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Theory of induced magnetic moments and x-ray magnetic circular dichroism in Co-Pt multilayers
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For Co-Pt multilayers, the magnetic moments of the Pt atoms and the x-ray magnetic circular dichroism
(XMCD) spectra at thé, andL; edge of Pt are calculated by the initio density-functional electron theory.
The calculated magnetization profile for an ideal Co-Pt interface is in part different from the profile obtained
by x-ray resonant magnetic reflectometry for the real interface. Some of the assumptions that are commonly
adopted to determine the magnetic moments from the XMCD spectra via the sum rules are critically assessed
for the Co-Pt system. It is shown that the orbital sum rule is strongly violated near the Co-Pt interface whereas
the spin sum rule is approximately fulfilled provided the magnetic dipole {@iynis included in the analysis.
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[. INTRODUCTION from the Co-Pt interface but not on the Pt layer thickness,
this yields the Pt magnetization profile. In both methods the
Multilayered magnetic films consisting of magnetic and orbital moments and the spin moments are obtained from the
nonmagnetic components have attracted considerable interééMCD spectra by use of the so-called sum rilésor the
in the last years, especially because of the many potenti&lRMS study the Pt magnetization profile was deduced from
technological applications in magnetic sensors, magnetoelethe measured asymmetry ratio in the resonant reflectivity and
tro and spin-electronic devices and for magneto-optical refrom modeling with a magnetically modified Parratt formal-
cording. Thereby the multilayer Co-Pt system is especiallyism that divides the Pt layer into 0.1-nm-thick sheets and
interesting because the Pt atoms that are paramagnetic in thgsigns a magnetic optical constant to each sheet. The free
bulk are significantly polarized close to the Co-Pt interfaceparameter in the modeling is the change in this constant of
due to their large Stoner factor. As a result, the Pt atomgach sheet due to the induced magnetization in this sheet.
contribute to any magnetic property of the system, for in- | the present paper we calculate by #iginitio density-
stance, to the total magnetization or to the magneto-optica{,nctional electron theory the profiles of the induced orbital
responsé.Because the polarization of the Pt atoms decrease$,oments and spin moments in the Pt layers of various
with increasing distance from the interfacthe properties of Ca,-Pt, multilayers, wherem andn denote the numbers of
the muIt_iIayer system may be efficiently tuned by varying the, monolayers ané Pt monolayers in the Co and Pt layers,
layer thicknesses. For instance, one could try to achieve gugpectively. There are two objectives of the present study.
spin injection from the Co layer into Si via a Pt buffer layer, girg; “the calculations are performed for iddag., atomi-
which prevents the formation of Co silicide. Because theyy fiay Co-Pt interfaces. From a comparison of the theo-

spin injection thereby is mediated by the induced Spinqgica) results with the experimental data one may get an idea

polarization of the Pt atoms, which _depends on theirdista_ncgf how the real interfaces in the considered experiments
from the Co-Pt interface, it is possible to vary the matchingjy,eq like. Second, we want to consider some general criti-
conditions for the spin injection by varying the thickness of 5| jsq,es concerning the analysis of XMCD spectra in mul-
the Pt buffer layer. From this point of view it becomes clearavars The analysis is always based on the sum rules which
that a knowledge of the magnetization profile in the Pt layer, .o ot strictly valid but which rely on some
Is essential. . e approximations® By comparing the directly calculated mo-
Unfortunately, it is very difficult to get a layer-resolved onq with the moments obtained via the sum rules from the
expgnme;ntal information on the induced Pt magnetization., . jated XMCD spectra, we can check the validity of the
profile. First, one has to use an element-specific method suct}), ., rules at interfaces. Furthermore. the sum rule from
as the xray magnetic circular dichroismXxMCD) which the spin moment is obtainédontains a term involv-

_7 . .
spectroscopy ' or the x-ray resonant magnetic scattefing ing the expectation value of the spin magnetic dipole opera-
(XRMS) to distinguish between the contributions of Co and

