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Magnetic moment of Au at Au/Co interfaces: A direct experimental determination
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X-ray magnetic circular dichroic measurements atlthg edges of Au in Co/Au multilayers are reported.
A clear evidence for Au polarization is provided. The induced magnetic moment of Au is very small, about one
order of magnitude smaller than in Co/Pt multilayers. The ratio of orbital-to-spin magnetic moment of Au is
found to bew, / us=0.12. The ferromagnetic response of Au and its role on the interpretation of the magneto-
optic spectra of Co/Au multilayers are discussed with respefitdbprinciple calculations.
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The last decade we have encountered an enormousange(above 3 eVYin Co/Au and Fe/Au ultrathin films and
progress in Synchrotron Radiation Facilities. Modern thirdmultilayersi®'? However, from an experimental point of
generation Synchrotron Radiation sources provide photongiew, up to now there are only indirect qualitative results for
with tunable energy and with a brilliance of 12 orders of magnetic polarization of Au at théFe, Co, N)/Au inter-
magnitude larger than the conventional rotation anode x-rayaces. These results include the variation of the hyperfine
tubes dd. The development of techniques with elementfield of 119n probes embedded in Au and measured by
specificity and monolayer sensitivity such as the x-ray magypessbauer spectroscdpyand the appearance of features in
netic circular dichroism(XMCD)>* and x-ray magnetic gpnin_resolved photoemission spectra of Co films grown epi-
scattering allows us, nowadays, to probe directly even thetaxially on a A111) single crystal® In Refs. 13 and 14,

small induced magnetic moments at the interfaces between . . .
ferromagnetic and nonferromagnetic layers. For transitioeriﬁ]e'ther the magnitude of the total magnetic moment of Au,

metal 31/5d multilayers, recent results have revealed then%r Zeﬁ)art?]tlon Into ?pll’l ?(nd orbital contél_butlttl)nsbwe;(r& 8{30
profile of spin induced polarization of Pthe relative orien- vided. In the present work we measure directly, by '

tation between the magnetic moments of the ferromagneti € induced m_agnetlc mome”t qf Au in Ca/Au multllayers.
and the nonferromagnetic eleméntas well as the relative 2nd separate it into spin and obital terms. The Au magnetic
orientation between the spin and orbital induced magnetig’oment is found to be almost one order of magnitude
moment of W, Ir, and Pt.Impressive effects such as an ap- Smaller than the induced magnetic moments of otloetr&n-
parent “violation” (breakdown of the third Hund’s rule for ~ Sition elements in multilayers. The spin and orbital magnetic
W in Fe/W multilayers have been demonstrated. moments of Au deduced in this work may serve as a refer-
Although some progress in measuring and understandingnce forfirst principle calculations, while the existence of a
the induced magnetic moments ofl Sransition metals at finite Au magnetic moment itself justifies the validity of the-
interfaces has already been achieved, recording clear magretical models for the interpretation of the magneto-optic
netic signals from normal metals at interfaces remains a chabpectra of 8/5d element-based multilayet$1516
lenge. This is attributed to the very small induced magnetic Ca,/Au,, multilayers were prepared by electr¢g-beam
moments expected for normal metals. For example, irevaporation under ultrahigh vacuu@HV) conditions on
atomic form Au has completely filleddbstates, that is there Si, glass, and polyimide substratéEhe indices denote num-
is no net magnetic moment. In metallic form, there is a smalbers of atomic planes in the multilayer peripDetails on the
number ofd holes in the 8 band of Au due to hybridization UHV chamber and growth conditions may be found
effects. Proximity with 8 ferromagnets at interfaces should elsewheré’ In the beginning of each evaporation a 30 nm
then result in exchange spin polarization of Au and the apbuffer layer of Au was grown in order to isolate the
pearance of a finite induced magnetic moment. Already, earlynultilayer from the substrate and to allow for better crystal-
theoretical calculations have predicted a very small spidinity and {111} texturing. The numbeN of bilayer repeti-
magnetic moment of about 0.Q3/(atom of Ay at the tions for the multilayers was equal to 30. The multilayer
Fe/Au interface$.Quite a lot of theoretical works have yield growth was always ending at a 5 nm capping layer for
numbers for the spin and orbital magnetic moment of Au atchemical protection of the samples against oxidation and cor-
interfaces since then, however, due to the small magnitude absion. The samples were structurally characterized by x-ray
these quantities, the published data exhibit a largeliffraction (XRD). We plot in Fig. 1 the experimental XRD
scattering®!! Interestingly, hybridization, spin-orbit cou- spectra(solid lineg for a Co/Ausmultilayer on Si. On the
pling, and the existence of Au induced magnetic momentseft-hand side of Fig. 1 one may see the experimental XRD
have been considered to be responsible for the modificatiospectrum consisting of many small-angle multilayer diffrac-
of the magneto-optic spectra of Co or Fe at the higher energtion peaks indicating the high degree of reproducibility of the
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cubiq11l) multilayer diffraction(denoted by “0j dominate

