RAPID COMMUNICATIONS

Pt magnetization profile in a PYCo bilayer studied by resonant magnetic x-ray reflectometry
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The Pt magnetization depth profile at a single buried Pt/Co interface was investigated by x-ray resonant
magnetic reflectivity measurements. The asymmetry as function of angle of incidence has been measured in the
Pt Ls-near-edge absorption region at two energies. Observed asymmetry ratios in the order of 0.5% are
described on the basis of a magnetically modified Parratt algorithm. Excellent agreement between simulations
and experiment was achieved for a Pt magnetic moment ofu@. 2t the rough interface followed by an
exponential decay of the induced polarization within 1 nm.
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Multilayered systems consisting of magnetic and nonmag- Due to strongly enhanced magnetic contributions in the
netic components have gained steadily growing interest fromesonant scattering cross section, it is possible to study also
fundamental physical aspects as well as for technical applin an element and site-selective manner magnetic character-
cations, since these artificial media exhibit new fascinatindSt'i? of 5&“&&‘&?‘ (;omlponeréts by ;]('r?y res%r]apt m_agtrrletlc

; ; P scattering of polarized synchrotron radiation in the
properties. Due to the oscillatory exchange coupling in com? "
bination with giant magnetoresistané&MR)! and tunnel hard and soft x-ray range® Under Bragg conditions XRMS

magnetoresistanc@MR)? they work as basic components is also surface sensitive by measuring truncation rods under
9 ; y . ponel razing incidenc&2? Superlattice reflections in multilayers
fqr magnetic sensors and mggneto- and spin-electronic d ontain information of layer-averaged properties, for, e.g.,
vices as used in magnetic random access memorigpagnetization depth profiles, of one component of the whole
(MRAM's). Furthermore, the presence of interfaces cammultilayer systenmt'~*° Thus lateral variations and their de-
cause a perpendicular magnetic anisotropy which is an aggendence of the distance of an individual layer from the sub-
vantage for high density hard disk media and required forstrate, important for components with large lattice mismatch,
magneto-optical recording. In this field Pt/Co systems play &an hardly be addressed. Furthermore, diffuse XRMS in the
dominant role. Hysteresis characteristics, easily adjustablgoft x-ray region can be applied to investigate correlations
by the choice of composition, long stability against corrosionP€tween chemical and magnetic roughness in thin films and
and the significant increase of the Kerr rotation in the blugnultilayers:™

laser regim&are some of the appealing aspects for technicaI '?. t{ns paper we d(tem_orlztrage Ejhat magnetic r_esogatnt_lrz-

applications. Platinum is crucial for the magnetism of thes ?Crr:wn); measi;ijremer;lﬁ;tlr:iv einair hi(-irnaty rg]ngt;.‘nglvr? tii atll en

systems, since the latdtransition elements can be signifi- element-Specilic quantitative Insig 0 the magnetizatio

cantly magnetically polarized in the vicinity of ferromagneti- pro_flle at a single bur_le_d mterfa_ce. Compa_rable_ to nonmag-
I dered at due to the | St fact netic specular reflectivity experiments, which yield to well

cally ordered atoms due 1o the large Stoner factor. known analysis of layer thickness and interface roughness,
Magnetic properties of artificial multilayered media are

) ) - specular magnetic measurements provide quantitative infor-
strongly influenced by growth preparation conditions, subse

\ mation of magnetization profiles perpendicular to the surface
quent thermal treatment, and hydrogen chardihigreby the  que to momentum transfer in this direction. Studies were

morphology of the interface and particularly its roughnessyerformed on a Pt/Co bilayer using hard x rays in the vicinity
plays the major role for global electronic, magnetic, trans-of the PtL , edge at the energy of the maximum amplitude of
port, and optical properti€sThe reliable determination of the effect of x-ray magnetic circular dichroisf{MCD). To
lateral and perpendicular interface characteristics is crucia}erify the extracted Pt magnetization profile, a second mag-
for further developments in material science. netic reflectivity profile was taken at the low energy side of
In most of the technical relevant systems these interfacethe Pt white line, where the maximum magnetic scattering
are buried underneath several nanometers. Methods withmplitude occurs and the absorption is significantly reduced.
atomic resolution as STM, atomic force microscdgyvM)  We evaluated the depth profile of the Pt magnetization by a
and the magnetic counterparts spin-polarized STM and MFMnagnetically modified Parratt algoritifnregarding mag-
are restricted to surfaces. Polarized neutron reflectofhasry netical resonant induced changes of the scattering form
a complementary method cannot simply distinguish betweefactor?!®
induced and interdiffused magnetization of different compo- The Pt6.2 nm/Co2.6 nm/Cu2.5 nm/Ta4.3 nm/Si-
nents. substrate thin film was prepared by dc-sputter deposition in a
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FIG. 1. Schematic experimental setup, layer thicknesses, and ‘g 0.01} .
rms roughnesses of the sample determined by nonresonaiii®Cu E 0.00L ]
reflection.