Pt. Second, there must be a procedure to get Iayer—resolvéar T In transition metals, this term Is negligibly sma_ll for
information from the total signal. Two methods have bee cubic symmetry but nonzero otherwise, €.g., 1 the r_1e_|ghb0r—
used for a layer-dependent analysis of the XMCD results. | ooq of §urfaces or mFerfaces. Bepause itis very difficult to
the first method one or more specific Pt layers are replacedObtaln th's term e>_<per|mentally, Itis usua!ly neglected when
by Ir layers, hoping that the induced magnetic moment of thecalculatmg the spln- moment from Ehe spin §um r.ule. "_1 the
Ir atom (which is the neighbor of the Pt atom in the periodic Present paper, the importance of theerm will be investi-
table is essentially the same as the Pt atom would have in 8ated for layers close to the interface. For surfaces of Fe, Co,
corresponding Pt layer. In the second mefifothe average and Ni, a corresponding check of the validity of the sum
Pt moments of multilayers with different Pt layer thicknessesrules and the importance of tlieterm has been performed
are subtracted from each other. Assuming that the momentsy Wu and Freematt. It has been found that the spin sum
of the various Pt monolayers depend just on the distanceule is less well satisfied than the orbital sum rule which
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results in errors up to 50 % for the spin moment at the Ni '

(001) surface, and that it is essential to include héerm.
Finally, we will check the assumption underlying the second
method of the layer-resolved analysis of the XMCD spectra,
i.e., that the moments of the various Pt monolayers depend
just on the distance from the Co-Pt interface but not on the

thickness of the whole Pt layer.

Il. DETAILS OF THE CALCULATION

We consider multilayer GgPt, systems withm=2 and
n=3,7,9,13 with atomically flat and unrelaxédl1l) inter-
faces and perpendicular magnetization. Some test calcula-
tions for m=3 were also performed, yielding nearly the

total absorption

(a)

(b)

dichroic signal

same results for the Pt atoms as ffior= 2. As lattice constant
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we took_ the e>§pe_‘r|mental bulk value of fcc Bt9_2 A. Th_e FIG. 1. The total absorption signal (¢) (top) and the dichroic
calculations within the fra_mework_ of the der_15|ty_-funct|onal signal 1 . (€) (bottom) for the L, edge of the Pt interface layer in
theory and the local-spin-density approximatforwere  co,-pt, system as calculated by the LMTO metha and the
performed by the tight-binding linear-muffin-tin-orbital F APW method (b). For better visualization the data was artifi-
method (LMTO) in the atomic sphere approximatidn cially broadened with a Lorentzian with a width of 0.3 eV.
(ASA) with our code which allows to consider noncollinear
spin arrangement'® and in which we have implemented together to a crystal leads to a strong overlap of the various
the spin-orbit coupling, as well as with thelENe7 code®  resulting bands and thus to a high density of unoccupied
which adopts the full-potential linearized-augmented-planestates for the absorption signal beyond the white line. In
wave methotf (FLAPW) and in which the spin-orbit cou- contrast, the difference signal (€)= " (€)—x (€) usu-
pling and the tools for the calculation of magneto-opticala|ly is well localized around the white linéFig. 1). The
effects and XMCD spectra have been implemered.in  physical reason for this localization is that the states involved
most of the figures we represent dataror 2, n=7. Again,  in the nondominant transitions usually are strongly itinerant
our test calculations have shown that the results for Iargego that at a given energy the difference between the density
(but not Smalle)'n are very similar. By the FLAPW method of states for Spin up and Spin down is small. Beca#‘g&)
we have performed also some calculations where we havig basically determined by this differefce’there is only a
taken into account the effect of layer relaxations at the intersmall contribution of strongly itinerant states gQ(e).
face, but there was nearly no influence on the moments and The LMTO and the FLAPW code use a set of energy-
on the spectra. The spin-orbit coupling was taken into acindependent basis functions that are designed to describe the
count self-consistently. The absorption coefficieptS(e),  wave functions for a certain energy range as accurately as
w~(€), and u’(e) for right-circular, left-circular, and-axis  possible. This energy range is around a linearization energy
polarization as function of the photon energyvere calcu-  that we choose according to the common practice as being
lated by use of Fermi's golden rule in nonrelativistic dipole the center of gravity of the occupiedi®s-6p band. The
approximation which requires the evaluation of matrix ele-so-obtained basis set should be able to describe rather accu-
ments for the operatqr- e with e=e~,e", or €” denoting the  rately also the states slightly above the Fermi level, but it
polarization vector of the light. For the FLAPW method the becomes more and more less complete when going to higher
principle procedure is described in Refs. 20,21. energies. In contrast, in a calculation based on a nonlinear-
As discussed below, the absorption signal is in most caseged Korringa-Kohn-RostockglKKR) method the functions
strongly dominated by transitions to one typerdfstates. with angular momenturh properly account for thal states
For the PtL, and L3 spectra the dominant transition is to at all energies. As a result, KKR calculations for theand
unoccupied 8 states, whereas the additional contributions ofL ; edge of Pt yiel#?3a plateaulike extension of the absorp-
ns states withn=6 andnd states withn>5 (which are all  tion signal similar to the experiment, whereas in the LMTO
allowed in dipole approximatiorare weaker. There are fur- and FLAPW calculation the signal decreases strongly above
ther additional contributions that come into play when goingthe white line(Fig. 1). Obviously, the latter two calculations
beyond the dipole approximation, which also should be lessniss many of the high-lying strongly itinerant states. Alto-
important. The dominant contribution is mainly responsiblegether, the usual LMTO and FLAPW codes therefore give
for the so-called white line around the absorption edgereliable results foj(€) but they do not necessarily describe
whereas the additional contributions result in a long tail be-correctly the absorption signajs™, x~, and u°. For the
yond the white line which is often plateaulike. This is espe-analysis of the spectra by use of the sum ruE=e below
cially pronounced for the case of Pt where the plateau ishe contributions of the high-lying strongly itinerant states
nearly as high as the white lif€. The physical reason for have to be removed anyway, and therefore for this objective
this is that the unoccupieds, nd states of the free Pt atom it is not a problem that the two codes miss many of these
have high energies that are close to each other, and they astates in Pt.
spatially strongly extended. Therefore, bringing the Pt atoms In our calculations thel band extends to high energies
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UL I R B obtained after the last iteration step. Because this charge and
spin density is calculated from an ASA potential that is
spherically averaged in each atomic sphere before starting an
iteration step, the influence of the nonspherical parts of the
effective potential within the spheres on the asphericity of
the charge and spin density is neglected. In contrast, in the
FLAPW calculation the full asphericity of the effective po-
tential is taken into account, and therefore the result§Tor
from the two calculational methods will be slightly different.

