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Core-level magnetic-circular-dichroism study of an Fe single crystal, Fe-Pt alloys,
and an Fe/Pt multilayer
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We have studied the local magnetic states of a single-crystalline Fe film, annealed and as-deposited Fe-Pt
alloy films, and an Fe/Pt multilayer by magnetic circular dichro{8CD) in core-level absorption. The MCD
spectra around the R, ; edges unambiguously reveal an enhanceddoBital moment in the alloys and
multilayer relative to that in Fe metal. MCD signals were also observed at ting fand O, edges in the
alloys and multilayer, showing induced magnetic moments on Pt atoms. A comparison of the MCD spectral
pattern at the PN 7 edges with that at the Rd , ; and PtO, ; edges gives clear evidence that the induced Pt
moments are aligned parallel to the Fe moments. Fine MCD features observed athesiges indicate that
the Pt 5 partial density of states just above the Fermi level is higher for the majority-spin states than for the
minority-spin states.

The magnetic and magneto-optical propertiesF,Co/  ized and have well-defined angular momenta. These favor-
(Pt,Pd multilayers have recently attracted much attention inable features of the core-level MCD provide a powerful tool
relation to magnetic data-storage applications. The favorabl®or probing the magnetic and electronic states of magnetic
properties that make these systems promising candidates feubstances, particularly those of multicomponent systems,
next-generation high-density magneto-optical recording mesuch as magnetic alloys and multilayers as well as com-
dia include their spontaneous perpendicular magnetizatiorpounds. Several core-level MCD studies have very recently
large Kerr rotations at short wavelengths in the visible ancbeen reported fofFe,C9/(Pt,Pd systems“‘.S‘16 Most of the
ultraviolet regions, and high oxidation and corrosionstudies were carried out either at the core edges of only one
resistancé:? The correlation and underlying mechanism of constituent or at the core edges which involve final states
these phenomena have been the subjects of investigationglirectly related to the magnetism. However, for these bi-
from fundamental points of view. Studies of the magneticnary systems, it would be highly desirable to measure the
and electronic states ¢Fe,C9/(Pt,Pd binary alloys, which MCD at “magnetism-related” core edges of both constitu-
are closely related to the multilayers, are also of interest anénts using the same experimental setup, since Pt or Pd, as
importance. An understanding of the magnetism of these awell as Fe or Co, are expected to be responsible for the
loys will provide valuable clues for a better understanding ofmagnetism.
the magnetic properties of multilayers. A number of studies In this paper we report on a core-level MCD study of
have been conducted for tiiee,Co/(Pt,Pd multilayers and annealed and as-deposited Fe-Pt alloy films and an Fe/Pt
alloys using various experimental techniqtie$Theoretical multilayer in the 40—80-eV range. This energy region covers
investigations, mainly based on spin-polarized bandthe PtNg; (4fs5;7,—5d) and O, 3 (5py,32—5d) core
structure calculations, have also been perforfi@dNever- edges as well as the Rd, 5 (3py, 32— 3d) edges. For a
theless, the nature of the magnetism of tke,Cq/(Pt,Pd reference, the MCD spectrum of a single-crystalline Fe film
systems is still controversial. is also presented.

Magnetic circular dichroism (MCD) in core-level The annealed and as-deposited;Pgg alloy films were
absorption®'2has the advantages of element specificity andorepared onto heatgd-380 °Q and water-cooled~20 °C)
site selectivity, because the core-level MCD process involveguartz substrates, respectively, by an rf cosputtering
optical transitions in which the initial states are well local- method®* An Fe(4.7 A)/Pt(18.5 A multilayer (i.e., 80 bi-
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layen sample was deposited onto a rotating water-cooled 04F 0.03
(~20°Q) glass substrate by the rf sputtering method with Fe

two targets’ To prevent the sample surface from oxidation, - 1o.02
the top layer of the multilayer was of P18.5 A) and the o '
alloy films were overcoated with a 10-A-thick Pt layer. It 5 0 o
was confirmed by x-ray diffraction that the as-deposited al- B <> oot
loy film had a face-centered-cubiécc) structure(a disor-

dered phase and the annealed one a face-centered- —0.1£@ I - I . ! - 0
tetragonal (fct) structure (presumably an ordered phase L Fou Pty (annoaled)

