fe/MgO(001) 
is almost free of chemical interactions.

With strong interfacial interactions, e.g., in Fe/W(001) and Fe/Ru(0001), we 
found that AFM ordering prevails since the FM state is frustrated by the d-band 
hybridization. For example, Fe/W(001) has no stable, or even metastable, FM 
states. By contrast, the AFM state (A/ = 0.7 ^us) is about 0.01 eV/cell lower 
than the PM state. Very interestingly, the FM ordering of the “dead” Fe layer 
can be activated by an additional Fe overlayer and the magnetic moments in the 
interface and surface layers jump to 1.68 pB and 2.43 pB, respectively. Therefore, 
the observations of magnetism in Fe/W(001) should vary dramatically between one 
and two layers.

On the diamond (001) surface, we found that a large Fe and Co magnetic 
moment can be sustained (1.93 pB and 1.56 /zB, respectively), whereas the magnetic 
moment of a Ni monolayer is reduced to zero. It was found that the magnetic 
moments strongly depend on the interlayer distance due to the interaction with 
the dangling bond surface states on C(001). Interestingly, Fe and Co magnetic 
layers induce almost zero magnetic moments at the interfacial C sites and a sizable 
magnetic moment at the subinterfacial C sites (0.04 /zB).

A strong interplay between magnetism and atomic structure was found for 
Mn/Fe(001). The antiparallel alignment in the Mn plane with a large (3.1 pB)
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Monolayer Overlayer

Table I. Magnetic moment (mb) and magnetic ground state of magnetic monolayer 
and overlayer systems.

state moment state moment
Fe/Ag(001) FM 3.20-3.4 FM 2.96-3.01
Fe/Au(001) FM - FM 2.97
Co/Ag(001) FM 2.20 FM 2.03
Ni/Ag(001) FM 1.02 FM 0.57-0.65
Fe/MgO(001) FM 3.10 FM 3.07
Fe/Cu(001) FM 3.20 FM 2.69-2.85
Co/Cu(001) FM 2.05 FM 1.79
Ni/Cu(001) FM 1.01 FM 0.39
Ni/Cu(lll) FM 1.01 FM 0.34
Fe/C(001) FM 2.96 FM 1.93
Co/C(001) FM 2.06 FM 1.56
Ni/C(001) FM 1.03 PM 0.00
Pd/Ag(001) FM 0.40 PM 0.00
Pd/MgO(001) FM 0.34 PM 0.00
Pd/C(0001) FM 0.14 PM 0.00
Rh/Au(001) FM 1.56 FM 1.09
Rh/Ag(001) FM 1.45 FM 0.95
Rh/MgO(001) FM 1.45 FM 1.21
Rh/C(0001) FM 1.35 FM 0.24
Ru/Ag(001) FM 2.12 FM 1.57
Ru/Mg0(001) FM 2.14 FM 1.95
Ru/C(0001) FM 2.48 FM 0.28
Fe/W(110) FM 2.98 FM 2.18
Fe/W(001) FM 3.10 AFM 0.93
Fe/Ru(0001) FM 2.90 AFM 2.23
Mn/Fe(001) AFM 4.32 AFM 3.15

magnetic moment is found to drive a c(2 x 2) buckling reconstruction in the Mn 
overlayer. Due to hybridization with the magnetic Fe(001) substrate, the valence 
bands of the two different Mn atoms differ substantially and thus FM signals can 
be detected from the AFM Mn monolayer using techniques such as spin-polarized 
photoemission. For the bilayer Mn/Fe(001) (i.e., 2Mn/Fe(001)), we found that the 
surface Mn layer (instead of the interfacial Mn layer) appears to couple antiferro
magnetically with the underlying Fe substrate. This unusual behaviour was also 
found in experiments for Cr/Fe(001) and Mn/Fe(001) (Roth et al., 1995). Again, 
we found that the magnetic ordering in 2Mn/Fe(001) is very sensitive to the atomic 
structure and thus the positions of all the atoms need to be well optimized for such 
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a system.

3 Possible 4d magnetism

It was found that some 4d elements, namely Pd, Rh and Ru, can possess magnetic 
moments in certain circumstances. In an isolated monolayer geometry, the calcu
lated magnetic moments for Pd, Rh and Ru are 0.35 pB, 1.45 pB and 2.12 pB, 
respectively (Zhu et al., 1990; Wu et al., 1992). Physically, the density of states at 
Ep of paramagnetic Ru and Rh monolayers is found to increase by 450% over their 
corresponding bulk values, which results in a large Stoner factor (1.45 and 1.89 for 
Ru and Rh monolayers, respectively) and thus a Stoner instability.