The derivation$®?*of the sum rules, Eqs1) and(2), are
based on the dipole approximation and on several other ap-
proximations listed in Sec. 2.7 of Ref. 10. One major ap-
proximation is that the above discussed additional contribu-
tions to the absorption signal can be neglected. As already
outlined, these additional contributions will have only a

energy (eV) weak influence on the dichroic signal but they would criti-
cally enter the integrations in the denominators of Eds.

FIG. 2. The orbital-resolved density of states for the Pt interfaceand(2). For a consistent test of the sum rules by theory one
layer in Co-Pt; system as calculated by the LMTO meth@land  therefore should take into accotitor all the quantities ap-
the FLAPW methodb). The Fermi level i€ =0. The vertical line pearing in Eqs(1) and (2) only the dominanil contribu-

gives the ‘:(ppelr, edge of the ‘Sbg”lf"" see text. Solid linesd 55 \We will report the results of such a calculation in the
states. Broken neg states. Dotted liness states. fO”OWing section.

density of states (states/eV atom)

(Fig. 2 because of the contributions ofd states withn

>5. We have then defined the upper edge of thd tand” Ill. TEST OF THE SUM-RULE ANALYSIS

in such a way that this band contains 10 electrons per atom OF EXPERIMENTAL DATA

Fig. 2.

( ?’he) induced spin momentsi,= — ug(o,) and orbital In the present section we want to test for the multilayer
S z

Co-Pt system some assumptions and approximations in-
volved in an experimental determination of the induced Pt
moments via the sum rules. All calculations are performed
for the multilayer Cg-Pt; system. Test calculations have

momentsm,= — ug(l,) for the various Pt monolayers were
calculated directly as well as via the orbital sum fided the
spin sum ruléfrom the absorption spectra at thelBtand Pt

L, edge, . . .

