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X-ray magnetic circular dichroism (XMCD) in the L, ; absorption spectra of transition metals is a rel-
atively new experimental technique for the investigation of magnetism. XMCD is element specific, giv-
ing it obvious advantages over methods which measure averaged magnetic properties. Another potential
strength of XMCD is the separate quantitative measurement of { Lz ) and {Sz ) through application of
dichroism sum rules. In this paper we present the results from a set of experiments designed to test the
applicability of the dichroism sum rules to XMCD spectra measured by total electron yield. We find
that with proper experimental control of angle of incidence, degree of polarization and film thickness,
the toti;l electron yield measurement of absorption spectra is accurate to within 5%. The uncertainties
involved in applying the dichroism sum rules are discussed in detail, including possible effects of diffuse
magnetic moments which are known to exist in Fe, Co, and Ni. The magnitude of these uncertainties
makes it difficult to obtain absolute values of {Lz} and {Sz), however, the dichroism sum rules are
shown to be qualitatively accurate and therefore capable of measuring changes in {Lz) and {Sz).

I. INTRODUCTION

Magnetic circular dichroism in the L, ; absorption
spectra of the magnetically interesting 3d transition met-
als is readily measurable using synchrotron radiation.
These x-ray magnetic circular dichroism (XMCD) mea-
surements have become widely used for the study of
magnetism since the results by Chen et al.! To date, L,,
XMCD from the first row transition-metal elements has
been reported for V,>3 Cr* Mn,>% Fe,” Co,*° Ni,1-10:11
and Cu.”> The core holes involved in the L, ; XMCD
process make the measurement element specific, giving it
obvious advantages over methods which measure aver-
aged magnetic properties. Recent theoretical analysis of
the 2p-3d transitions in atoms finds that ground-state ex-
pectation values of {L;) and {.Sz) can be derived from
the dichroism spectra.!®* If these predictions are real-
ized as well for solids, XMCD will become one of the
most versatile and useful techniques for the study of mag-
netic materials.

The theoretical understanding of XMCD can be traced
to work by Erskine and Stern'® who showed that the ratio
of the integrated dichroism intensity at the L; and L,
edges, Ry, is equal to —1 for a simple atomic model.
Barly measurements on Ni by Chen et al.»!' found
values of R, much different than —1. Smith et al.”
showed that agreement with experiment could be sub-
stantially improved for Ni by including the spin-orbit in-
teraction between the ground-state valence d electrons in
the calculation. However, this analysis failed when ap-
plied to Fe, leading Smith et al.” to argue that a single-
particle calculation could not explain XMCD in the 3d
transition metals. More recently, Thole et al.'’ and Car-
ra et al.'* have derived sum rules which relate the in-
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tegrated intensity of the dichroism signal at the L; and
L, edges to {L;) and {(Sz) for atoms. These calcula-
tions include many-body effects, but treat only the
2p —3d transitions and therefore cannot account for
effects in the solid phase such as spd wave mixing, or the
overlap of the sp band and the d band.

Apphcatxon of the atomic dichroism sum rules to
solids is still controversial. Wu, Wang, and Freeman,'®
using local-density energy-band calculations, showed that
the (L) sum rule was accurate to within 10%, if effects
of band hybridization could be accounted for experimen-
tally. These calculations ignore many-body effects and
produce absorption and dichroism spectra that differ no-
ticeably from experimental line shapes. Wu, Wang, and
Freeman!’ also argue that the magnetic dipole term,
(T,), which Carra et al.' assumed to negligible, can be
important and affect the (S ) sum rule for solids lacking
cubic symmetry. Another potential uncertainty in the
application of the sum rules to solids is the presence of s-
wave diffuse magnetic moments'® ! which are known to
exist in Fe, Co, and Ni.

In addition to the theoretical ambiguities, there are a
number of experimental difficulties involved in the appli-
cation of the dichroism sum rules. Most importantly,
the precise relationship between the absolute photoab-
sorption cross section and the detected signal must be
well understood. X-ray-absorption measurements are
typically made by monitoring the total electron yield
Y(#w) or the fluorescence yield. Absorption spectra,
o(#iw), are typically determined from Y(#w) using the re-
lationship Y(#iw) < fiwo(#iw). This simple relationship
between absorption and total electron yield is not always
valld at the L, ; absorption edges of 3d transition met-
als,” and “saturation effects” can introduce large errors
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in the dichroism measurement. In an investigation of the
dichroism from V, Cr, Mn, Fe, Co, and Ni, O’Brien
et al.® have pointed out other experimental difficulties in
applying the sum rules. These include the presence of a
dichroism signal between the L, and L, white lines and
an overlap of the L; and L, spectra.