Strikingly, the magnetism of the free Rh monolayer is found to remain when 
placed on Ag(001) and Au(001) substrates. However, verification experiments us
ing the surface magneto-optic Kerr effect (SMOKE) failed to find any evidence of 
ferromagnetism in Rh/Ag(001) at temperatures down to 40 K. (Mulhollan et al., 
1991; Liu et al., 1992). To understand this discrepancy, FLAPW calculations were 
carried out for the Rh/Ag(001), Ru/Ag(001), Ag/Rh/Ag(001) and Ag/Ru/Ag(001) 
systems. The overlayer relaxation is found to be very small and to have no signifi
cant effect on the electronic and magnetic properties. Further, we found that the 
ferromagnetism of Rh/Ag(001) can be destroyed by an additional Ag layer - which 
attributes the lack of ferromagnetism in recent SMOKE experiments to the surface 
segregation between Rh and Ag atoms. By contrast, Ru/Ag(001) is predicted to 
be ferromagnetic with both a larger magnetic moment and larger magnetic energy 
even after being covered by a Ag layer, and thus is more suitable for experimental 
verification. In addition, the considerably stronger overlayer-substrate Coulomb 
repulsion indicates that Ag is no longer the “benign” substrate for 4d overlayer 
magnetism that it is for the 3d metals.

As expected, large magnetic moments are predicted for Ru and Rh monolayers 
on MgO(OOl) (1.95 pB and 1.21 pB for Ru and Rh, respectively) - indicating, 
in principle, the potential application of MgO(OOl) as a benign substrate for 4d 
monolayer magnetism. Significantly, according to our atomic force determinations, 
the metal overlayers induce a sizable buckling reconstruction in the interfacial MgO 
layer, which enhances the M-MgO binding energy by 0.1 eV. The weak M-O 
interaction is mainly via tail effects; however, it affects the density of states at 
the Fermi level for Pd/MgO(001) significantly and completely eliminates the small 
magnetic moment of the free Pd monolayer (0.34 pB\

A nonzero in-plane spin polarization was observed for Ru/C(0001) below 250 K, 
using spin-polarized secondary electron emission (SPSEE) techniques (Pfandzelter 
et al., 1995). This first evidence of 4d monolayer magnetism is very encouraging and

io 



138 R. Q. Wu and A. J. Freeman MfM 45

deserves theoretical verification. Surprisingly, the calculated magnetic moments of 
Rh/C(0001) and Ru/C(0001) are only 0.24 /ns/adatom and 0.28 ^s/adatom even 
in a very sparse structure. Furthermore, the magnetic moments are found to depend 
strongly on the overlayer/substrate interlayer distance. The calculated magnetic 
moment of Ru jumps discontinuously to a value as large as 1.1 fiB just slightly 
away from the equilibrium position. It can even reach a value of 1.5 p,B if the 
interlayer distance is 10% larger than the equilibrium one. Such a discontinuous 
behaviour suggests the co-existence of several high- and low-spin moment states.

4 Magneto-crystalline anisotropy

As is known, the strength of spin-orbit coupling (SOC) in 3d transition metal 
systems is very weak (30-50 meV, or 100 times smaller than that of the crystalline 
field) and thus can be well treated using a perturbative framework. As stated in 
the often-used MCA force theorem, the MCA energy can be approximately taken 
as the band energy

M«ca = M-0 - Mt) = £*<(-►)-£ Mt)+ <W). (1)
occ' occ"

Very recently, we proved that the order of n goes up to 4 for thin film systems, and 
thus the force theorem should be able to provide sufficient accuracy for MCA energy 
determinations. However, several numerical uncertainties have been inherent in 
most previous ab initio MCA calculations because the sets of occupied states, i.e., 
{occ'} and {occ"}, were determined through the Fermi filling scheme which relies 
on the very limited information from the eigenvalues, E{.