3 &40 shown that the results are nearly identical to those obtained
21 .Np, for Co,-Pt;5 system.
<IZ>: | 1 (1)
t
A. Restriction to the dominant 5d contributions

3IN . . -
<0'z>:;h_7<Tz>7 2 The experimental absorption spectra do not contain just

It the dominant 8 contributions but all the additional contri-

. butions discussed in Sec. Il, and these contribute signifi-
'm:f C[(MC)L + (o)L ]de, 3) cantly to the integrations in the denominators of EGsand
Er 8 2 (2). Therefore it is attempted to remove the additional con-
tributions (“background subtraction) at least approxi-
(e mately. The hope is that the ttmagnetic moments” ob-
ls= LF[(“C)Ls_Z(“C)Lz]dE’ ) tained from these corrected spectra via the sum rules are
good estimates for the “real moments” including all contri-
E. butions. This hope implies two assumptions. The first as-
It=f [(,ut),_3+(,ut)L2]de (5) sumption is that the noneb contributions to the magnetic
Er moments are indeed very small. Figures 3 and 4 exhibit the
with ue=pu"—u~ and w=p*+p +uP. HereN, is the ~Magnetic moments calculated directly from the . band-
number ofd holes and(T,) is the expectation value of the Structure calculations. It becomes clear that the dbital
magnetic dipole operator moments(small filled circleg are indeed nearly indistin-
guishable from the real orbital momenrtsig open circles
. 1 A whereas the & spin moments are consistently larger than the
T;=5lo=3r(r-o)],, (6)  real spin moments, the difference being about 9% of the total
moment for the Pt interface layer in the LMTO calculation
where o denotes the vector of the Pauli matrices. The quanand 4% in the FLAPW calculation. The second hope is that
tities Er andE, denote the Fermi energy and a cutoff energythe additional approximations involved in the derivation of
(see below: In the LMTO-ASA method the term{T,) is  the sum rulegsee Sec. )lare indeed well fulfilled. To test
determined from the nonspherical charge and spin densitfor this, we calculate the absorption signals and the dichroic
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l pare in Figs. 3 and 4 with the directly calculated #o-

(a) i ments. A good agreement between the two sets of data would

indicate that the additonal approximations involved in the

derivation of the sum rules are well fulfilled. It becomes
i clear from these figures that this holds at least approximately
for the spin sum rule but definitely not for the orbital sum
rule. Therefore, even if no other problems were involved in
) the experimental data analysis one should caution when try-
ing to determine induced orbital moments at interfaces via
the orbital sum rule.

Whereas in theory the background subtraction is straight-
forward, this is not the case for the experiments. The follow-
ing approaches are usually adopted.

(1) A step function(or an arctan cunjeis subtracted
which is fitted to the plateau regime. For Pt this type of
1 2 3 4 analysis may be critic&l because due to the high plateaulike

layer number regime the error in the determination of the steplike back-
ground may be quite large.

(2) TheL, andL 5 edges of Pt are compared with those of
Au measured under similar experimental conditiGh3he
idea is that Au is electronically similar to Pt with the main

. S exception that the & band of Au is full in a first approxima-
lated 50 momentgsee text Big open squares: estimates of the real fi h it i ¢ letelv full for Pt that
moments by the orbital sum rulsee tex), cutoff energyE, is the lon whereas 1t IS not compietely full for 7, so that an ap-

upper edge of thd band. Small filled squares: estimates of tfe 5 propriate subtraction of the Au_ spectrum _Wi" isolate tf_[da 5
moments by the orbital sum rulsee text part of the Pt spectrum. Our critcism of this procedure is that

even in Au there are indeed holes in theé Band(see, e.g.,
Ref. 26, and our test calculations have shown that tlie 5
contribution to the absorption spectrum of Au is even larger
Fhan the & contribution. The subtraction of the Au spectrum
may be able to eliminate most of the contributions of the
strongly itinerantnd (n>5) andns (n=6) states, but what
is left is not necessarily a very good representation of the 5d
contribution in Pt.
(3) The contributions of the energetically high-lying
strongly itinerant states to the denominators of Efs.and
(2) are excluded by integrating only up to an energy cutoff
E.. The value ofE. is not clearad hoc It has been
suggestett to identify it with the energy wherg.(€) be-
comes acceptably close to zero. This procedure does not re-
move the contributions of the additional transitions in the
energy range of the dominant transitions. The hope is that
these contributions are small. To test for the influence of the
s states in the energy range of thed%and” we have cal-
culated(Figs. 3 and #the orbital and spin moments from the
sum rules(thereby neglecting th€T,) term for the spin sum
rule as in most experimenton the one hand, by taking into
account exclusively the & contributions to the spectra
1 5 3 4 (small filled squares for the orbital moment and small filled
layer number triangles for the spin momentand on the other hand, by
) . including thes contributions but using an energy cutddf,
_ FIG. 4. Test of the spin sum rule _for the various Pt monolayers_ E, for the integrations in Eqg1) and (2) whereEy, is the
in Cop-PY system [zl_denote_s the mte_rface .Ia)dyy LMTO (a upper edge of the “B band” (big open squares and big open
and FLAPW (b) calculations. Big open circles: directly calculated triangles for the orbital and spin moment®bviously there