In this paper we report on a series of experiments
designed to produce high-quality XMCD spectra in an
attempt to determine whether the dichroism sum rules
are valid for solids. To do this we measure the dichroism
in the L, ; absorption spectra of thin films of 3d transi-
tion metals. The details of these measurements are de-
scribed in Sec. II. In Sec. III we study the saturation
effect on the total electron yield measurement and identi-
fy appropriate experimental conditions for measuring ab-
sorption cross sections and dichroism by total electron
yield. In Sec. IV we examine the details of the XMCD
spectra and show how diffuse magnetic moments may ac-
count for previously unexplained features in the di-
chroism spectra of Co and Ni. In Sec. V we test (L)
and (Sz) dichroism sum rules on high-quality Fe, Co,

and Ni XMCD spectra.
To aid in the discussion that follows, we make the fol-
lowing  definitions. The  magnetic  dichroism,

oy =(0 4 —0o_), is the difference between the absorption
spectra with the photon spin parallel (o ) and antiparal-
lel (o _) to the sample magnetization M. The average of
the two spectra, (o, +o0_)/2, is in most circumstances
considered to be identical to the absorption cross section
for photon spin orthogonal to the sample magnetization
oo In the work presented below we directly measure the
total electron yield, Y(#iw), rather than the absorption
cross section o(#iw). We therefore also define Y, Y_,
and Y, in a manner consistent with the definitions of o ;.
o_, and o, The intensity and sign of o,, depends on the
relative orientation of M and the photon spin, =, that is
op~2-M. This is an important property of XMCD,
since it allows the direction of M to be determined.
XMCD spectra are presented normalized to o at the L,
peak, oy (#w)/oo(L4). The relative degree of magnetic
ordering is discussed in terms of the absolute value of
oylfiw)/o(L;) measured at the L; edge,
loy(L3)/0o(Ls)|. The integrated intensities of the Lj
and L, peaks in the o, spectrum are important quanti-
ties related to (L) and {Sz) by the dichroism sum
rules. We define these as A A4 L, and AA L,» Tespectively,

and also define the ratio Ry =A A4y, /AA;,.

II. EXPERIMENTAL APPARATUS

The measurements were performed on the 10-m
toroidal grating monochromator located at the Synchro-
tron Radiation Center (SRC) of the University of Wiscon-
sin. The beamline is equipped with a water-cooled
copper aperture which allows the selection of either
linear, left-handed or right-handed elliptically polarized
photons in the energy range 200-900 eV. Right-handed
or left-handed elliptically polarized photons are selected
by blocking out the bottom or top portion of the photon

beam, respectively. The degree of circular polarization,

12 673

obtained by blocking off all but the top or bottom 10% of
the photon beam, has been calculated to be 851+5% over
the range of the monochromator.*!

Thin films of Fe, Co, and Ni were grown in situ on a
Cu(001) substrate. Fe, Co, and Ni were evaporated at a
rate of 1-ML/min by restively heating pure wires. The
pressure during evaporation was below 1X107° Torr.
The Cu substrate was cleaned by argon-ion bombardment
and annealing. The substrate and film purity was
confirmed with photoemission spectroscopy. Low-
energy electron diffraction was used to determine sub-
strate and film order. The film thickness was monitored
by a quartz-crystal microbalance at the sample position.
The calibration of the microbalance was checked using
two methods. First, photoemission intensities of sub-
strate and overlayer were measured and corrected to ab-
solute intensities using atomic cross sections. Second, a
similar procedure was applied to the substrate and over-
layer x-ray-absorption intensity. The agreement between
film thickness measurements indicates that our reported
film thicknesses are accurate to within 20%. This accu-
racy has also been confirmed by comparing our magneti-
zation vs film thickness results for Fe, Co, and Ni growth
on Cu(001) to previously published results.

After growth, the samples were magnetized in situ by a
2-kG electromagnet with the field either perpendicular to
the surface or in-plane along any chosen axis. Absorp-
tion measurements could be made with the photon angle
of incidence, 8, varying between —70° and 70°, relative to
the surface normal. For in-plane magnetization, absorp-
tion spectra are taken at 0 and —0 without remagnetiz-
ing the sample and without changing the photon polar-
ization, see Fig. 1. This is equivalent to changing the
sample magnetization and allows for complete control of
2-M~cos¢, see Fig. 1 where ¢ is the angle between =
and M. In this manner the direction of M can be deter-
mined. For perpendicular magnetization the photon
beam is fixed at normal incidence and spectra are taken
with ¢=0° and 180°, by either remagnetizing the sample
or changing the photon polarization.