Recently, we proposed the state tracking approach in which the {occ'} and 
{occ"} states are determined according to their projections back to the occupied 
set of the unperturbed states. Since this procedure ensures minimum change in the 
charge and spin densities as required by the force theorem and excludes the possible 
randomness in the Brillouin zone (tracking at a given fc-point) (Wang et al., 1993), 
very stable MCA results have been obtained for magnetic thin films such as Fe, Co 
and Ni monolayers in the free standing case as well as on various substrates (Cu 
and Pd, etc) with relatively small number of ^-points. Perhaps more importantly, 
the behaviour of MCA for transition metal thin films can now be related to more 
fundamental properties, such as band structures and wave functions. This enables 
us to explore the underlying physics and, furthermore, to figure out a way to tune 
the MCA for transition metal systems: For example, the strong in-plane MCA 
of a free standing Co monolayer is found to originate from the coupling between 
the occupied dxz,yz and unoccupied dz2 and dx2_y2 states at the M point. When 
adsorbed onto the Cu substrate, for example, the dxz,yz state is lowered in energy 
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due to the interfacial hybridization and thus the MCA energy becomes less negative 
in the Co/Cu overlayer systems and even positive in Co/Cu sandwiches.

More recently, we proposed a torque (Wang et al., 1996) method which can 
further depress the remaining uncertainties resulting from the SOC interaction 
between near-degenerate states around the Fermi level (so called surface pair cou
pling). To demonstrate the idea of the torque method, recall that the total energy 
of an uniaxial system can be well approximated in the form

E = Eo T K2 sin2 6 + K4 sin4 0 , (2)

where 0 is the angle between the normal axis and the direction of magnetization. 
It is easy to find that the MCA energy is equal to the angular derivative of the 
total energy (torque) at a “magic angle” of 0 = 45° as

£mca ee E(0 = 90°) - E(0 = 0°) = K2 + K4 = . (3)

If we apply the Feynman-Hellman theorem, EMCA can be evaluated finally as (note 
only Hsoc = £ s • L depends on 0 in the Hamiltonian)

Emca = £{®W/W'}|e=45. = (4)
occ occ

where is the zth perturbed wave function.
The advantage of the torque method is obvious since in this approach we only 

have to deal with one particular magnetic orientation and thus only one Fermi 
surface is required for the fc-integration. In addition, the MCA energy is expressed 
as the expectation value of the angular derivative of Hsoc and therefore it is much 
more insensitive to the surface pair coupling. With the aid of the state tracking and 
torque methods, very stable results have been obtained for various transition metal 
systems and so we are able to attack the long standing problem of magnetostriction 
in transition metals.

As a first illustration, consider isolated monoatomic iron and cobalt layers with 
the same square lattice so that their electronic bands are very similar. Despite these 
similarities, in-plane and perpendicular surface MCA are expected for Co and Fe, 
respectively, from both experiment and theoretical calculations. According to our 
calculation and analysis, this is caused by the different occupation of the spin
down d bands due to the difference in the valence electron number. For example, 
for the Co monolayer, two bands consisting of xz and yz states are all occupied in 
a large region near M. They are coupled through either ly or lx angular momentum 
components to the empty z2 states, and this contributes to the in-plane MCA. The 
variation of the surface MCA for different atomic (Co vs Fe) layers amounts to 
about 3 meV, depending on the lattice strain.

io*
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In an overlayer system, the MCA energy depends mainly on the hybridization 
between its out-of-plane states, namely the xz and yz states, and the orbitals of the 
substrates. At the Co-Pd interface of a Pd/Co/Pd sandwich, for example, the Co 
xz and yz states have been appreciably pushed up to higher energy which results in 
perpendicular interface MCA. We found that the effects of different substrates can 
affect the MCA energy by 2 to 3 meV. These interfacial effects are well described 
using an effective ligand interaction model.

5 Magnetostriction

In general, the size of the (magnetostrictive) strain induced by rotation of the 
magnetization of a magnetic material depends on the direction of the measured 
strain and magnetization with respect to the crystalline axes of the material. For 
a cubic material, the directional dependence of the fractional change in length can 
be expressed in terms of the direction cosines of the magnetizations (aj and those 
of the measurement direction (/3J with respect to the crystalline axes

AZ
T (5)

If the measurement is carried out along the (001) direction for example, ßx = ßy = 0 
and ßz = 1, Eq. (5) can be simplified as

(6) 

and

Clearly, Å100 represents the change in length along (001) when the magnetization 
turns from the the x-y plane to the z direction.