The multilayer was found to have a periodic structure along e ﬁ Jdo.oz2
the normal to the film plane. A 1000-A-thick body-centered- @ Of =™ A

cubic (bco Fe(100 film was made by a molecular-beam- gl: s

epitaxy (MBE) technique on 100 cleaved surface of a -0.01
MgO single-crystal substrate with 2000-A-thick fcc @G0 -01r
and 2000-A-thick fcc A@L00) buffer layerst’ The Fe film
was overcoated with a 20-A-thick ALOO) layer. The pres-
sure of the MBE chamber was in the 8 Torr range during - Fes,Pt,(as—deposited)
deposition. The thicknesses of the films were determined us-
ing a quartz thickness monitor. The reflection high-energy
electron diffraction pattern showed that the Fe film was
single crystalline.

The MCD experiment was performed in the 40—80-eV
region using off-plane circularly polarized synchrotron radia-
tion (CPSR on bending-magnet beamline BL-11D at the
Photon Factory, National Laboratory for High Energy Phys- - [Fe(4.7A)/Pt(18.5A)]g,
ics. The degree of circular polarizatiofP¢|) was 75-85 %
in the energy region of the present experimérthe mea-
surements were made with a reflection method in the Fara-
day configuratiol? using an ultrahigh-vacuum-compatible -0.1
superconducting magn&tThe polarization state of the inci- |
dent beam was fixed in a left-handed CPSR mode, and the @, L 1o
direction of the magnetic field=3 T) was reversed. The 40 50 60 70 80
light reflected from the sample was detected by a sodium- Photon Energy (eV)
sglicylate-coated phot(_)multiplier, _Wh_ich was specially de_- FIG. 1. Reflection MCD spectrumAR/R= (R, — R )/[(R,
S|gne(_j for use under hlg.h magnetl_c f|eld_s. In order to obtain, R_)/2] (dotted curvelsand reflectivity spectrurR (solid curves.
the diagonal and off-diagonal dielectric tensor elementsg rections for the overlayer effects have not yet been mée.
through Kramers-KronigKK) analyses, we measured the sjngle-crystalline Fe film(b) Annealed Fg,Pg alloy film. (c) As-

reflectivity in a lower energy region from 4 to 40 eV using a geposited FgP alloy film. (d) Fe(4.7 A)/P1(18.5 A) multilayer.
Seya-Namioka monochromator on beamline BL-11C. ) ) )
The experimental results are shown in Fig. 1. The dottedhat magnetic moments have been induced on Pt atoms in the

curves in Figs. (8-1(d) display the reflecton McD alloys and multilayer due to hybridization between the e 3
(RMCD) spectra,AR/IR=(R, —R_)/[(R,+R_)/2], of a and Pt 4l states. _ _ .
single-crystal Fe film, an annealed Jfet,q alloy film, an Both thg optical an.d magneto-optical behav[or of $O|IdS
as-deposited EgP alloy film, and an Fe/Pt multilayer, re- shogkzjobe interpreted in terms of the complex dielectric ten-
spectively. The reflectivity spectrBR= (R, +R_)/2, are also sor, e The imaginary part of the diagonal elemesjtrep-

shown by the solid curves in Fig. 1. HeiRe, andR_ rep- resents usual optical absorption, while that of the off-

AR . . o .., diagonal element] represents MCD effects in absorption.
resent the reflectivities involving pptlcal traljsmons ywth Usually, €} ande} can be evaluated directly from measured
AJ,=+1(0) andAJ,=—1(s) with thez axis taken in 5,4 RMCD spectra using the KK transformation and related
the direction opposite to the sample magnetization. A correcgqyations. In the present case, however, it is essential to take

tion for Pc was made in the RMCD spectra using an averagénto account the influence of the oxidation-prevention over-
value 0f| PC| =80% .12'18The RMCD SpeCtrUm of the Fe film |ayer (Au or P'[) on both theR and RMCD Spectra_

exhibits both a lower lying negative peak and a higher lying |n order to remove the overlayer effects from the raw data
weaker positive peak at the Ré, ; core edges. In contrast, of R and RMCD, we consider the optical and magneto-
the RMCD spectra of the alloys and the multilayer show agptical response of a vacuufimedium 2-overlayer(medium
strong negative peak at the ¢, ; edges with almost no  2)-sample(medium 3 system. The complex reflectivity am-
positive signal on the high-energy side. TRespectra of the  plitude for normal incidence of such a system,is given
alloys and multilayer exhibit structures arising from the spin-py?

