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Magnetic circular dichroism study of Fe/Co/Cu  (001) using electron yield
x-ray absorption spectroscopy with different probe depths
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To obtain depth-resolved magnetic information from Fe films grown on fcc C@@Y we have

used various signal sources for the detection of x-ray absorption spectroscopy. These include total
electron yield(TEY) and partial electron yieldPEY) of inelastic electrons at various kinetic
energies between 70 and 470 eV as well as PEY using photoelectrons at a fixed binding energy
(constant initial state: C)Shear the Fermi level. Inelastic electron yield at electron emission angles
up to 87° from the surface normal was found to be as nonsurface sensitive as TEY, however, the CIS
mode shows a shorter information depth, comparable to the inelastic mean free path of
photoelectrons. No difference in the dichroic signal at thd_fFedge was found between the CIS

and TEY modes for a 2-monolay€ML) Fe/Co film, but an 8-ML Fe/Co film showed a much
higher dichroic signal in the CIS mode than that in the TEY mode. This is consistent with a
homogeneous magnetic film at an Fe thickness of 2 ML and a nonhomogeneous magnetic film with
a live ferromagnetic layer on the surface with nonferromagnetic underlayers at an Fe thickness of 8
ML. Thus, it is possible to extract depth-resolved magnetic information from x-ray magnetic
circular dichroism by combining the surface sensitive CIS mode with other detection modes with
less surface sensitivity. @005 American Institute of PhysidDOI: 10.1063/1.191551]8

I. INTRODUCTION fluorescence decay. The Auger process generates an ava-
lanche of electrons including a large number of inelastically
Recent applications of magnetic multilayers such asscattered secondary electrons. All these electrons and the
magnetic random access memoRAM) and the promising fluorescence intensity can be used as signal sources for the
future of spin electronics have inspired extensive researcRAS experiments with different probing depth3his offers
into magnetic thin films and their interfaces. These films willthe possibility of obtaining depth-resolved information by
often grow in a metastable structure, which can be differentombining different detection modes for XAS with different
at different layers. Since the magnetic properties of a mateprobe depths. The most widely used XAS modes are the total
rial are sensitive to its structure, the magnetic properties maglectron yield(TEY) and fluorescence vyiel(FY). The de-
thus vary as a function of depth. Fe films grown on fcctected electrons in TEY mode are dominated by secondary
Cu(001) are a good example exhibiting different structureselectrons generated by the inelastic scattering of Auger elec-
and magnetic properties at different Fe thickness raﬁges. trons through different channels as well as photoelectrons.
particular, Fe films have complicated depth-dependent magdFhe probe depth of TEY-XAS depends on the escape depths
netic properties at 5-11-ML thickne$sSimilar observations of both secondary electrons and Auger electrons, the latter
were made on Fe films grown on fcc Co/@©Q1) with a  being a function of the kinetic energy of Auger electr8ns.
possible magnetic Fe/Co interface at a similar thicknes§Vith TEY-XMCD alone, however, one cannot resolve the
range, making the situation even more complic&téd\ magnetic distribution in a film of several monolay€hsL )
depth-resolved technique for magnetic analysis is thus desithickness, such as the Fe/Co/001) system. Thus, a more

able for such honhomogeneous magnetic films. surface sensitive detection mode is necessary for XMCD to
X-ray magnetic circular dichroisntiXMCD) spectros- solve this problem.
copy, as a variant of x-ray absorption spectroscOysS), In practice, TEY measurements are performed by either

has become a powerful standard tool for element-resolvetheasuring the sample current or by detecting the electrons
quantitative analysis of magnetic propertless the samples emitted from the sample using a multichannel plate. For the
under study in most cases are not thin enough for transmidatter case, Amemiyat al. reported that applying a large
sion experiments, especially for transition metals, alternativeegative retarding voltage on the plate at grazing angle lim-
methods measure the decay products of the core hole creati#dd the detection of electrons to kinetic energies higher than
by the absorption process. The 2ore hole decays via two the retarding voltage and increased the surface sensitiVity.
pathways: the Auger process and to a much lesser exteBy varying the detection angle, various probe depths could
be obtained. This already belongs to the so-called partial

dpresent address: Freie Universitat Berlin, Institut fur Experimentalphysik,‘alec'“jOn yield(PEY) mode, since only eIecFrons within a
Arnimallee 14, D-14195 Berlin, Germany. certain energy range are detected. The probing depth of XAS
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in such a case is a complicated average of the mean frde EXPERIMENT

