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X-ray magnetic circular dichroism (MCD) spectra and orbital angular momentum, (L,), for tran-
sition metal bulk and surfaces were studied for both ground state and core hole excitations using a
highly precise local density approach. For Fe(001), we predict a double peak structure in both the
MOD and total absorption spectra and a strong enhancement of (L,). Surprisingly, the MCD orbital
sum rule is found to be valid to within (5—10)Fo. Finally, the results suggest possible solutions to
several problems faced in applying the MCD sum rule to measure (L,).

PACS numbers: 78.70.Dm, 75.30.pd, 75.50.Bb

The observation of soft x-ray magnetic circular dichro-
ism (MCD) by Schiitz et aL [1] in 1987, followed by
important experimental and theoretical work [2—7], has
led to the establishment of MCD as an exciting, and in
some respects unique, new powerful tool for investigat-
ing the magnetism of transition and rare-earth metal sys-
tems. Compared to other techniques, the high element
selectivity of MCD is especially useful for identifying the
magnetism from different specific atoms (e.g. , in alloys,
as impurities, at surfaces or interfaces, etc. ) [8]. It also
offers potential applications for element-specific magnetic
microscopy [9]. Recently, as a result of a new magneto-
optical sum rule derived for x-ray MCD [10], consider-
able interest has centered on these measurements as the
only practical way to determine the orbital angular mo-
mentum, (L,), in bulk and reduced dimensional systems.
Thus, for example, it has been used to detect the en-
hancement of the orbital magnetic moment at Co/Pd
interfaces [ll]. This powerful sum rule, however, was de-
rived from a simple model system, namely, a single ion in
a crystal field with the valence shell only partially filled.
Thus, as emphasized by several authors [8, 8], there is
still some question as to the validity and range of appli-
cability of this sum rule to real condensed matter systems
such as transition metals with their strongly hybridized
multiband structure.

In this Letter, we report results of a detailed local den-
sity energy band study of the x-ray MCD spectra in sev-
eral transition metal bulk and surface systems in which
both ground state and core excitations (treated as a su-
percell impurity) are investigated. The sum rule is found
to be valid to within (5—10)%, the error being due to sd-
hybridization. Thus any further deviations from the sum
rule may be attributed to additional many-body effects.
We also address several problems faced by experimental-
ists in applying the MCD sum rule and offer suggestions
and possible solutions. Some MCD results are presented
for the Fe(100) surface which provide a test of our elec-
tronic structure approach.

As is well known, MCD measures the difference in ab-
sorption between right- and left-circularly polarized inci-
dent light during the process of electric transitions from
core states to unoccupied valence states. Because of the
spin-orbit coupling (SOC) between valence states, the
MCD signals of om (=a+ cr )—for the L2 and Ls absorp-
tion edge for 3d transition metals no longer cancel each
other as they do in the absence of SOC where the inte-
grated L2 and L3 signals are equal and opposite. Here,
o.+ and a. represent the absorption cross sections for left-
and right-circularly polarized light, respectively. Stated
as a sum rule, MCD and total absorption spectra were
found to be directly related to the small average orbital
magnetic moment (L,) for each atom [10]. Specialized
for transitions from 2p core states, it is

Im = f@ (o'+ —~ )d&~Ls+Lg (L~)

Ii = f~, (~+ + ~- + ~o)d&ll..+I.,
Here Nh is the number of holes, 0.0 is the absorption
cross section for light linearly polarized along the mag-
netization direction, and E is some energy cutoff. Some
problems associated with applying the sum rule include:

(i) the choice of Nh, which is not a well defined quantity
in solid state since the concept of a shell no longer exists;
(ii) the range of integration for the absorption, for which
there is no clear meaningful cutoff.

As a check of the validity of the sum rule for real sys-
tems with many bands and strong hybridization, we have
carried out separate calculations of the numerators and
denominators on both sides of Eq. (1)—all of which are
well established conceptually in the local density energy
band approach. We employ a second-variational proce-
dure to treat the SOC, in which the wave functions of
the unperturbed states, namely ~g') = P. c' ~gP) (where

~Pi) is the augmented plane wave basis in semirelativistic
calculations), are used as basis functions to expand the
SOC Hamiltonian. In this approach, the matrices of the
non-SOC Hamiltonian, 0, are already in a diagonalized
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form. Since the off-diagonal matrix elements from the
SOC are very small (usually a few meV), a much smaller
energy cutoff (e.g. , 0.5 Ry above Ez) can be adopted in
the diagonalization of eigenvalue equation

(~,', +(s L)l&&) =~I&&)

with a perturbed wave function, Q, = P.O'Q&. [From
the perturbed wave functions, (L,) can be evaluated
as (L,) =

f& P,. „C"C„'(L,) „.] This procedure
has proved to be very eKcient in calculating magneto-
crystalline anisotropy [12]. More importantly, it allows us
to treat the effects of SOC for many interesting real ma-
terials by drastically reducing the computing time com-
pared to the fully relativistic approaches [13].