This measurement technique has been checked using
left-handed and right-handed circularly polarized pho-
tons. In Fig. 2 we show two Fe o, spectra obtained
from a 15-ML film of Fe grown on Cu(001). The film was
magnetized in-plane along the [110] direction. To gen-

FIG. 1. Experimental arrangement for measuring o, left,
and o, right, for samples magnetized in-plane. The angle be-
tween the photon spin vector, =, and the sample magnetization,
M, is ¢ and the photon angle of incidence with respect to the
surface normal is 8. For in-plane magnetization, 6=90~¢.
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FIG. 2. Comparisbn of oy, spectra from a 15-ML-Fe film us-
ing (separately) right- or left-handed circular polarization, ob-
tained using light above or below the orbital plane. Each polar-
ization was used to measure o _ and ¢ .. The two different heli-
city measurements are virtually indistinguishable.

erate each Fe o, spectra, absorption measurements were
taken at 6=45 and —45 degrees. For one o,; spectrum
the top 10% of the photon beam was used, for the other
the bottom 10% was used. These two o, spectra are
essentially identical. The spectrum obtained using the
bottom of the photon beam has been shifted 0.2 eV to-
ward higher photon energy to align the L, peaks. This
most likely is the result of the different optical paths tak-
en by x-rays above and below the storage ring orbital
plane, resulting in a small energy shift. Because of this
problem we typically make our dichroism measurements
by keeping the photon polarization constant and chang-
ing the sample magnetization by rotating the sample.

All total electron yield measurements were made on
the remanent sample magnetization at room temperature
in a chamber with background pressure of 6X10 !
Torr. The total electron yield spectra, Y(fiw), were ob-
tained by measuring the sample drain current. The ex-
perimental conditions in which Y(#iw)<#wo(fiw) is a

i
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valid approximation are considered in detail in Sec. IIL
The yield spectra were corrected for the incident photon
flux on the sample and the #iw dependence using a Au
photodiode current, normalized according to tabulated
Au photoyield.?2 This result was confirmed using a Cu
diode. A linear background was subtracted from the
spectra to remove contributions from the substrate.

IH. SATURATION IN TOTAL ELECTRON YIELD

In this section we show that it is important to consider
saturation effects when determining the absorption cross
section from total electron yield. It is commonly as-
sumed that there is a simple relationship between the to-
tal electron yield, Y(#iw), and the absorption cross sec-
tion, o(#iw),

Y (#iw) < fivo (fiw) , (1)

where i =0, + or —. As we show below, this approxima-
tion is not always valid. For example, at close to zero de-
grees grazing incidence all the photons are absorbed near
the surface and the total electron yield is proportional to
the incident flux, independent of o(#w). While more ac-
curate relationships between Y;(#w) and o,(#iw) can easi-
ly be derived, they include parameters which are not pre-
cisely known. The uncertainties in these parameters
could result in large errors in the dichroism measure-
ments. We therefore take the following approach to ob-
tain o(#iw) from our total electron yield measurements.
First, we make a more complete model of the total elec-
tron yield process for thin-film and multilayer systems.
We then compare angular-dependent experimental results
to this model. After verifying our model we are then able
to identify experimental conditions where (1) is a good
approximation.

A more complete expression for Y;{#w) should consid-
er the angle of incidence of the photon beam, the film
thickness, the alignment of M and 2, and the secondary
electron escape depth. For a film that is laterally homo-
geneous, and varies in atomic density with depth z, we
find

o ;(#iw,z)p(z) o (fiw,z")p(2’)
Y, (#i0) =J o (#i)N (Fie0) fod————(;c—)gep—exp [— Sz = ep + (lz,) ldz’ dz @
with
Ud(ﬁw)P
O'i(hw)=0'0(ﬁCD)_’TCOS¢ . 3)

Here Jy(#iw) is the incident photon flux, N(fiw) is the number of secondary electrons produced per photon which run
in the direction of the surface, d is the film thickness, P is the degree of circular polarization, and p is the atomic densi-
ty. The detection depth for total electron yield is assumed to be the effective escape depth of secondary electrons, A,.
We have previously reported® an experimental value of 20 A for A.. There are two angles which are important in this
analysis, see Fig. 1. The photon angle of incidence, 8, is important for determining the effects of saturation. The angle
between M and 2,¢, determines the magnitude of o, and o_. In (3), o, is the limiting value of o,,, for P =1 and
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¢=0. Thus o .(#iw) depends on ¢, while Y, (fiw) depends on both ¢ and 6. .
For a well-ordered multilayer system consisting of d, A of element 1 on top of d,-d; A of element 2, etc.,

Jol#iw )N (%) d p1o;1(fiw) 1
Til)= = {fo Pty | =2 | TG ) |
—dp10;,,(fiw) 2 P20 iAw) | 1
-+ !1 exp p— fdl P20 (fiwJexp | —z oy S dz+. .. )

assuming that A, is constant. For a thin film consisting
of a single element (4) reduces to

Jolfio )N (#iw)o ;(fiw)p
cosf@

Y;(#w)=

R o (fiw)p

—d A, cosf

(5

X f odexp

The secondary electron kinetic-energy distribution is typ-
ically peaked near a kinetic energy of 5 eV so that for
#ico >>5 eV the approximation N(#iw) < #iw is commonly
used. Thus,

] > (6)