“mercial hemispherical electron energy analy@e¢AC 150,

An electron energy analyzer is a widely used device t0,,q\y scientific Instruments Ltil.to collect electrons from
detect electrons with good angular resolution and h'gh'the sample with an angular acceptance anglecaf, and

energy resc_)luti_on, a_nd often is ava_tilable in the same experey is measured by the sample current. The photon beam
mental station in which the absorption measurements are caly,q the analyzer are in the horizontal plane with a fixed
ried out. It seems thus natural to use an electron energy,qe of 45° hetween the incident light and the emitted elec-
analyzer for partial yield detection of XAS in order to get {;ons detected by the analyzer. The sample can be rotated
information with different depth sensitivity. The direct detec- 5.5,nd a vertical axis. In this way, the emission angle and
tion of the primary Auger electrons, Auger PEY, as signalincigence angle can be changed. The detailed experimental
source for XAS should result in a shorter probe depth COMsetyp can be found elsewhérEor the present experiments,
pared to TEY(Ref. 9 due to the short inelastic mean free o pass energy of the analyzer was set to 90 eV, which
path(IMFP) of Auger glectrons with kinetii: energies of sev- corresponds to an energy window of about 9 eV due to the
eral hundred eV, typically less than 10 ﬂ.‘_l’he problem  4qding of four signals from four different channeltrons in the
with Auger electron detection, especially in multielementy, itichannel analyzer. The photon energy resolution was set
samples, is that during a photon energy scan photoelectr.0r35 about 0.15 eV. Before the XMCD experiments, the
from another element often move through the energy wWingample was magnetized by a current pulse in a magnetic coil
dow set to the fixed kinetic energy of the Auger electrons,y the horizontal plane. The dichroism is then obtained by
thus creating artifacts in the absorption spectrum. reversing either the helicity of the circularly polarized light
In this paper we explore alternatives to Auger electrongr the sample magnetization direction. All spectra are pre-
detection for measuring the x-ray absorption cross sectiongented in the following for a magnetization direction along
We investigate the surface sensitivity of several ways of parthe in-plane component of the light polarization vector for
tial electron yield measurements using an electron energyositive helicity.
analyzer with the goal of reaching a higher surface sensitiv-  The samples were grown by deposition of Fe films after
ity compared to TEY detection. We measured the Fe and Cgvaporaﬂon of 5-8-ML Co films on a Q001 substrate at
L, redge absorption of an ultrathin Fe/Co bilayer onrgom temperature using water-cooled electron-beam evapo-
Cu(001), using the following detection schemés:standard  ration sources. Before evaporation, the substrate was pre-
total electron yield, measured by the drain current from thq)ared by Cyc|es of Arion Sputtering and annea“ng_ During
sample holde(TEY); (ii) partial electron yield of inelasti- evaporation, the thickness of the film was first monitored by
cally scattered electrons at several fixed kinetic energies angiedium energy electron-diffractiofMEED) oscillations to
emission angleginelastic electron yield, IEY, and(iii) par-  calibrate the evaporation rates. In the thickness dependence
tial electron yield at a kinetic energy corresponding to zerostudy, the evaporated Fe film thickness was then calculated
binding energy of photoelectrons, also for different emissiorfrom the previous calibrated rate by measuring the deposi-
angles. In this mode we are only detecting electrons thafion time under the same evaporation conditions. Auger elec-
have not undergone inelastic scattering events, namely, Auron spectroscopyAES) was used to check the film cleanli-
ger electrons at the absorption resonances and photoelectrongéss before and after evaporation. The film thickness
from the Fermi edge. Because this last mode is technicallyiniformity was also checked by AES at different sample po-
identical to photoelectron measurements for constant initiaitions.
state(CIS), where photon and analyzer energies are scanned
in parallel, we will refer to modsiii ) simply as “CIS.” We  [ll. RESULTS AND DISCUSSION
find that the IEY modéii), for all values of electron energy
and emission angles under investigation, does not show
probing depth any different from TEY, while the CIS mode is Figure 1 shows a series of Eeedge XAS spectra for a
more surface sensitive by nearly a factor of 3. 3-ML Fe film grown on Co/C(001) using TEY and IEY at
Finally, we applied both, the TEY and CIS modes, tothree different kinetic energies: 70, 130, and 470 eV, respec-
measure the XMCD of 2- and 8-ML Fe films grown on tively. These energies were chosen to have no direct photo-
Co/Cu. It is known that a 2-ML Fe film on Co/Q201) is  emission signal from all the three elements in the sample
homogeneously magnetized, whereas in an 8-ML Fe film theluring the photon energy scan around theLkgedges. The
surface layers are ordered ferromagnetically, while thespectra were shifted vertically for clarity and normalized to
atomic layers underneath are not ferromagrfelitwe in-  the same edge jump value at higher photon energies above
deed observe the same size of dichroic signals at {rexlge the L, edge, where no dichroism is expected. The spectra
from both modes in a 2-ML film, but a distinctly larger di- were measured at normal emission with a photon incidence
chroic signal in the CIS mode compared to the TEY mode inangle of 45°. The dashed and solid lines show the spectra for
the 8-ML film. These results prove the potential applicationpositive and negative helicity, respectively. All the spectra in
of XMCD in the CIS mode as a flexible surface sensitiveFig. 1 show a clear dichroic signal, and further analysis re-
magnetic analysis tool. veals that they have about the same value of dichroic asym-