The equilibrium length I can be obtained by fitting the calculated total energy 
as a quadratic function of I (Zo = — b/2a) as

E — a/2 T bl T c. (8)

If the MCA energy is a linear function of I (as will be demonstrated)

emca = E(x, y) - E(z) = kß + k2 (9)

then we finally have
^ooi — ~2ki/3b. (10)
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Obviously, while the value of b can be easily calculated with high precision, the 
bottleneck for the determination of A is the value of ki, i.e., the strain dependence 
of the MCA energy.

For cubic bulk magnetic transition metals, the in-plane lattice constants are 
expected to change when the strains are applied along the vertical direction. Here, 
we consider two modes of distortion, namely (i) constant volume (i.e., 7X mode) 
and (ii) constant area in the lateral plane, when we change I to determine the 
magnetostrictive coefficients. For the 7! mode, the calculated total energies and 
MCA energies are plotted in Fig. 1. For bulk bcc Fe and fee Co and Ni, the 
total energy can be well-fitted by a parabola and the MCA energy exhibits a good 
linearity with respect to the change of I - indicating the high precision of the present 
calculations and also justifying the huge range of strain (AZ/Z ~ 5-20%) used in 
the calculations relative to saturation magnetostrictive strains (AZ/Z ~ 10-5).

For both the constant volume and constant area modes, the calculated A001 is 
positive for bcc Fe and fee Co - meaning that the dimension expands along the 
direction of magnetization; by contrast, the calculated A001 for bulk fcc Ni is oppo
site in sign. For the constant area mode, the values of A001 decrease substantially 
from the results obtained for the constant volume mode. These zero temperature 
results are of the correct sign and set a satisfactory range for the measured values 
of A001. They thus serve to validate this new approach for determining the tiny 
magnetostriction in transition metal systems.

To extend this approach to thin films consisting of a magnetic monolayer and a 
thick non-magnetic substrate, one should bear in mind that the lattice constant in 
the lateral plane is fixed by the substrate and so only strains along the vertical di
rection can be observed. The Z in Eqs. (8) and (9) should therefore be considered as 
the interlayer distance between the magnetic overlayer and the non-magnetic sub
strate. The orientation of the substrate is used as a subscript for A, e.g., A100 stands 
for systems with (100) substrates. To simulate Co/Cu(001) and Co/Pd(001), a slab 
consisting of seven ideally constructed fee Cu or Pd layers (acu = 6.83 a.u. and 
apd = 7.35 a.u.) with a pseudomorphic Co overlayer on each side is used.

For each system, the total energy curve can be well fitted by a parabola and the 
MCA energy exhibits a fairly good linearity as functions of the overlayer/substrate 
distance. We found for Co/Cu(001) that b and k\ are equal to —4390 meV/a.u. 
and —0.376 meV/a.u., respectively; thus, the calculated A100 at the Co/Cu(001) in
terface is —5.7 x 10-5. The negative sign means that the Co-Cu interlayer distance 
contracts when the direction of magnetization changes from in-plane to normal to 
the surface. Dramatically, we found that the MCA energy for Co/Pd(001) becomes 
more negative when the Co-Pd distance shrinks and thus Aooi becomes positive, 
+2.3 x 10~4, just opposite to that for Co/Cu(001).
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Figure. 1. The calculated total energy (left scale) and MCA energy (right scale) as 
a function of the length of the c-axis for (a) bcc Fe, (b) fee Co and (c) fcc Ni.
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6 Strain-induced MCA in Ni/Cu(001)

In many cases, the origin of perpendicular magnetic anisotropy (PMA) in ultra 
thin films is still not very clear today. It is believed that PMA originates from 
the altered hybridization, reduced symmetry or the stronger spin-orbit coupling 
(SOC) interaction at the interfacial region when heavier substrate atoms (Pd or 
Pt) are involved. It is hard, however, to explain the observation for Ni/Cu(001) in 
which the PMA occurs only when the Ni film becomes thicker than seven atomic 
layers (Baberschke, 1996). To understand this unusual result, we calculated the 
MCA energies of bulk fct Ni (lattice matched with Cu(001)) and of the mono- and 
bi-layer Ni/Cu(001) overlayer systems. We find that the lattice strain in bulk fct 
Ni leads to a large positive MCA energy (an inverse effect of magnetostriction), 
whereas the interfacial contribution to the MCA energy is negative (-1.1 meV per 
Ni atom). Thus, the PMA in Ni/Cu(001) is clearly due to strain-induced effects in 
the bulk, rather than interfacial effects, as was believed in the literature.