orbit split PtNg (~75 eV) and N, (~72 eV) core edges. " m oA “ oA
Strong RMCD signals were observed at theNgtand N, - Mool 13— 1) +(F1p—T13)€ .
edges for the alloys and multilayer. This clearly demonstrates (Fof 13— 1)+ T 151 T 19002 Y
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wherefij is the complex reflectivity amplitude at the inter-
face between mediumi and medium j, and V¥
=(27/\)N,d, with \, N,, andd, being the wavelength of
light, the complex refractive index of medium 2, and the
thickness of medium 2, respectively. A KK analysis of the
measuredR will yield a phase shift on reflectiond, and
hencef = \Rée?. Thus solving Eq.(1) for 3= JR;se'f13
gives the optical constants of medium 13; and k5, also
yielding (= €3,12) = 2nzks. By taking a logarithmic differ-
ence of Eq(1) for left (o) and right(o_) circular polariza-
tion, we obtain

Atz AT it(1-e”")
M3 o Flz(flz_F)_(l_ﬁlz)em
?12(1_92“1')

(F1o= ) =T 1o(1-FF )€Y ’ @
where AT 3=753—T 3 and Af=f*—7~. A KK analysis of
the measuredR/R spectrum will give a difference between
the phase shifts for left?) and right(6~) circular polariza-
tion, A=6"—6", and henc@f/f = 3AR/R+iA 4. Equation
(2) thus yieldsAT 15/f 3= 3AR;3/Ri3+iA 6,3, where AR 5

=R 53— Ry; and A#,3=6{3— 615. The imaginary part of the
off-diagonal tensor element of medium 8j(=€7,19, is
given by

L AR L A 3)
€1=— —— T S y
1 4 3 ng 2 3 13
where az=n5(n3—3k3— 1) and B3=ks(3n3—k5—1).

KK analyses were made of the measufedpectra with
extrapolation to lower and higher energies. TRéelow 4

eV was assumed to be that of a free-electron gas. Above 80

eV, the R spectra were extrapolated proportionally &o*.

Since the RMCD signals are almost zero at the lower and
higher limits of the present MCD measurements, no extrapo
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FIG. 2. Imaginary part of the off-diagonal dielectric tensor ele-
mente] (dotted curvesand imaginary part of the diagonal dielec-

lation to outer regions was made for the KK analyses of thgyic tensor element (solid curves. Both ¢} and €] have been
RMCD spectra. The optical constants of Au and Pt reported ifleguced fromR and AR/R through Kramers-Kronig analyses with

the literaturé® were used to evaluafg,.
The results of the data analyses are shown in Fig. 2. Th
dotted curves in Figs.(2)—2(d) display thee] for an Fe film,
an annealed Fe-Pt alloy film, an as-deposited Fe-Pt allo
film, and an Fe/Pt multilayer, respectively. Thgis shown
by the solid curves in Fig. 2. A comparison of tldR/R
spectra with the correspondir) spectra shows that the gen-
eral tendency seen in th&R/R carries over in thee]. In
order to see the MCD at the Ri; ; edges more closely, we
present the:] spectra at around the Ri; ; andO, edges of
the alloys and the multilayer on an expanded scale in Fig.

served and are labeldd and S

A recently discovered MCD orbital sum réfeshows that
the integrated intensity of an MCD spectrum over ke or
M, ; edges of 8l transition metals is directly proportional to
the 3d orbital moment in the ground state. The presence o
the negative and positive peaks in #{espectrum around the
Fe M, ; edges of the Fe filniFig. 2a)] results in a substan-
tial cancellation of an integrated MCD intensity. This indi-
cates that the @ orbital moment is small in Fe metal. In
contrast, theej spectra of the alloygFigs. 2b) and Zc)] and
the multilayer[Fig. 2(d)] exhibit only a negative peak at the

%

Besides the main MCD signals, fine MCD features were oby,

corrections for the effects of the overlayer hand AR/R (a)
Single-crystalline Fe film(b) Annealed Fg,Pt,q alloy film. (c) As-
deposited FgPt,q alloy film. (d) Fe(4.7 A)/Pt(18.5 A) multilayer.