Aa' Inelastic electron yield  (IEY)
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FIG. 1. FelL-edge x-ray absorption spectra for a 3-ML Fe film grown on
Co/Cu001) measured with different methods. The spectra were shifted ver
tically for clarity. From bottom to top, the spectra shown are for the TEY
mode and the IEY mode at kinetic energies of 70, 130, and 470 eV. In eac
group of spectra, the dashed and solid lines indicate positive and negativ‘:'eCI
helicities, respectively.

FIG. 2. The ratio between Fe; peak height and C&; peak height as a
function of Fe thickness using different detection modes at two different
ﬁngles. The solid lines are experimental curves fitted to the data using the
uation described in text. The fitting parametere given in the legend.

erated core holes after excitation of the 2lectrons into
metry at both edges. However, the tlweedge peak heights these two different types of final states in the absorption
in Fig. 1 are different for the different spectra and increaseprocess and thus could cause a difference in IEY. Further, our
with increasing kinetic energy of the inelastic electrons forstudies revealed a similar kinetic-energy dependence at the
IEY. It is known that the two peaks are due to the transitionFe L, 3 edges in the background to peak ratio in IEY for
from 2p levels into empty @ states, and that the transition to Fe/Cy210), while no big difference between the IEY and
unoccupied 4 states gives rise to the steplike background. TEY spectra was found for Fe/®01).

The TEY spectrum, which is almost identical to those =~ We now come back to the main point of the present
reported in the literature by transmission measurenterfs, investigation, namely, the probing depth of the TEY and IEY
has the lowest, ;-edge peak heights. It is also noticed thatmodes of detection. To determine the probing depth, a series
the ratio between the two absorption peak heights is abouif spectra for the Fe and Co, ; edges were performed at
the same for all the spectra. The reason for this nonpropodifferent Fe overlayer thicknesses. The films were grown on
tionality of electron yield and x-ray absorption cross sectiona 5-ML Co/Cuy001) at room temperature, and the emission
at least for the two different types of transitiogs~s and  angle was set either at normal emission or at 70° to the
p—d, is not clear. Hennekent al. demonstrated that the surface normal. Figure 2 shows the ratio between thé fe
increasing number of primary electrons for higher photonpeak height and the Cb; peak height as a function of Fe
energies can destroy the proportionality between the TEYhickness for different detection modes at these two angles.
signal and the product of absorption coefficient and photorn Fig. 2, the circles, upward triangles, and downward tri-
energy1:3 However, the energy range for the present spectrangles indicate TEY and IEY at 130 eV and IEY at 470 eV,
is only about 40 eV, so this effect should be small. Saturarespectively. The solid and open symbols are for data at nor-
tion effects’ can also not explain this difference, since for mal emission and at an emission angle of 70°, respectively.
the extremely small film thicknes&3 ML corresponds to The data were fitted to an exponential function
about 5.6 A and 45° incidence, saturation effects influenceClexp(tee/\)—1], whereC is a constant depending on the
the peak height less than 2% Furthermore, saturation ef- cross sections of both Fe and Cg absorption edges is
fects are stronger for the higher peaks, and thus shoulthe exponential probing depth for the XAS absorption signal,
change the peak ratio, which, however, is not the case herandt. is the Fe film thickness. These fits are shown as solid
A similar kinetic-energy dependence is also observed in théines in Fig. 2, and they fit the data quite well.
lineshape of the Ca., -edge absorption spectra using the From the obtained fit parametexsas given in Fig. 2, it
IEY mode of measurement. We think that this nonpropor-is clear that IEY does not show a better surface sensitivity
tionality might be related to the Co underlayer and Cu subthan TEY, as their probing depth is similar even at an emis-
strate in the studied system. Thed Bansition metals have sion angle of 70°. Further experiments showed similar results
more localized @ electrons and delocalizeds4lectrons, even at a grazing angle of 87°. This is definitely unexpected
which could lead to a different space distribution of the gen-from the point of view of the electron IMFP, which should be
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only of the order of a few monolayers at kinetic energies of
130 and 470 eV. This does not mean that the inelastic elec-