real moments. Small filled circles: directly calculatedl moments. . . I
. R . is only a weak influence of thecontributions to the spectra
Big open squares: estimates for the real moments by the spin sum

rule, including the(T,) term. Small filled squares: estimates of the in this energy range.
5d moments by the spin sum rule, including thE,) term. Big
open triangles: estimates for the real moments by the spin sum rule,
excluding the(T,) term. Smalll filled triangles: estimates of thd 5 Because it is very hard to access tHd@,) term
moments by the spin sum rule, excluding {Tg) term. experimentally”?%it is often neglected for the determination

0.04

=2

=

[Y=)
I

(=

orbital moments (].LB)
It
=

0.02

FIG. 3. Test of the orbital sum rule for the various Pt monolay-
ersl in Co,-Pt; system (=1 denotes the interface laydsy LMTO
() and FLAPW (b) calculations. Big open circles: directly calcu-
lated real momentgsee text Small filled circles: directly calcu-

signal as well as théT,) term by taking into account only

we then obtain via the sum rules estimates for theoBbital
and 5 spin momentgsmall filled squares which we com-

spin moments (L)

0 | |

B. The influence of the(T,) term
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5 T

magnetic dipole term x1000

-15 | ]
i 2 3 4
layer number

FIG. 5. Values for(T,) for the various Pt layers in GePt,
system as obtained by the LMTO meth@ircles and the FLAPW
method(squares

layer number

of the spin moment via the spin sum rule, even at interfaces.
This term is negligible for cubic surroundings but it should FIG. 6. Values form,/mg for the various Pt layers in GePt,
become more and more important when approaching the irsystem as obtained by the LMTO meth¢a) and the FLAPW
terface. In Fig. 4 we represent the spin moments as obtainedethod (b). Big open circles: directly calculated real moments.
from the spin sum rule when including and when omitting Small filled circles: directly calculated &6 moments. Big open
the (T,) term. The values obtained by omitting this term squares: real moments via K@), including the(T,) term. Small
differ at the interface by about 30-50% from the valuesfilled squares: 8 moments via Eq(7), including the(T,) term. Big
obtained when it is included. The spin moment obtained?Pen triangles: real moments via H{), excluding thT,) term.
from the sum rule excluding théT,) term (big open tri- Small filled triangles: 8 moments via Eq(7), excluding the(T,)
angles is at the interface smaller than the directly calculated®™
moment(big open circles by about 40—50%. This clearly
demonstrates that for the interface #ig,) term cannot be Obviously, if the(T,) term can be neglected then the quan-
neglected in the spin sum rule. tities N}, and |1, drop out for the ratian,/mg and thus the

In Fig. 5 we compare théT,) terms for the various Pt uncertainties involved in fixing\, (Sec. Ill O or calculating
layers as obtained by the LMTO and the FLAPW calcula-|  (sec. IIl A) are no longer relevant. Therefore it has been
tion. The qualitative beha\_nor_ is S|_m|Iar for b_oth calculatlons_suggeste@ that a very good estimate for the real ratio
but there are some quantitative discrepancies due to the dIFﬁl /m, may be obtained from I2,/31, . This suggestion is

ferent treatment of the on-site asphericity of the spin de“Si%ased on the assumptions that {fie) term can be neglected

(see Sec. ) and that the further approximations underlying the derivation
of the sum rules are well fulfilled. As demonstrated in Secs.
C. Fixing the number of holes Il B and Il A, both of these assumptions are not well ful-

For the analysis of the experimental data via the sum ruleg"ed at the interface of the Co-Pt multilayer, and therefore

the numbem;, of holes in thed band has to be fixed some- Wwe cannot expect to get good estimatgs for the real rgtio
how. One way is to insert foN;, the value obtained by a ™M/Ms from 2Iy/3l 5. To demonstrate this, we compare in
band-structure calculation for a reference configuration thaff'9- 6 the directly calculated values, /ms with those ob-