the spectrum. The observation for the fcc structure of our FIG. 2. (a) Polar Kerr rotation spectrum ard) hysteresis loop
multilayers is in agreement with recent high resolution elecfor the CaJ/Au, multilayer at room temperature with the external
tron microscopy studies of Co/ALi11) multilayers!® More- ~ magnetic field applied perpendicularly to the film plane. The hys-
over, the existence of plenty of satellites surrounding the @€resis loop is mirror inverted in order to be comparable to magne-
diffraction is a direct indication of the very high quality of tization hysteresis loops. The _mset(m) shows the corresponding
the growth of our multilayers. Using the model described inSPectrum from a 200 nm Co film measured also at room tempera-
Ref. 19, the diffraction pattern can be modeled with an exUre in the same setup.

cellent agreement between experimesalid) and simulation

(dashed ling assumingn=12.5,m=3.9, bulk-like interlayer s ijn fajr agreement with previous reports for similar Co/Au
spacings dc,=0.2051 nm andd,,=0.2356 nm, increased myltilayerg? and quite smaller than the one of a Co film
(decreasedfor Co (Au) by 0.009 nm at the interface. The measured with the same set(gee inset The latter effect is
simulation has revealed that the degree of interdiffusion isttributed to the additivity law in the multilay&rand to the
negligible, i.e., it is strictly limited at one atomic plane at the existence of a 5 nm capping Au layer on the top of the
interface, as in the case of Ni/Pt multilayér©ur result multilayer. Taking into account the limited penetration depth
confirms previous reports on the interface abruptness odf about 15 nm at the photon energy range of the experiment,
Co/Au multilayers prepared by e-beam evaporation or mothe magnetically active thickness, i.e., the one of Co, that
lecular beam epitaxy processé@sThe smaller intensities of contributes to the Kerr rotation is of about half of the total
the experimental higher order satellites, as compared to thi&m thickness. This results in the strong reduction of Kerr
calculated ones, may be interpreted as a loss of the structunadtation as compared to the Co filimse). Such a dilution
coherence due to the relatively large multilayer thickness og&ffect on the Kerr rotation has also been reported for Co/Au
about 105 nm. multilayers with relatively thick Au layer$® The spectrum
The magneto-optic response of the Co/Au multilayersof the Co/Au multilayer presents slightly enhanced behavior
was measured in the energy range of 0.8—5 eV in a magnetat higher energiegat about 3 eY with respect to the lower
field of 1.64 T. A computer-driven Kerr spectrometer with a energies(about 1.5 eVY in comparison to the spectrum of
resolution of 0.002° was used. The samples were positioneplure Co(inse). This enhanced behavior is in principle simi-
in polar Kerr geometry within the air gap of an electromag-lar to the corresponding one of Co/Pt multilayégspecially
net. As a reference, in order to control the influence of Farto the ones with thick Co and thin Pt layers, see Rej.&
aday rotation from the optical components of the setup orit is important for technological applications in the magneto-
our results, an Al mirror was included in the spectra. Tooptic recording industry, see for example Refs. 23-25. To
cancel out the influence of stress-induced birefringence efinterpret this result one has to consider that the enhanced
fects all measurements were taken with both field polaritieKerr rotation at higher energies is mainly due to the exis-
and subtracted. Polar Kerr hysteresis loops were taken bignce of the large spin-orbit coupling of Au atoMs®Direct
simply ramping the field at the respective photon energies. orbital hybridization between Au and Co at the interface pro-
In Fig. 2@ the polar Kerr rotation spectrum of the duces a spin polarization of Au, while the large spin-orbit
CoJ/Au, multilayer is plotted, whereas the hysteresis curvecoupling of Au is transmitted to Co resulting in the enhanced
in Fig. 2b) shows that our sample is rather hardly magne-Kerr rotation maximum at higher energi¥sFor such an
tized in the direction normal to the film plan@aturation interpretation to be valid, it is required for Au to carry some
field of about 1 T is needédThe magnitude of Kerr rotation induced magnetic moment and this will be directly demon-
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154 =0.6882° We estimate that this approximation gives a maxi-
rg 0.010 mum error of about 10%; indeed the numberddfoles cal-

3 40 culated for pure Au is 0.61% Our analysis provides for the
E 0005 E total magnetic moment of Au the valug,=0.031ug/atom,
2 05 R 5] whereas the ratio of orbital-to-spin magnetic moment is
g »g,q Ll us=0.12. At this point one has to recall that XMCD
E (ol 0.000 & probes the average Au magnetic moment in the sample. If
§ 5 one considers that all the Au signal comes strictly from the
8 o5 g interface layer then the upper limit for Au polarization at the
383 -0.005 Co/Au interfaces is 0.062g/atom. The magnetic moment
g 1.0 s s Py s s of Au is of about an order of magnitude smaller than the
192 1.9 1372 1376 1380 induced magnetic moments ofl ®lements in magnetic mul-
Photon Energy (keV) tilayers, namely W, Ir, and P This is explained by the fact

that the ® band of Au is almost full as compared to the
aforementioned elements. Guo and Eberedict a smaller
average magnetic moment af,;=0.018 ug/atom for Au in