-0.01} .| .
conventional vacuum system on a @il1). The size of the 0.020 ]
sample was about 5016 mnt. To reduce the number of free 11500 11540 11580 11620

parameters, thickness and interfacial roughness of the sample
were separately determined with Glx reflectometry”*8
and simulated with the HMI cod€. SQUID measurements FIG. 2. (a) Edge normalized Rtz absorption profile of a 2.3 nm
showed an in-plane easy axis with 20 Oe remanence field.pt/0.4 nm Co multilayer(b) Absorptive magnetic Pt scattering am-
The actual composition and interfacial roughness for eachlitudem” (circle deduced from the Pit-; XMCD spectra and its
layer and the setup of the magnetic reflectivity experiment in_orenzian fitted representatigsolid line). Dispersive partn’ (dot-
6—260 geometry are shown in Fig. 1. Measurements werded ling derived by Kramers-Kronig relation from the fitted".
performed at HASYLAB/Germany at beamlines A1l and Maximum amplitudes ofn” andm’ at two different energieg1
BW4. A degree of circular polarization d?P-=0.54 was undE2 are marked by vertical thin lines.

achieved at the Wiggler beamline BW4 utilizing a diamond.

phase retarder. At the bending magnet beamline A1 circuldf'9s oneé has to consider that the specu_lar re_zflected intensity
polarized light withPo=0.8 was used. The degree of mag- of x rays depends both on the real and imaginary part of the

netization at room temperature was 0.82 relative Tto index of rgfractiomzl— o—1B with the thica}l constants

=0 K. The incoming and reflected intensities were detecte&md'g’ \.Nh'Ch are relafed to t,t'e rea_l and Imaginary part of the

by ionization chambers. scattering amplltudé_ andf”. In dipole approx[matlon t_he
To adjust to the energy where the absorptive and diSpEHr_esonant x-ray atomic form factor of a magnetic atofn is

sive part of the magnetic scattering amplitude§ E) and 1

m’(E) are at maximum the Pi; absorption profilew(E)

photon energy [eV]

—O— measurement at energy E13

> 04 m— Simulation
and the corresponding XMCQuc(E)=(u"—u")/2 have % ) ‘
been measured in a separate transmission experiment on a & %%'f

@ 1e3L

sequence oKPt/0.4 nm Co multilayers. It has been proven
that for Pt thicknesses more tha=0.9 nm only the ampli- 1E-4f
tude of uc(E) decreases, while its profile stays identital. '
The optical theorem relates the absorptive scattering ampli-
tudef” to the absorption coefficient(E), while the absorp-

tive contribution to the magnetic scattering amplituden’s
=uc(E)/u(E)-f” and the time-even paift’ and time-odd
partm’ of the optical constant are deduced by a Kramers-
Kronig relation?>?> The absorption profile and the energy
dependence of the magnetic scattering amplitudes are pre-
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sented in Fig. 2, determining the energy values of maximum ic m-'sz="k'11sez"ev ! 'l :

m” (E1=11566 eV) and the minimum ofm’ (E2 001 w—fit ]

=11562 €V). | . T iMimagneizes . ¥
The reflectivity at these energies was measured ifh a 006 005 010 045 020

range from 0.001 to 1.1 deg in steps of 0.002 deg and the Al

asymmetry was obtained by flipping the sample magnetiza- g, 3. Reflected intensitfe) and asymmetry ratiodight lines)

tion parallel and antiparallel to the direction of the incoming normalized to the degree of circular polarization at energigs

photon beam at each angle position. The reflectivity and the- 11566.2 eV(b) andE2=11562.2 eV(c) compared to simulations

obtained asymmetry ratio&=(1"—17)/(1*+17) for both  (dark lines. The calculated asymmetry curve) for a Pt polariza-