1/A,+0(#iw)p /cosd

and it is apparent that (1) is a valid approximation to (6)
when A, <<cosf/o(#w)p. In the limit of cos6 /o —0, (6)
reduces to Y{#iw)=<#iw/p, which is independent of the
sample cross section. This is the saturation effect in total
electron yield. At large angles of incidence and for pho-
ton energies near a strong absorption edge (such as the
L, and L, peaks) we expect the approximation (1) to fail.
Approximation (1) is also valid for very thin films,

1 olfie)p |7

Z + cosd

Yi(fie) cosf

1 o;{fiwlp
2 +

X {1—exp |—d

cos@

e

d << ¢)]

In order to determine the experimental conditions
where (1) is a good approximation to (6) we have mea-
sured the Fe yield spectra Y, and Y_ from a 500-A-
thick Fe film grown on Cu(001) as a function of 8. The
film was magnetized in-plane along the [110] direction.
XMCD spectra were obtained from these measurements
by assuming that the approximation (1) is valid. These
o s Spectra are shown in Fig. 3 where each has been nor-
malized to oy at the L, peak. These spectra have also
been corrected for incomplete photon polarization, as-
suming P=0.85. The intensity of the o, signal qualita-
tively follows =-M~cosd.

For a quantitative investigation of these results we plot
lop(L3)/oo(Ls)| vs ¢ and 6 in Fig. 4(a) and Ry, vs ¢
and 6 in Fig. 4(b). For in-plane magnetization

0=(90—¢). The dotted lines in Fig. 4 show the expected

—

behavior of lop(Ls)/aglLy) and Ry,
lopm(L;)/oo(Ly)| <cosp and a constant R,,. The data
were fitted at small values of 8, where Y(fio) < #iwo(#iw)
is more accurate. Both the normalized XMCD intensity
and R, divert from this fit above 8=150 degrees. The ap-
proximation (1) gives values of |0 4,(L;)/04(L3)| and R,,
which are valid to within 5% for 6 < 50 degrees for thick
Fe films and for this choice of polarization, 0.85. For
larger values of 8, errors in excess of 10% are possible.
We now wish to see if the deviations between the ex-
perimental results obtained assuming (1) and the expected
results can be explained by saturation (6). Before we can
do this, values of oy(#w) and o ,(#w) must be known.
Absolute measurements of o(#iw) are very difficult so we
choose the following approach. The approximation
Yo(#fiw) = fiwo o(fiw) should be valid for very thin films at
normal incidence. We therefore start with the yield spec-
trum of a 2-ML film taken at normal incidence and use
approximation (1) to determine the relative cross section
as a function of energy, of{(%iw). The absolute cross sec-
tion, o(#w), is determined by measuring the jump at the
L, edge in the yield spectra for a very thick film and set-
ting the absorption cross section just before the L, edge

N w
o o

N
o

(]

-10 Wy -

Normalized Fe XMCD Intensity (%)

$=20, 160
700 710 720 730 740
Photon Energy (eV)

FIG. 3. Normalized Fe o, spectra obtained at different an-
gle of incidence, 6, from a 500-A film magnetized in-plane.
Spectra have been multiplied by 1.18 to account for incomplete

photon polarization.
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to the atomic value.”? In this manner o(#w) just before
the L, edge and at the peak of the L; edge for Fe is 0.2
and 2.6 Mb/atom, respectively. For Co the values are 0.2
and 2.0 Mb/atom and for Ni 0.2 and 1.5 Mb/atom. To
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FIG. 4. (a) Normalized Fe o), intensity at the L; edge vs 8
and ¢ obtained from results in Fig. 3. For 6 < 50 degrees the re-
sults agree well with the approximation Y(#w) < fiwo(#w), dot-
ted line. Errors >10% result from the approximation
Y{#w) < fiwo (#iw) for larger 8. The deviations for > 50° are
explained by saturation effects in the total electron yield mea-
surement, solid line. The predicted dependence of
[oy{L3)/oo(L3)| using fluorescence yield is also shown, dash-
dotted line. All values have been multiplied by 1.18 to account
for incomplete photon polarization. (b) Values of Ry, vs 6 and
¢ obtained from results in Fig. 3. For 6 <55 degrees the results
agree with the approximation ¥Y(#iw)=#ec(fiw), dotted line.
The deviations for 8> 55 are explained by saturation in the total
electron yield measurement, solid line. The predicted depen-
dence of R, using fluorescence yield is also shown, dash-dotted
line.
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determine o ,(#w) we use a measured oy (fiv,d=60°)
spectrum and set o,(#iw)=0 p(#w,$=60")/(Pcos60°).
o +(#iw) and o _(#iw) are then determined from (3).