. : % 1oK@ Y% A helicity + PEY CIS
trons are much less attenuated in the solid than the other el %
: : : . . = b ¥V helicity = PEY CIS
electrons, since scattering processes in the solid cannot dis- s L % -
tinguish the origin of electrons. The reason lies in the fact SR A helicity +TEY
that these inelastic electrons themselves are generated by in- 2 b s V  helicity - TEY
elastic scattering processes of the primary electrons. The in- 5 osl k
tensity of inelastic electrons at a certain kinetic energy is P :
determined by two contributions: a negative one, which re- § R
A

duces the intensity, is inelastic scattering of the electrons of
this energy to lower energies, and a positive one, which in-
creases the intensity, is inelastic scattering of electrons from
higher kinetic energies. Due to the second effect, the inten-
sity of inelastic electrons thus seems to be less attenuated
than that of primary electrons at the same energy after a
certain path length. Increasing the path length of the elec-

Intensity difference (arb. units)

trons inside the solid by increasing the emission angle will y —e~ PEY CIS 3
initiate more scattering processes but not necessarily attenu- ¢ @ TEY ]
ate the intensity of those inelastic electrons for the same ]
reason. The electrons that reach the detector under a certain © 3 02
emission angle are scattered into that direction only after the Lo B lann laana Ly '7"‘0' =
last of many inelastic scattering events. In each scattering the 700 lzlll(())ton e7112e0rgy (gf,(;

memory about the propagation direction of the parent elec-

tron is lost. Thus, the probing depth of the IEY mode iSFIG. 3. (a) Fe L-edge X-ray absorption spectra of a 2-ML Fe film on

insensitive to the emission angle, which is verified by Fig. 2'(Cf-(|)|é g‘io?:zxi)rl‘gil': d”}%df (gsi:r? Se I?:é?gssfrg;rg?z? lt)%tthhi;ir'gsegzgy
. - | ICIt

Recemly’ Zharn_|k0\et al. havc_e also found_ that their PE_Y represe>r/1ted by the upwardp and )zjownwarg triangles, respectitlihe

mode has a quite large probing depth with more contribugichroism spectra calculated frofe) as intensity difference shown by the

tions from inelastically scattered electrons when reducing thélled and open symbols for the CIS and TEY modes, respectively.