is similar to the real configuration under consideration. Fort@ined from Eq(7). To test the general validity of Eq7), we
instance, for an analysis of the Co-Pt multilayer one couldirst include the(T,) term and calculate all quantities by
insert the number of & holes as calculated for fcc Pt. In- taking into account only the & contributions(small filled
deed, we obtain by the LMTO calculation the valuescircles and small filled squaredt becomes obvious that the
N,=1.62/atom for fcc Pt and N,=1.68/atom, directly calculated ratios differ from those obtained by Eq.
1.60/atom, 1.62/atom, and 1.62/atom for the first four Pt lay{7), which demonstrates again that the sum rules are not well
ers at the interface of the G&t, multilayer, i.e., fixing the fulfilled at the interface(cf. Sec. Ill A). The same holds
numberN;,, does not seem to be a critical problem. when we take into account dllcontributions and terminate
the integrals aE. = E4 to eliminate thes contributions to the
absorption signal abovE, (big open circles and big open

D. The ratios m;/ms squares When excluding théT,) term (triangles even the

From Egs.(1) and(2) we obtain qualitative behavior of the ratio as function of the layer num-
ber| is described incorrectly. Altogether, we must conclude
ay m (31 7(T )]t that even the ratiosn,/mg cannot be determined reliably
z =_'=[__S__ z ‘} (77  from the XMCD spectra for the Pt atoms in the Co-Pt
(0 ms 215 21Ny multilayer.
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FIG. 7. Comparison of the profile of the induced Pt magnetiza- Co Pt Pt Pt Pt Pt X X X Pt Pt Pt Pt Pt Co

tion as obtained by the reflectometiigef. 2 (full line), and by the
LMTO calculation (filled circles for an ideal Co-Pt interface in
Co,-Pt;3 system.

FIG. 8. Magnetic moments in a G&t 3 multilayer as obtained
by the LMTO method. White bars{=Pt, no spin-orbit coupling.
Gray barsX= Pt, with spin-orbit coupling. Black bar¥=Ir, with
spin-orbit coupling. The inset represents the data for the innermost

IV. MAGNETIZATION PROFILE IN THE Pt LAYER
layers on a large scale.

As outlined in the Introduction, it is very interesting to
know the profile of the induced magnetization in the Pt layerinduced magnetization profile for the &Bt; multilayer,
The general profile has been investigdteg means of the and for this system with the three innermost Pt layers re-
x-ray resonant reflectometry combined with a modelingplaced by Ir layergFig. 8). The calculations are performed
based on a magnetically modified Parratt formalisee Sec. both with and without the spin-orbit couplingt thereby
I). The experimental profile is given by the full line in Fig. 7. turned out that a very accurate Brillouin-zone sampling is
A very good agreement of the predictions of the model withrequired to obtain converged result3here are three main
the experimental asymmetry ratio of the reflectometry wasesults, which are as follows.
obtained by a Pt depth profile starting with a constant mag- (1) The magnetic moments are considerably influenced by
netization of (0.2 0.04)ug for a range of (0.30.1) nm  spin-orbit coupling. Taking into account the spin-orbit cou-
at the Co interface, with parallel alignment between the Coling reduces the size of the innermost moments by a factor
and Pt moments, followed by an exponential decay. In conef about 10—20. Therefore, our calculation does not predict a
trast, the theoretical magnetization profilecluding spin  significant decrease of the total Pt moment with increasing Pt
and orbital contributionsobtained for an ideal, i.e., atomi- layer thickness as suggested by the former calculafidis,
cally flat interface does not exhibit such an initial plateau,agreement with the experimefft3 The calculated moments
but it decreases continously and rapidly, starting from a valuéor the Ir moments are about an order of magnitude smaller
that is considerably larger than the experimental plateathan the experimentally estimated moments. Accordingly,
value (Fig. 7). The differences between the theoretical andour calculations yield nearly no XMCD signal for the three Ir
the experimental profiles probably arise from the fact that théayers, whereas experimentally a clear signal could be
real interface was not ideal because of interdiffusion, roughebserved.
ness, etc. Calculations for nonideal interfaces are required to (2) The remaining very small Pt moments for the three
test for this possible explanantion. innermost layers are antiferromagnetically aligned to the Co