We can now show that the deviations between the ex-
perimental results obtained assuming (1) and the expected
results in Fig. 4 can be explained by saturation. To do
this we generate the Y, (#w) spectra for different photon
angles of incidence using (6), and the approximations for

- 04(#iw). From these spectra we obtain |0y, (L3)/0(L;)|

and R, for different values of 9 using approximation (1).
The solid lines in Fig. 4(a) and Fig. 4(b) are the results of
these calculations which fit the data quite well, showing
the validity of (6). The values for both |0 (L;)/0o(L;)|
and R, vs € determined by this approach are parameter-
less. Approximation (1) is valid to within 5% for values
of § <50° degrees and the deviations for 8 > 50 are due to
saturation in total electron yield as described by (6). The
good agreement between experiment and theory gives us
confidence in our theoretical modeling using (6) and al-
lows us to determine the experimental conditions in
which (1) is a good approximation.

As a test, we measure the angular dependence of R,,
and |o4(L;)/0o(L3)| of a 10-ML film of fcc Co grown
on Cu(001),” Fig. 5. A 10-ML film was chosen to be in
the regime of validity of (1). Furthermore the degree of
circular polarization was reduced to 70% to lower the
maximum value of ¢ _(#w), which also should increase
the validity of (1). The experimental results in Fig. 5
were obtained from yield spectra assuming (1) and are

®, angle between M and = (degree)
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FIG. 5. Normalized Co o, intensity at the L; edge, circles,
and values of Ry, diamonds, vs 6 and ¢ obtained from a 10-
ML-Co film magnetized in-plane. Results are fitted assuming
Y(#iw) < fiwo(#iw), dotted line. Deviations due to saturation in
the total electron yield measurement are shown by the solid line.
For this film thickness and degree of circular polarization, 0.7,
the approximation Y(#iw) < fiwo(#iw) is valid to within 5% for
0 < 65 degrees. Normalized Co o, intensities have been multi-
plied by 1.43 to account for incomplete photon polarization.
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compared to |0 (L3)/0(L3)| <cos¢ and a conmstant
R,;, dashed lines, and values of |04 (L3)/04(L3)| and
R,, corrected for saturation assuming (6), solid lines.
The errors due to approximation (1) for both
|oye(L3)/oo(L3)| and R,, are less than 5% for values of
6 <65. The results in Figs. 4 and 5 show that by properly
selecting experimental conditions the approximation (1)
can be made valid to within <5%. In cases where it is
not possible to properly select experimental conditions (6)
can be wused to adjust experimental values of
loa({L3)/oo(L3)] and R,, obtained by total electron
yield measurements.

To this point we have only discussed the implications
of using total electron yield to measure the sample ab-
sorption. It is important to also consider other means of
measuring the sample absorption. Fluorescence detec-
tion, using the L, 3 soft x-ray emission intensity to moni-
tor absorption, is one alternative technique. This method
is not sensitive to sample charging or magnetic fields.
However, the mean free path of detection in these experi-
ments is very large. In Fig. 4 we have modeled the ex-
pected results of |0, (L;)/0(Ls)| and R,, for fluores-
cence detection, dash-dot lines, assuming the absorption
cross section to be proportional to the fluorescence yield.
For these calculations we assumed a detector at normal
incidence and a mean free path of detection derived from
the pre-L; edge cross section, 6000 A.?? Due to the long
mean free path of detection, measurements of
loy(L3)/oo(L3)| and R,, using fluorescence are not val-
id for samples this thick. Additional problems with
fluorescence measurements are the difference in the mean
free path of the emitted L, and L, photons (due to self-
absorption) and dichroism in the soft-x-ray-emission in-
tensity.?*

Other methods of measuring absorption are the partial
electron yield and transmission techniques. Partial elec-
tron yield detection, using Auger electrons, should have a
mean free path of detection equal to or smaller than total
electron yield measurements. This suggests that the ab-
sorption cross section should be proportional to the
Auger yield over a similar range of experimental condi-
tions as found for the validity of (1). For a few magnetic
thin-film systems we have used both the Auger yield and
total electron yield to measure XMCD. These results
were similar, however, the counting rate for the Auger
yield spectra was much lower. Other problems associated
with Auger yield detection are the possibility of stray
fields from the magnetized sample affecting the measure-
ment.

X-ray transmission measurements are attractive, since
o.(#fiw) and o _(fiw) can be measured directly. This
method is, however, limited due to experimental con-
straints such as the necessity of using free standing films
of appropriate thickness or films grown on transparent
substrates.

A combination of measurement techniques which
probe different depths will be useful in the study of mag-
netic properties of thin films and multilayers. Experi-
ments of this type may allow the magnetic properties of
surfaces and interfaces to be distinguished from bulk
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magnetic propertiés. For a valid comparison of di-
chroism effects using different measurement techniques,
Eq. (6), and its analogs for other absorption measure-
ments, will be necessary. The results presented in Figs. 4
and 5, which show good agreement between (6) and ex-
periment, prove that such experiments can be interpreted
with a reasonable degree of certainty.