Similar to that in Fig. 1, the calculated MCA energies for bulk fct Ni can be well 
fitted by a linear function of the length of the c-axis. When c is equal to 6.83 a.u. 
(ideal fee Cu lattice), the MCA energy is smaller than 1 /xeV/atom - a result which 
indicates the precision of the present approach for the determination of the MCA 
energy for bulk magnetic transition metals. At the position corresponding to the 
measured structure (c = 6.44 a.u.), the MCA energy reaches 65 /leV/atom. This 
result agrees well with recent experimental data extrapolated to zero temperature, 
i.e., 70 /ieV/atom (Baberschke, 1996). In bulk fct Ni, with a magnetic moment 
of 0.65 pB, the calculated shape (so-called volume) anisotropy energy due to the 
magnetostatic dipole interactions is less than 0.6 ^eV/atom for a wide range of 
lattice distortion (10%). Thus, the MCA contribution is the dominant part of the 
PMA.

The strain-induced MCA energy is found to originate from the shift of the 
unoccupied dxzyz states (m = 1) into a higher energy region when the lattice is 
compressed along the vertical direction. This weakens the spin-orbit interactions 
between the dxz,yz and the occupied non-bonding dx2_y2 and dz2 states (which 
yield a negative MCA energy). Meanwhile, almost no change is found for the 
unoccupied states with m = 2 and m = 0. The SOC interactions between the 
dx2_y2 and dxy states (which give a positive MCA energy) are therefore almost 
unaffected. This results in a positive MCA energy since the SOC interactions with 
the same m prevail over that with different m.

We have also determined the MCA energies of mono- and bi-layer Ni/Cu(001) 
thin films; they are —0.69 meV/atom and —0.30 meV/atom, respectively. Again, 
the shape anisotropy is negligible even for these overlayer systems (e.g., it is 0.023 
meV/atom for the monolayer Ni/Cu(001)). The net MCA energy is strongly nega- 
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tive so that in-plane magnetization is preferred for the ultra-thin overlayer system. 
Thus, at least for Ni/Cu(001), the observed PM A for thick overlayers does not 
come from surface/interface effects as was believed before, but appears to be due 
to the strain-induced bulk contribution.

7 MCD at surfaces and interfaces

The possibility to determine both the spin and orbital moments (denoted as {Sz} 
and (Lz), respectively) directly from x-ray magnetic circular dichroism (MCD, 
Schütz et al., 1987; Stöhr, 1993, 1995) spectra by applying recently proposed sim
ple but powerful MCD sum rules has attracted considerable excitement and at
tention (Thole et al., 1992; Carra et al., 1993). Since these sum rules have been 
derived from a single ion model, their validity for complex materials (e.g., transition 
metals) with strong multi-shell hybridization (excluded in the original derivation) 
needs to be verified. As is well known, MCD measures the difference in absorp
tion between right- and left-circularly polarized incident light during the process 
of electric transitions from core states to unoccupied valence states. Due to the 
spin-orbit coupling between valence states, the MCD signals of am (= cr+ - cr_) 
for the L-2 and £3 absorption edge for 3d transition metals no longer cancel each 
other as they do in the absence of SOC where the integrated L2 and £3 signals are 
equal and opposite. Here, cr+ and cr_ represent the absorption cross sections for 
left- and right-circularly polarized light, respectively.

As stated in the MCD sum rules, integrations of the MCD and total absorption 
spectra relate directly to (£2), (S2) and (T2) for the unoccupied states

= Jl3+L2 °™dE = (£J .
Jl3+l2 atdE 2Nh

Nh = fp(E)dE (11)

and
I, _ f^.dE _ {SJ+7(TZ)
It It fLa+L^.dE Nh 3Nh ’ 1

where crm — cr+ — cr_ and crt = &+ + cr_ + crz. T is the spin magnetic dipole 
operator, i.e., T — |[S — 3r(r • S)], (Tz = S2(l — 3 cos2 0)/2 for S aligned along the 
z direction). The number of valence holes, Nh, can be obtained from an integration 
over the unoccupied density of states (p(E)).

There are two assumptions in the derivation of the sum rules: (i) the radial 
matrix elements are constant for all transitions, and (ii) no hybridization exists 
between different I shells (i.e., I is a good quantum number). As is well-known, 
both assumptions fail in real materials and thus weak s,p-d hybridization (which
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Table II. Calculated values of (Lz), (Sz), (Tz), (Se) and Nh and sum rule errors 
-1 and -1 for Ni(001), Co(0001)

and Fe(001) surface (S) and bulk-like centre (C) layers.