There is an open question in the literaftit€oncerning moments.
the sign of the induced magnetic moment for the innermost (3) The magnetic moments of the Ir layers are ferromag-
three Pt monolayers in a G&t;; multilayer. Former LMTO  netically aligned to the Co moments, in agreement with the
calculations neglecting the spin-orbit couplfigpredicted a  experiment. However, their size is much smaller than esti-
significant decrease of the total moment of the Pt layer fomated from the experiments.
more than 7 monolayers Pt due to magnetic moments in At the moment the reason for the discrepancy between the
these innermost layers which appeared to be oriented antéxperimental and theoretical moment sizes is not clear. It is
parallel to the other Pt moments and to the Co moments. Thiglanned to repeat the experiments with better resolution and
decrease could not be confirmed experimenfdllyo inves-  improved sample preparation.
tigate this in more detaft® the three innermost Pt layers Finally, we want to assess the assumptiothat the mo-
were replaced by Ir layers. As observed in the case of Pt anchents of the various Pt multilayers depend just on the dis-
Ir impurities in Fe, both elements show a similar XMCD tance from the interface but not on the Pt layer thickness. As
effect?>?3From the XMCD signal it could be concluded that outlined in the Introduction, this assumption is the basis for a
these Ir layers indeed couple ferromagnetically to the Cdayer-resolved analysis of the induced magnetization profile
layers, and the magnetic moment per atom was estimated foom the XMCD spectra obtained for various thicknesses of
be of the order of 0.0dg . the Pt layeP:” The results of our calculatior(&ig. 9 clearly

We now calculate directlyi.e., not via the sum rulggthe  demonstrate that this assumption is not well justified for
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' ' face but also on the thickness of the whole Pt layer, which
0.4 i throws some doubts on the method to obtain layer-resolved
profiles for the induced magnetization by XMCD measure-
ments of the multilayer systems with various thicknesses.
The main objective of the present paper is to assess for
the case of induced moments close to interfaces some of the
assumptions which are commonly adopted to determine the
magnetic moments from the XMCD spectra via the sum
rules. It turns out that for the Co-Pt system the orbital sum
rule is violated by up to 35% at the interface. The spin sum
rule gives much better results as long as {fig) term is
included but it fails similarly badly as the orbital sum rule
when the(T,) term is neglectedwhat is done in most ex-
periment$. We therefore must conclude that the analysis of
FIG. 9. The profile of the induced Pt moments as calculated bjthe XMCD spectra via the sum rules for the induced mag-
the LMTO method for Cg-Pt; system(circles, Co,-Pt, system  netic moments of Pt atoms close to an interface can give at
(squarey Co,-Pty system(diamondg, and Cg-Pt3 system(tri- best semiquantitative results. We want to note that this nega-
angles. tive assessment for the Co-Pt layer should not be generalized
to all multilayer systems with induced magnetic moments.
small layer thicknesses which are essential for the determi©ur guess is that a big part of the problems for Pt arise from

<)
o
T
I

magnetic moment ()
o
=
T

1 2 3 4
layer number

nation of the magnetization profile. the fact that there are only a few holes in the:land, like in
Pd (4d) or Ni (3d). It may well be that the application of the
V. CONCLUSIONS sum rules to systems with moteholes is less critical.

. _ . ~ Finally, we want to note there is a somewhat different
In the present paper the induced magnetic orbital and spigxperience with the application of the sum rules for surfaces
moments as well as the XMCD spectra are calculated for thgf the 3d metals Fe, Co, and N:2%21There it has been
multilayer Co-Pt, systems withn=3,7,9,13. The calcula- found that the orbital sum rule is valid to within 5—10% as

tions are performed by thab initio density-functional elec- |ong as an appropriately chosen cutoff energy is used for the
tron theory and with two band-structure methods, LMTO-integrations appearing in the sum rules. However, for the

ASA as well as FLAPW. It turns out that there is a goodspin sum rule, large errors have been found for Ni, even

agreement between these two types of calculations. The prgyhen the(T,) term is taken into account. This clearly dem-
file of the induced magnetic moments is obtained and comgpnstrates that one should be cautious when trying to gener-
pared to experimental results. It is shown that for the thregyize statements concerning the applicability of sum rules

innermost Pt layers in the &t 3 multilayer the magnetic  from the experience made for selected systems.
moments are aligned antiferromagnetically to the Co mo-

ments, but they are very small in size. Replacing these Pt
layers by Ir layers, we find a ferromagnetic orientation of the
Ir moments, which is in agreement with experimental results, The authors are indebted to J. Kurfeskindly supplying
but the magnitudes of the moments are much smaller thathem with the XMCD code fowIEN97. They also acknowl-
those estimated from the experiments. It turns out that the Ridge helpful discussions with J. Kun&s M. Oppeneer, and
moments do not depend just on the distance from the inteiH. Ebert.
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