IV. DIFFUSE MAGNETIC MOMENTS

In this section we examine the details of high-quality
Fe, Co, and Ni XMCD spectra and show that weak
features in the Co and Ni spectra may be due to diffuse
magnetic moments. In Fig. 6 we show the XMCD spec-
tra of Ni, Co, and Fe, normalized to constant L; peak
height. These spectra were obtained under conditions
where Y(#iw) < fwo(#iw) is valid to within <5%. Details
of the low-intensity features in these spectra are shown in
Fig. 7 on an expanded scale defined by the dashed lines in
Fig. 6. The samples used were bee Fe, fce Co, and fee Ni
thin films of 25, 15, and 20 ML thick, respectively, grown
on Cu(001). The Fe and Co films were magnetized in
plane and the Ni film was magnetized perpendicular to
the surface.

There is a shoulder on the high-energy side of the Ni
L, peak, labeled B in Fig. 6, and then a small constant
negative intensity up to the beginning of the L, edge.
The shoulder B, is due to a d? initial-state configuration,
while the main L, peak is due to a d° initial state
configuration.’>?® The constant negative intensity be-
tween B and the L, edge is present in other published
spectra,”!! but its origin has not been discussed. This
feature is not present in relativistic tight-binding calcula-

Normalized XMCD Intensity

o 10 20 30
Photon Energy (eV)

FIG. 6. Fe, Co, and Ni XMCD spectra shown normalized to
constant L; peak height. The features labeled B are due to mul-
tiple initial-state configurations. The constant negative intensity
between B and the L, peak in the Ni and Co spectra is due to
diffuse magnetism.
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FIG 7. Same spectra shown in Fig. 6 on an expanded scale
defined by the dashed lines in Fig. 6 showmg XMCD due to
diffuse magnetlsm m the N1 and Co spectra.

tions which considered 2p — 3d excitations only.”

 The Co XMCD Sspectrum is similar to the Ni XMCD
‘spectrum. There is a negative shoulder on the high-
energy side of the L, peak and a small constant negative
intensity up to the beginning of the L, edge. Both of
these smaller weak features are present in published spec-
tra for hcp Co (Ref. 9) but the identity of neither of them
has been discussed. We assume that the shoulder is due
to an additional mlual-state configuration as for Ni and
therefore have labeled it B in Fig. 6.

The details of the Fe XMCD spectrum are different
than the Ni and Co spectra. There is a small positive in-
tensity shoulder above the L; edge and then the intensity
approaches zero before the L, peak. This is part of a
trend in the XMCD spectra of 3d transition metals where
the L; peak has a negative intensity shoulder for Ni and
Co and an increasingly positive intensity shoulder for Fe,
Mn, Cr, and V.3 While the negative intensity shoulders
in the Ni and Co spectra can be explained by multiple
initial-state configurations, the positive shoulders in the
Mn and Cr spectra are present in calculations for Mn d>
and Cr d* states.?

The XMCD intensities between the L, and L, edges
must be understood before the dichroism sum rules can
be tested. One possible identity for the negative Co and
Ni XMCD intensities between the shoulder B and the L,
edge is diffuse magnetic moments. Polarized neutron-
diffraction studies on Fe, Co, and Ni have revealed the
existence of a diffuse background magnetlsm with sign
opposite to the sample magnetization.!® This background
magnetism was assumed to be caused by 4s electrons,
whose spin is oppositely polarized to the 3d electrons.
Recent band-structure calculations on Fe, Co, and Ni
also predict negative diffuse magnetism due to the sp-
projected and interstitiai moments.'® The results from
these calculations and the neutron-scattering experiments
are summarized in Table I. Since L, ; absorption spectra
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" 7"TABLE 1. Diffuse moment, p4 and ratio of diffuse moment

to total moment, 1£4{(%), for Ni, Co, and Fe determined by cal-

- culation and by neutron diffraction (ND). Values are given in

Wp/atom. ) ‘ 7 B
Ni Co Fe
Theory® ND® Theory® ND® Theory* NDP
' Har —0.04 —0.105 —0.07 —028 —004 —021
Larl%) ~1%  —11%  —4% —16% —2%

*Reference 19.
bReference 18.

are sensitive to both s- and d-electron levels, it is expected
that diffuse magnetism will affect the XMCD spectra.

To predict the effects of diffuse magnetism on the
XMCD spectra we use a simple atomic model similar to
that used by Erskine and Stern.!> We assume that the
empty d levels have minority-spin character () and that
the empty s levels have majority-spin character (1), due
to the opposite orientation of the s and d levels. No
spin-orbit coupling is included in the d levels. The calcu-
lated XMCD intensities for transitions into s and 3d lev-
els are given in Table II for both L, and L, where?®

A=Yy, |xEiy| Yy P=4,
_—E<Yzolx:F1y[Ylﬂ:l)|2 15 ’
D=[{Yylx :*:l)’lywl)lz:% .