%d orbital moment of Fe is greatly enhanced in the alloys

and the multilayer compared with that in Fe metal. This re-
sult is in agreement with a recent theoretical calculation,
and is also consistent with a recent MCD study at the.Ge
edges in Co/Pd multilayers.

The €] spectra of the alloys and multilayer are seen to
xhibit a very weak positive feature at67—-68 eV for the Pt
, edge(Fig. 3. This leads us to expect a weak negative
CD for the PtO5; edge(~52 eV), which merges into the
strong FeM, ; MCD. This MCD sign at the PO, ; edges
indicates that the induced Pt3noment is aligned parallel to
the Fe 31 moment.

Since no studies have been reported to date for MCD
fissociated with transitions involving the < ;/» initial core
states, we consider here the expected MCD at th&lft
edges. Electronic-structure calculatiGAshow that the un-
occupied Pt 8 states are predominantly of minority spin,
except for those just above the Fermi levEL]. Thus, we
first consider the transitions for the minority spin states. An
application of the dipole selection rules with the Spin-

e

Fe M, ; edges. This finding unambiguously reveals that theorbit interaction(i.e., 5d orbital momenk being taken into
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The €] spectra of the annealed all¢#ig. 3@)] and the
multilayer [Fig. 3(c)] exhibit a strong positive peak at the Pt
N, edge and a clear negative peak at theedge; the MCD
is opposite in sign to that at the A, ; and PtO, ; edges.
Although both features in thé] spectrum are much weaker
for the as-deposited alldyig. 3(b)], the MCD sign at the Pt
N¢ 7 edges is the same as that for the annealed alloy and the
multilayer. This result gives clear evidence that the induced
Pt total moment is alignegarallel to the Fe total moment in
the Feg,Pt,g alloys and the Fe/Pt multilayer. The present con-
clusion is inconsistent with the assumption of an antiparallel
alignment of the Fe and Pt total moments in theyPg,
ordered alloy, which was deduced from a previous neutron-
scattering experimentOn the other hand, our conclusion
agrees with the indication of a parallel alignment, obtained
from both recent core-level MC[Refs. 15 and 1Band spin-
resolved photoemissiBmeasurements.

Figure 3 shows the presence of a dip) just below the
positive MCD peak at th&; edge and a should€B) just
below the negative MCD peak at tiNy; edge in the alloys
and the multilayer. These features could be attributed to the
MCD associated with transitions to the unoccupied majority-
spin states just abou€; . This indicates that the unoccupied
majority-spin states have a higher density of states just above
Er than do the unoccupied minority-spin states in the alloys
and the multilayer. The present result is in good agreement

FIG. 3. Imaginary part of the off-diagonal dielectric tensor ele- with the electronic-structure calculation by Podup®

ment €] around the PNg ; and O, edges. Fine MCD features are

labeledD andS (a) Annealed Fg,Ptyq alloy film. (b) As-deposited
Fe;;Plg alloy film. (c)Fe4.7 A)/P1(18.5 A) multilayer.

In conclusion, we have presented evidence for an en-
hanced 8 orbital moment in Fe-Pt alloys and an Fe/Pt
multilayer compared to that in Fe metal and for a ferromag-
netic coupling of the Fe and Pt total moments in the alloys

account leads to the result that the MCD is positive at the . : . .
) X ) and multilayer. Information was obtained concerning the Pt

lower-energyN, edge, and is negative at the h|gher-energy~,_.)d artial density of states just abote:

Ng edge. This MCD pattern is opposite to that at theMrg; P y J '

and PtO, ; edges if the same quantization axis is taken both The authors thank Professor H. Sugawara, the Director

for the Fe and Pt total moments. It is noted that the sign ofseneral of National Laboratory for High Energy Physics, for

MCD at the PtNg ; edges is reversed for transitions to the financial support and encouragement. We also thank the staff

unoccupied majority-spin states.
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