To calculate the MCD spectra from first principles, we
first determine the energy dependence of the difference
between o.+ and o. . For electric dipole transitions from
core to valence bands,
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and in the second variational procedure described above
we have
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A summation over 36 A: points in the 1/8 irreducible 2D
Brillouin zone is employed for the A: space integration.
The angular and spin momentum parts in Eq. (4) result
in the well-known selection rules: Al = +1, Lm = +1,
Ls =0.

We have investigated x-ray MCD in bulk and surface
Fe, Co, and Ni using the full-potential linearized aug-
mented plane wave (FLAPW) method for thin films with
the SOC treated in the second variational way outlined
above. For clarity and because of space limitations, we
concentrate here on the results obtained for Fe. Figure
1(a) shows the energy dependence of the o.„calculated
separately for the Ls and Ls edges at the center ("bulk" )
layer of a seven layer Fe(001) slab. The main peaks show
that overall the relation pro=2(o++o ) holds for bulk
Fe and even more so when an energy integrated value is
used.

We see structure above the main peaks and a tail that
extends to high energy —also shown for the total absorp-
tion cross section in Fig. 1(b). (Since the local den-
sity approach may not be valid at these high energies,
these results must be viewed cautiously. ) By contrast,
the MCD spectrum in Fig. 1(b) converges quickly in
energy and shows two well separated peaks for L3 and
L2. The small positive peak at the onset of the I3 peak
arises from the small number of majority spin holes in
Fe; it does not appear in the spectra for Co and Ni. We
shall see later that, as expected, it also does not appear
in the MCD spectra for the surface layer (cf. Fig. 2).
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The main L~ and L3 MCD peaks are almost structure-
less even with a small Gaussian broadening width (0.2
eV)—unlike the relativistic tight binding results for Fe
presented earlier and attributed to a breakdown of the
local density approach [7].

In order to determine the effects on the spectra of a
photoinduced core hole, we have carried out separate self-
consistent c(2 x 2) supercell calculations for a 2p hole lo-
calized in the center layer of the seven layer bcc Fe(001)
slab. The effects of the core-hole impurity are found to

FIG. 1. The calculated energy dependencies of (a) cross
sections vari (dashed line), o. (dash-dotted line), and oo (solid
line); (b) MCD signal o+-o (solid line) and total absorption
(dashed line) for the center layer of Fe(001); and (c) core
hole supercell calculations for o+-o (solid line) and total
absorption (dashed line) for the center layer. Spectra were
Gaussian broadened by 0.2 eV (here and in Fig. 3).
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FIG. 2. The calculated energy dependencies of (a) cross
sections cr+ (dashed line), o (dash-dotted line), and pro (solid
line); (b) MCD signal or+-cr (solid line) and total absorption
(dashed line) for the surface layer of Fe(001).

decay very quickly to almost zero at its second-neighbor
sit" indicating that the cell size used here is sufIicient.
Surprisingly, while the density of states, magnetic mo-
ment (to 1.84p~), and local valence charge density are
strongly affected, the core hole does not significantly af-
fect the profile of the MCD spectra as shown in Fig. 1(c),
except for the removal of the small positive peak at the
onset of the I3 peak. By contrast, the shoulder peak in
the total absorption curve is removed because, unlike the
case for MCD spectra, the contributions from the two
spin parts have the same sign. Note that the core-hole
overshifts the 2p binding energy due to the weakened
screening of the nuclear attraction; it also increases the
2@3 and 2pi SOC energy difference (by 0.6 eV to 12.9
eV—which is now very close to the experimental value,
13.0 eV). Because of the core-hole relaxation, one should
not simply compare the LDA eigenvalues with the excita-
tion energy through use of Koopman's theorem, as shown
in Fig. 1, but use the difference of the total energy deter-
mined self-consistently for the initial and the final states.
In this way, the calculated excitation energies are 702.9
eV and 715.8 eV for the L3 and L2 adsorption edges,
respectively —agree very well with the measured values
of 707 eV and 720 eV for bulk Fe [5, 7].

The efFects at the surface layer in bcc Fe(001) are
shown in Fig. 2(a). Unlike the case of the center
layer (or "bulk" ), the generally assumed relation [11]

E(ev)

FIG. 3. The dependence of the integrated quantities (I,)
(solid line, left scale), I (dashed line, left scale), Nh, (solid
line, right scale), and It, (dashed line, right scale) on the band
filling in (a) for the center layer and (b) for the surface layer
of Fe(001). E = 0 corresponds to the position of the physical
gF

oo = z(cr+ + cr ) does not hold for the surface layer
since the z direction is no longer equal to the x, y direc-
tions. The high peak of oc over the o+ and cr indicates
the separation of the d~, » states (with a large contribu-
tion to oo but a very small contribution to MCD) from
the d» state (no contribution to o.„large contribution
to MCD). Further, there is some splitting of the Ls and
L2 peaks not seen in the center layer case. This struc-
ture becomes dramatically clear as two distinct peaks in
both Ls and L2, as shown in Fig. 2(b) for MCD and
total absorption, and so represents a striking prediction
for either experimental confirmation or rejection.