This simple model predicts an R,, of —1 for excitation
into both the 3d(l) and s(1) levels. Importantly, the
sign of the dichroism signals are the same for excitations
into these oppositely polarized states. The sign at the L,
edge for both 3d(l) and s(1) excitations is negative and
the sign at the L, edge is positive for both excitations.
Spin-orbit coupling in the d levels affects the value of
R,,,” but not the signs of the XMCD spectra at either the
L; or L, peak for Fe, Co, and Ni. Since there is no spin-
orbit coupling in the s levels we expect R, =—1 for
XMCD from the diffuse-magnetic moments. Based on a
comparison of radial matrix elements, which have not
been included in the values of 4, C, and D, the relative
magnitude of the diffuse XMCD should be small com-
pared to the 3d XMCD.

We identify the negative Co and Ni XMCD intensities
between the shoulders B and the L, edge as being due to
diffuse magnetic moments. The effects of diffuse magne-
tism are not present in the Fe XMCD spectra. They may

TABLE II. XMCD intensities at the L, and L; edges for ex-
citation into spin polarized s(1) and 3d( ) levels and their ratio
RM=AAL3 /AAL]:

AAL2 Ry

AAL3
s XMCD —2/3D 2/3D —1
3d XMCD —2/34+2/3C 2/34 —2/3C —1

—10%
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be obscured by the presence of the positive going shoul-
der on the L; peak or the relative magnitude of the
diffuse moment may be too low to be observed, see Table
I. In Fig. 7 we show the XMCD signal due to diffuse
magnetism for both Ni and Co determined from a simple
model. To model the diffuse XMCD we have used a
step-function line shape, which reflects a broad s-band
with nearly constant density of state. We have assumed
that R,,=—1 so that the diffuse-XMCD signal goes to
zero above the L, edge. While the XMCD line shape due
to diffuse magnetic moments is undoubtably more com-
plicated, this simple model serves to illustrate the impor-
tance of considering diffuse magnetism in XMCD.

V. DICHROISM SUM RULES

In this section we use high-quality experimental spec-
tra to test the application of the dichroism sum rules to
solids. The samples used were bee Fe, fcc Co, and fec Ni
thin films grown on Cu(001), Figs. 6 and 7. The Ni and
Co films were magnetized along their easy axis which is
in-plane for the Co film ({110} direction) and perpendic-
vlar to the surface for the Ni film. The Fe film was mag-
netized in-plane in the (110) direction, which is 35.3 de-
grees from the easy axis of bee Fe, (100).%°

From Thole et al.!3 and Carra et al.'* the orbital mo-
ment per hole can be determined from

Ay +Ady, [ oyliw)do+ [ oylho)do
4, [, log#iw)+o (o) +o_(fio)ldo
2,3

(L)
h an

-(8)

for excitation into d orbitals, where n, is the number of
valence d holes and the integrations are over the entire
L,, L, or L, ; edge. Similarly, from Carra et al. 14

Ay —28d;, [ oythw)do—2 [ oylio)do

4, [, lootio)+o . (fiw)+o _(#io)ldo
Lys

. 1
3, (Sz)+ 3 (Tz), 9)

where (T2) is the magnetic dipole term. Both these
equations are derived for atoms, so they ignore band-
structure effects and transitions into s orbitals. This
makes their application to solids difficult since o .., o _,
oy and to a lesser extend o, each contain excitations
into levels not included in the calculation. For example,
XMCD due to diffuse magnetic moments is not account-
ed for in these equations. Also, the number of valence
holes, n,, is not precisely known. The degree of polariza-
tion used for the measurements must be well known since
this affects the values of A4y and A4 r,» Another

source for uncertainty is the separation of A A L and
AA L,
turated for the sum-rule results to be meaningful. We
have chosen samples which exhibit near 100% remanence

to minimize this uncertainty.

Finally, the sample magnetization must be sa-
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Noting the difficulties discussed above in applying the
dichroism sum rules, we test them in the following
manner. First, we subtract the dichroism due to diffuse
magnetic moments from the Ni and Co spectra. The
values of A A L, and AAd L, obtained from these spectra

are then adjusted for incomplete photon polarization and
nonparallel alignment of £ and M. For n, we use the
theoretical values of 3.1 for Fe, 2.1 for Co, and 1.0 for
Ni.*® To obtain 4, we assume 0y=1/2(c,+0_)and a
step-function continuum background spectra with a 2:1
L;/L, intensity ratio. We also assume that {T) is
negligible since the Fe, Co, and Ni atoms in these thin
films are in a cubic environment.!* The absolute values of
(Sz) and (L) obtained in this manner are compared to
values determined by neutron diffraction'® for bec Fe,
hep Co, and fce Ni in Fig. 8. These neutron-diffraction
values are in agreement with calculations,? which also
give theoretical values of { Lz ) =0.12 and {S ) =0.8 for
fcc Co.