retarding voltage on a multichannel pldtealthough they

still detect both primary and inelastically scattered electronsyinqow centered at 5-eV binding energy, close to the Fermi
Reference 7 also shows that the small probing depth for sugye| spectra for both helicities are represented by different
a method is only realized at grazing angles of only a feWg ientation of the open triangles. For comparison, the Fe
degrees, and we believe the reduced probing depth at grazing _edge TEY spectra for the same sample are also shown in
angle in Ref. 7 is, in fact, due to the attenuation of primary,;ig_ 3(a) with the upward and downward solid triangles for
electrons. As the inelastic electron scattering involves multizpa two helicities, respectively. For a better quantitative com-
scattering processes, a Monte Carlo calculation is necessaﬁ\érison between the two modes, the sum of the lrwpeaks
to give a quantitative explanation for the larger probe depthym the XAS spectra with both helicities at each mode were
of these electrons including its complicated angular depensrmalized to have the same value of 2. The spectra were
dence, which can serve as a guide for further experiment$,aasured at an emission angle of 23° and a light incident
From the above discussion, we conclude that IEY can SeVEngle of 22°. The sample was magnetized in the horizontal
as a suitable signal source for XMCD measurements, hoWs|ane hefore the experiment. One can see that now the peak
ever, it is intrinsically not more surface sensitive than TEY. intensity ratio between thie; and thel, peak is different for
the two modes of detection, and the steplike background
from thed— s transitions is not present in the CIS spectrum.
This is due to the influence of the Auger peaks that are mea-
sured at resonance, which dominate the electron signal close
In the so-called “constant initial stat€CIS) mode of to the Fermi level. The intensity reduction of the peak
photoemission measurements the analyzer kinetic energy ith respect to thd ; peak can be understood in terms of
shifted in the same way as the scanned photon energy. ThiSoster—Kronig transitions. As discussed in Ref. 16, the
leads to the detection of emitted electrons at a filsediing  L,MM Auger transition is far less intense than thgMM
energy scale. Using this mode for the detection of the abtransition due to the fact that the Coster—Kronig decay chan-
sorption signal avoids the problem of detecting direct photonel L,L3;M, s rapidly transfers th&, hole into anl; hole and
emission signal from other elements. thus decreases theMM Auger intensity. This has also been
To explore the applicability of CIS mode for XMCD verified experimentally by Auger photoelectron coincidence
measurements, we have chosen a 2-ML Fe film as samplepectroscopﬂﬂAll in all, the signal in the CIS mode is thus
because of its known homogeneous magnetic propér?ies. not proportional to the x-ray absorption. However, if the
Figure 3a) shows the Fel -edge x-ray absorption spectra spectra are scaled to equal height of thepeaks, as in Fig.
measured at room temperature of a 2-ML Fe film on3(a), the dichroism signal dts, i.e., the difference between
Co/Cu001) using electron detection at a binding energythe spectra recorded for opposite helicity, is identical. This is

B. Partial yield detection of elastic electrons
[constant initial state  (CIS) measurement ]
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FIG. 4. (a) The ratio between Fé; peak height and Chj; peak height 700 710 720 730 740
(right scalg as a function of Fe thickness using CIS mode at two grazing Photon energy (eV)

angles: 67° and 87°. The solid lines are the curves fitted to the data using the

equation described in text. The fitting parametersere also shown. Asa  F|G. 5. (a) Fe L,y edge x-ray absorption spectra of an 8-ML Fe on

comparison, data for TEY and IE¥eft scalg at two kinetic energiesl30  co/Cy001) in CIS mode using electrons from close to the Fermi level and

and 470 eV are also shown. The dashed lines are the curves fitted to thgy TEY mode.(b) The calculated dichroism spectra as intensity difference

data using the same equation. shown by the open and filled symbols for the CIS and TEY mode,

respectively.

shown in Fig. 8b), which shows these difference curves,

calculated from Fig. @), by the filled and open symbols for sured only up to an Fe thickness of about 13 ML, the fitting

the CIS and TEY modes, respectively. This can be explainegarameters\ found for the other modes, which are larger

by the dominant Auger process in the resonant photoemighan 11 ML, exhibit a big uncertainty, and are not reported in

sion, which is proportional to the absorption cross sectionFig. 4. It is, however, clear that even at emission angles of

This is also true for the Co spectra. Although the dichroic87°, the IEY mode is less surface sensitive than the CIS

signal is smaller at the, edge compared to tHe; edge due  mode. The fitting parameteisfor the CIS mode show val-

to the same reason as mentioned before, CIS indeed workees of about 4 ML, which are similar to the IMFP of photo-

well for XMCD measurements and could provide the neceselectrons at a kinetic energy of about 700 eV. No big differ-

sary qualitative magnetic information from the size of theence was found for th& values for the two angles, which,

dichroic signal at thé.; edge, although spin and orbital mo- however, could be also just due to the experimental error.