To investigate the validity of the MCD sum rule and to
obtain a deeper meaning of the physics involved, the four
quantities that appear as numerators and denominators
in Eq. (1) are considered as a function of band filling (in
the rigid band sense). Thus, we extend the starting point
of the integration to have E~ range from the bottom of
the valence band and fix the upper-limit of E to be 6
eV. For I~ and Iq we sum the contributions from L3 and
L2. Figure 3 compares (I,) with a scaled I (the MCD
signal) and Nh with a sealed Ir (the total absorption)
as a function of band fi.lling. We see from Fig. 3 that
in the physically interesting region, i.e. , for E~ around
zero, the proportionality between both numerators and
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both denominators —hence the sum rul" holds to within
10'%%uo.

There are two assumptions in the derivation of the sum
rule [10]: (i) the radial matrix elements are constant for
all transitions, and (ii) no hybridization exists between
different l shells (i.e. , l is a good quantum number). As is
well known, both assumptions fail in real materials and
thus weak s, p —d hybridization (which affects both as-
sumptions) is important for the validity of the sum rule.
(In fact, by eliminating in model calculations the effects
of s, p —d hybridization on the calculated L, and adsorp-
tion spectra, the error in the sum rule can be reduced
further to ( 5%.) Since the effects of s, p states are in-
herent in the real materials and thus in the experimental
spectra, an arbitrary cutoff is needed for the integrations
in order to stay within the d band region.

Indeed, it is this cutofF that insures the validity of the
sum rule as seen from Fig. 3(a): While (L, ) and I~
quickly approach zero with an almost zero slope above
4 eV, this is not the case for Nh, and I~ whose slope is
obviously not zero at the arbitrary energy cutoff of 6 eV
[cf. the high energy tail in Figs. 1(b) and 2(b)]. How-

ever, with this cutoff, Nh, and I~ remain almost parallel
to each other, and hence the sum rule holds. For en-

ergy cutoffs above 6 eV, the deviation between these two
curves becomes larger and the sum rule gradually fails as
more and more s, p states become involved.

Obviously, s, p effects for the I is weak due to either
the selection rule (p states) or the cancellation between
the two spin parts (s states). Thus, we can thus use
the MCD curves to derive a criterion to determine the
range of the d bands for the integration of the total ab-
sorption: terminate the integration for the I~ where the
MCD counterparts become acceptably close to zero for
both L3 and L2. In fact, this criterion has already been
used in experiments [8, 11] by determining the energy
cutoff for the I& according to the MCD spectrum using a
spline-fit and a step function subtraction. Now we know
that this procedure serves to eliminate the contributions
from high lying s and p states (or continuum states) and
thus ensures the validity of the sum rule.

For the Fe(001) surface layer, as plotted in Fig. 3(b),
the proportionality between both the numerators and
the denominators holds with the same scaling factor as
the center layer —indicating the insensitivity of the radial
part of the integration in Eq. (4) to the change of envi-
ronment. Indeed, it is quite striking how the I values
track the (L,) curve even for this large change in shape
and value of (L~). Now, if we assume that this scaling
factor between I and (L, ) is the same in other Fe sys-
tems, then it may be possible to determine (I,) merely
from the measured MCD signal, I, without the uncer-
tainties involved in obtaining the normalization factors,
I& and Nh. Such a proportionality is also found for Co
and Ni, but each with its own scaling factor. This may
well indicate the possible universal nature of the scaling.
While very diKcult to perform, absolute absorption cross
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section measurements are now being undertaken.
Compared to the center layer, the surface band is nar-

rowed which results in an enhanced SOC between the
valence states. As a result, the shape of the (L,) curve is
significantly narrowed and its peak value is significantly
enhanced over that for the center layer. For Fe(001), the
(L,) at E~ is 0.095@~ for the surface layer —and is en-
hanced by 80%%uo from the bulk value (0.055@~). These
values agree with a previous linearized muffin-tin orbital
calculation [14] in the atomic sphere approximation, i.e. ,

0.12@~ and 0.05p~ for the surface and the center layer of
Fe(001). The 20'%%uo difFerence for the surface layer arises
from our full potential treatment at the surface.

In conclusion, this first precise local density energy
band study has focused on the validity and range of ap-
plicability of the MCD sum rule to measure (L,) in tran-
sition metal systems. It has identified some problems as-
sociated with applications of the sum rule and has offered
some suggestions and potential solutions. The local spin
density band structure approach appears to offer a valu-
able means (i) to address some important problems in the
developing field of MCD, (ii) to provide clear physical in-

sight and guidance for the analysis and interpretation of
MCD spectra, and (iii) to predict magneto-optical prop-
erties of bulk and low dimensional systems which may be
important for both the basic science and application of
the MCD technique to the development of high density
magneto-optical storage.
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