We have also determined (L, ) and (Sz} for Co and

04— i o
a) —.- - XMCD no DMM
—@— XMcD
0.3 - @ -- Neutron Diff

0.0 — i e

0.4} N
- 4 -- Neutron Diff
—@— XMCD
0.0 L - . —
Fe Co Ni

FIG. 8. (a) Values of (L) obtained using (8) compared to
values obtained by neutron diffraction (Ref. 18). The XMCD
values include large uncertainties, +309%, but show the same
trend as the neutron diffraction values. Not accounting for di-
chroism due to diffuse magnetic moments (DMM) has a large
effect on (L} values for Ni and Co. Error bars have been
omitted for clarity. (b) Values of (S ) obtained using (9) com-
pared to values obtained by neutron diffraction (Ref. 18). The
XMCD values show the same trend as the neutron-diffraction
values. Not accounting for dichroism due to diffuse magnetic

moments has a negligible effect on (S, ) values for Ni and Co.
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Ni without correcting for diffuse magnetic moments. To
do this we use a photon energy just below the onset of the
L, peaks to define the separation of A 4 r,and A4 L, If

the Co and Ni spectra are not corrected for diffuse mag-
netic moments the values of (S;) are changed by less
than 2%, while values of (L;) are 25% larger for Co
and 40% larger for Ni (see Fig. 8). Including diffuse
magnetic moments has a large effect on the (L, ) sum
rule, but has little effect on the {S;) the sum rule. This
shows that subtleties in the interpretation of dichroism
spectra can greatly influence the application of the (L)
sum rule.

' We estimate the error in our values of {L; ) and (S )
obtained by (8) and (9) to be quite large, perhaps 30%,
due primarily to the uncertainties in n, and A4,. With
this large of an uncertainty it is difficult to obtain quanti-
tative information from (8) and (9). However, the values
of both (Sz) and (L) for Fe, Co, and Ni determined
from the XMCD spectra have the same trend as values
determined by neutron diffraction, Fig. 8. This is true
whether or not diffuse magnetic moments are considered.
If diffuse magnetic moments are considered the values of
(L3 ) determined from (8) are each a factor of ~1.630.2
times the neutron-diffraction results, while the values of
(Sz) determined from (9) are each a factor of
~0.8+0.08 times the neutron-diffraction values. If
diffuse magnetic moments are not considered the values
of {(L;) determined from (8) are each a factor of
~1.940.2 times the neutron-diffraction results. There
may be a systematic error in our measurement of 4,, in
the values of n, or in our calculation of the degree of po-
larization which is responsible for this observed propor-
tionality. The comparisons in Fig. 8 show that both the
{Sz) and (L, ) dichroism sum rules are qualitatively ac-
curate for Fe, Co, and Ni.

Based on their qualitative accuracy, we feel that the di-
chroism sum rules can be best applied to measured
changes in (Sz) and (L;) for a specific element in
different environments. If the dichroism spectra are ob-
-tained and analyzed in a consistent manner, uncertainties
due to n;, A,, the degree of polarization, and the separa-
tion of AA L, and AA Ly will cancel. Since errors due to

saturation can be greater than the actual changes being
measured, the method of measuring absorption must be
well understood in order to eliminate experimental ar-
tifacts. Under these conditions, changes in the dichroism
spectra can be interpreted as changes in either (S, ) or
(Lz).
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VI. SUMMARY AND CONCLUSIONS

X-ray magnetic circular dichroism in the L, ; absorp-
tion spectra of thin films has been investigated by total
electron yield. The total electron yield method of
measuring absorption was studied in great detail, using
samples of known thickness, angular-dependent di-
chroism measurements, and model calculations. These
results show that errors due to saturation in the total
electron yield measurement can be kept to less than 5% if
proper experimental conditions are used. The proper ex-
perimental conditions may be determined by model cal-
culations. For thick Fe films, a photon angle of incidence
less than 50° is required if the degree of circular polariza-
tion is 0.85.

High-quality Fe, Co, and Ni XMCD spectra were used
to test the (L) and (S;) dichroism sum rules. The re-
sulting values of {(L;) and (S ) for Fe, Co, and Ni in-
clude large uncertainties, making the quantitative appli-
cation of the sum rules difficult. One possible source of
uncertainty is dichroism due to diffuse magnetic mo-
ments. We have developed a simple model which ac-
counts for the effects of diffuse magnetic moments in the
XMCD spectra of Co and Ni. This has a large effect on
values of (L, ) showing the importance of properly con-
sidering XMCD features not associated with 3d levels.
While the values of {(Sz) and (L, ) for Fe, Co, and Ni
determined from the XMCD spectra include large uncer-
tainties, they are found to be proportional to values
determined by neutron diffraction. This suggests that
changes in (L;) and (S;) can be measured using
XMCD. To do this, experimental artifacts such as satura-
tion must be understood and accounted for. We feel that
the applicability of the sum rules will be restricted to
measuring relative changes in (L), {(S;) or
(Lz)/{Sz) for specific atoms in different environments.
This is, in itself, an area of considerable interest and im-
portance.
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