ments cannot be obtained in a straightforward way by applyFrom Fig. 4, we conclude that the surface sensitivity of CIS

ing the sum rules because of the nonproportionality of thés comparable to AES and greater than TEY and IEY by a

detected signal to the x-ray absorption cross section if théactor of nearly 3 and could be used for investigations of the

entire spectrum is regarded. depth distribution of magnetic properties. Note that
We now turn to the surface sensitivity of the CIS mode.Amemiya et al, using high-pass selected partial electron

As for IEY in Sec. Ill A, a series of Fe and Clo, yedge  yield detection using a channel plate obtained only a factor

XAS spectra using this method has been acquired for differef less than 2 enhancement in the surface sensitivity at 90°

ent Fe thicknesses to obtain the probe depth. As a comparirazing emissioA.

son, TEY and IEY at two kinetic energi€$30 and 470 eY

were also recorded at the same time. Figure 4 shows the ratio . . .

between the F&5 peak height and the Clo; peak height as c. DePF“ selective magnetic information by

a function of Fe thickness for the three detection modes a?ombmmg TEY and CIS

emission angles of 67° and 87°. In Fig. 4, the circles, upward In order to prove that depth-resolved magnetic informa-

triangles, downwards triangles, and squares indicate ClSjon can be derived by combining the different surface sen-

TEY, and IEY at 130 eV and IEY at 470 eV, respectively. sitivities of XMCD using TEY and CIS modes of detection,

The solid and open symbols are for data at emission anglean 8-ML Fe film has been prepared on Co(Qd). At this

of 87° and 67°, respectively. The fitting curves for the CISthickness, the magnetic properties are known to be depth

mode and other modes are shown as solid and dashed Iineetependen%:?"8 Figure 5a) shows Fel, s-edge x-ray absorp-

respectively. The fitting curves generally fit the data quitetion spectra for this film using CIS and TEY modes repre-

well. Because the thickness dependence here has been meanted by solid and dashed lines, respectively. Because the
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dichroic difference at the two edges in this sample is muchty of the partial electron detection schemes to the x-ray ab-
smaller than for a 2-ML Fe filnFig. 3), only the sum of the  sorption cross section over an entirg; absorption spectrum
both helicities in each mode is shown. As before in Fig),3 we observed. The, ; absorption peak height to background
the sum of the twd_; peaks from the XAS spectra for both ratio in IEY has a strong dependence on the kinetic energy of
helicities at each mode was normalized to have the samihme detected electrons, the reason for which is not fully un-
value of 2. The electrons are detected at the same bindinderstood. In the CIS mode, detection of elastic electrons, the
energy as in Fig. 3 for the CIS mode. The spectra werdackground frond— s transitions is strongly suppressed due
measured at a temperature of 200 K with an emission angl® the strong influence of the resonantly detected Auger elec-
of 67°. In Fig. 3b), the calculated dichroism spectra as in-trons. Nevertheless, if one only considers the magnetic cir-
tensity difference are shown by the filled and open symbolgular dichroism of the_; peak, it is possible to extract valu-
for the CIS and TEY modes, respectively. Compared to Figable information about the magnetic depth distribution by
3(a), the shape of the XAS spectra for each mode are theomparing it to the dichroism of the total electron yield-
same, however, Fig.(B) shows much reduced dichroic sig- detected absorption spectrum. While there is no difference in
nals for both modes, with a larger dichroic signal for the CISthe dichroic signal for a 2-ML Fe/Co film, an 8-ML Fe/Co
mode than for the TEY mode at the, edge. Compared to film has a much higher dichroic signal in the CIS mode than
the dichroic signal of the TEY mode it is noticed that thein the TEY mode. This finding is consistent with a homoge-
dichroism in the CIS mode at the, edge in Fig. ) has  neous magnetic film at an Fe thickness of 2-ML and a non-
almost vanished. In terms of sum rule analysis this woulcthomogeneous magnetic film with a live ferromagnetic layer
imply an enhanced orbital to spin moment ratio. One has t@at the surface and nonferromagnetic underlayers. Further sys-
keep in mind, however, that the signal-to-noise ratio is comtematic studies using this method are necessary to better un-
parably low at thd_, edge, and that the direct application of derstand the Fe/Co/@001) system.

the sum rules to the CIS mode spectra, as mentioned above,
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