Fe (001)/Aus due to antiparallel alignment of the Au mo-
ments in the first and second from the interface layers.

strated and quantitatively determined in the following. Recent first principle  calculations for i tetragonal
The XMCD experiments were performed at the Europear €(001/Au; (Ref. 10 and body-centered-cubic 801/
Synchrotron Radiation FacilitfESRE in Grenoble(France ~ Aus (Ref. 11) superlattices predict slightly larger values for
on the ID12 beamlir®é at theL 5 , edges of Au using a highly the induced magnetic moment of Au in the range
efficient fluorescence vyield detection mode in a backscatte.06—0.08ug/atom. For FEO0DAu interfaces, previoufirst
ing geometry. The degree of polarization of the circular lightprinciple calculations have predicted a spin magnetic mo-
provided by an apple-Il type helical undulator HU38 after ment of 0.03ug/atom for Au® For the ratio ofu, / ug there
the monochromator equipped with a pair of9i1) crystals  is quite some disagreement in theoretical works with values
was nearly 98%. Since the saturation field is Iske Fig. ranging between 0.0&Ref. 11) and 0.6? On the other hand,
2(b)], in order to ensure complete magnetic saturation, largéor Au impurities in bulk Fe theoretical calculations predict
magnetic fields of 2 T were applied perpendicular to the flmmuch larger induced magnetic moments for Au of about
plane. Spectra recorded at 4 and 300 Kshowed no differenag2—-0.3u5/atom, while early XMCD experiments in bulk
due to the very hightbulk-like) Curie temperature of the gajloy samples have probegy~0.1 ug/atom3! It should be
Co/Au multilayers with relatively thick C¢12 atomic layers  mentioned here that, while calculations for the induced mag-
of Co in each multilayer perigdTo exclude any experimen- netic moment of Au at the Fe/Au interfaces are available,
tal artifacts, the XMCD spectra were recorded either byinere is no work for Co/Au multilayers. Therefore, we have
changing the helicity of the incoming light or by inverting compared our data to the existing calculations for Fe/Au and
the direction of the external applied magnetic field. we would welcome theoretical works for Co/Au interfaces.
In Fig. 3 the x-ray absorptioriXAS) and the XMCD In conclusion, spin, orbital, and total magnetic moments
spectra at the.; , edges of Au in a Cg/Au, multilayer are ot Ay at Au/Co intrfaces were directly probed by x-ray mag-
plotted. For the XAS spectra the ratio of thg/L, was nor-  netic circular dichroism. The result was compared to previ-
malized to 2.24/1 according to Ref. 27. The existence ofs experimental observations of induced magnetic moments
finite XMCD signals shows unambiguously that Au has ac-of 59 metals in multilayers and may serve as a future refer-
quired an induced magnetic moment. The XMCD signals argnce forfirst principle theoretical calculations. Last but not
very small, only of about 7% with respect to the XAS, mak- |east, the verification and determination of the existence of a
ing, previously, the detection of Au polarization at interfacesnite Au magnetic moment supports existing models for the
with ferromagnetic layers, impossible. Itis only now that thejterpretation of the magneto-optic spectroscopic behavior of

high photon flux and degree of polarization offered by thea.pased multilayers at the higher energy range of the spec-
third generation Synchrotron Radiation Faciliffeallow us 4

to record such small XMCD signals with large signal-to-
noise ratio. By knowing the direction of the magnetic field The authors thank the ESRF crew for its excellent techni-
and the helicity of the beam we conclude that Au is polarizectal support. Financial support was provided by the ESRF, the
parallel to the magnetic layer moment, in agreement wittHPRN-CT-1999-00150 EU contract and the bilateral col-
first principle calculations$10:11 laboration of the ESRF with Aristotle University of Thessa-
In order to determine the magnetic moment of Au andloniki (PLATON 2003 project Novel magnetic nanostruc-
separate it into spin and orbital contributions we have aptured materials for high-resolution magnetic sensgrshe
plied the sum-rule analysf§.The “white line” intensities at Research Committee of the University of Patras is also ac-
the L; and L, edges were taken from a reference M knowledged(project Karatheodoris 2003: “Growth, charac-
compound to be equal to 0.374 and 0.183, respectively. Fderization and properties of technologically important mag-
the number ofd holes for Au we have used the valmg  netic and superconducting thin films,” Grant No. B.101

FIG. 3. X-ray absorptioritop) and x-ray magnetic circular di-
chroism (bottom) spectra recorded at thie; , edges of Au in a
Co,,/Au, multilayer.
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