Atom (iz) (Sz) 7Tz) (Se) Nh Ri Ri Rz
Ni(S) -0.069 -0.67 -0.082 -0.250 1.81 0.27 0.52 -0.10
Ni(C) -0.051 -0.62 -0.027 -0.215 1.66 0.20 0.36 -0.11
Co(S) -0.090 -1.61 0.240 -0.457 2.60 0.11 0.24 -0.09
Co(C) -0.078 -1.52 0.014 -0.502 2.55 0.09 0.22 -0.10
Fe(S) -0.111 -2.71 0.230 -0.828 3.70 0.10 0.16 -0.04
Fe(C) -0.063 -2.10 0.028 -0.691 3.34 0.04 0.15 -0.09

affects both assumptions) is important for the validity of the sum rule. Since the 
effects of s,p states are inherent in real materials and thus in the experimental 
spectra, the validity of these sum rules needs to be checked. To this end, FLAPW 
calculations were carried out to obtain both the MCD spectra (Im, Is and ZJ and 
ground state properties ((Sz), (Lz), (Tz) and Nh).

In a series of investigations (Wu et al., 1993; 1994), we found that the main 
mechanism affecting the validity of the sum rules is the hybridization between the 
d states and the high-lying s,p states. Significantly, the It and Nh are not well 
defined quantities since they do not converge with respect to the upper-limit of the 
energy integration, and thus an arbitrary energy cut-off has to be applied in order 
to stay within the d band region. Thus, we proposed a criterion for the choice of 
the energy cut-off, i.e., cut the integrations for It and Nh at the energy where the 
MCD counterpart becomes acceptably close to zero. Based on this criterion, we 
adopted an energy cut-off of 6 eV above Ep for the calculated results for Fe, Co 
and Ni (bulk and surfaces).

As listed in Table II, the validity of the spin and orbital sum rules is denoted 
by Rx — — 1, and R2 = ~ 1- Obviously, the orbital sum rule is
seen to work very well (within 10%) for Fe and Co systems, and the error becomes 
larger for Ni since the number of s,p holes is almost equal to that of d holes (we 
used an energy cutoff of 6 eV above Ep). By contrast, the errors of the spin sum 
rule are much larger; it actually fails severely for the Ni surface since R2 is as large 
as 52%.

In addition, the (Tz) term in the spin sum rule is negligible only for atoms 
with cubic symmetry. For atoms in non-cubic environments such as surfaces and 
interfaces, as seen from Table II, its importance is obvious, since its magnitude 
becomes 8.5%, 12% and 15% of (Sz) at Ep for Fe(001), Ni(001) and Co(0001), 
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respectively. The hybridization between different I shells is the main mechanism 
causing the failure of the MCD spin sum rule for transition metals. Without s,p 
states, the error of the MCD spin sum rule can be reduced to within 10% even for 
the Ni surface.

We have emphasized the need for a proper energy cut-off for the integrations 
in order to eliminate the error introduced by the high lying s,p states through the 
normalizing denominators. A better way is to combine the (Lz) and (Sz) sum rules, 
as was done recently in some experiments on bulk transition metals. From our first
principles calculations, we found that the error in the ratio R3 
10% or so for all systems studied.

8 Conclusions

In summary, state-of-the-art ab initio LSD electronic structure calculations have 
achieved great success in the exciting field of thin film magnetism, in both explain
ing existing phenomena and, more importantly, in predicting the properties of new 
systems. Illustrative results demonstrate that: (1) the lowered coordination num
ber at clean metal surfaces leads to enhanced magnetic moments; (2) noble metal 
and MgO substrates do not affect the magnetism in most cases, but show significant 
effects on 4d overlayers; (3) the strong interaction (hybridization) with nonmag
netic transition metals diminishes (entirely in some cases) the ferromagnetism and 
usually leads to AFM ordering; (4) the magnetic anisotropy and magnetostriction 
can be predicted correctly using the state-tracking and torque procedures; and (5) 
x-ray magnetic circular dichroism can be explained in the framework of interband 
transitions. In the future, electronic structure theory is expected to continue to 
play a predictive role by considering more practical systems, by eliminating the 
limitation of the local spin density approximation and developing more efficient 
and precise methods.
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