energiesEl andE2 are shown in Fig. 3. tion concentrated in the first monolayer carrying the same total
For a theoretical description of these experimental find-magnetizationdashed ling
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=02l — ] ues have been used for other eleméfifEhe free parameter
= Tl — ppy “—3mm in simulations is the change of the optical constantg{z)

s [ Hpt/layer 1 of each modeled layer due to the magnetization of each Pt
E 0.1 atom (Fig. 4, straight ling given bym’ andm”. The corre-
E sponding magnetization of each modeled thin layer
= o(-d/0.3nm)
g
Eoor —y
Pt Q nm(z)znchen(z)+nmag(z)=p(z)[nﬁﬁn?ﬁ%z)]
20 10 00 10 +[P(2)— 1][ng,] @3

depth rel. to Pt/Co interface [nm]

FIG. 4. Profile of the induced Ptbmagnetic polarization per Pt originated from the Pt polarization is the convolution of the
atom(straight ling and per layefdotted. In addition the chemical Pt concentratiop(z) and the magnetization per Pt atom and

profile of the Pt/Co interface is shown at the bottom. shown by the dotted line in Fig. 4. Simulations Y 2)
_ were done for a large set of different length parameters and
f(E,0)=—(&-&)[fo(0)+f (E)+if"(E)] magnetization decay profiles. Therefore a clear exponential
—i(exe)Zm (E)—im"(E)]. 1) decay and an upper limit of 0.1 nm length scale error can be

deduced. The simulation technique represents a modeling of

E is the photon energyg ande; are the polarization vec- @ density gradient. The strong dependence of the reflectivity
tors of the incident and scattered bearis the unit vector of ~ coefficient on density gradients results in the high length
the magnetization, anth( 6) is the conventional atomic form scale resolutio_n and the strong sensitivity of the simulated
factor. For the small angles of incident used in the experidSymmetry ratios. o
ment it is sufficient to consider only forward scattering pro- ~ The simulation of the reflectivity and the asymmetry ra-
cesses and the magnetic term contributes additively to th#0s for both energies are presented in Fig. 3. Excellent
nonmagnetic scattering amplitudes reduced by the degree @greement with measured asymmetries was obtained by a
circular polarizatiorP¢ and due to the finite degree of mag- constant magnetization per Pt atom of (GtZ104)ug up to
netizationM (T)/M (0). (0.3+0.1) nm (1 ML) above the point of inflection of the

For a structure consisting of a sequence of layered medighemical profile(Fig. 4, bottom followed by an exponential
with different indices of refraction separated by rough inter-decay with a decay length of (G:3.1) nm. To illustrate the
faces the evaluation of the resulting reflection amplitudesensitivity to the magnetic depth profile the asymmetry ex-

leads to a recursive equation first carried out by Pdfratt ~ pected for the same total Pt magnetization artificially local-
ized in 1 ML at the point of inflection is included in Fig(c3

(dashed lingwhich show a strongly different behavior pro-
_ Ryi+Ryexp2ig) 5 nounced at larger reflection angles. We want to point out that
1t R;iRp i exp2ig) @) the evaluated Pt magnetization profile depends on the chemi-
cal profile and is therefore not unique for Pt/Co interfaces
HereR;; andR,; are the Fresnel reflection amplitudes atwith different chemical density gradients.

the top and bottom surface of the layiermodified by a Absolute values of magnetic moments per Pt atom were
statistical “Debye-Waller” factor taking into account the at- obtained from the local ratim”/f” with the normalized in-
tenuation due to the mean vertical roughness, described kiggral dichroism amplitudeu./u, from measurements
the valueo (RMS roughnessas suggested by Net and  reported in Refs. 20, 25 and 26 taking into account the de-
Croce?® The phase difference;=2=/\ d; n;sing is re- gree of circular polarization and the reduced magnetization
lated to the thicknessd; of the layer illustrating the depth of the sample. These results are in good agreement with Pt
sensitivity of specular reflectometry. This method takes intoXMCD results of XPt/2Co multilayer system%28
account all scattered light intensities and phases inside the In conclusion we have determined guantitatively the pro-
multilayer structure interactively, which is necessary for afile of the induced magneticds moment of Pt at a single
high qualitative and quantitative description of experimentalPt/Co interface. In contrast to XRMS at superlattice Bragg
data. For magnetic simulations chemical thickness angbeaks it is possible to determine the magnetization of a
roughness values from the nonmagnetic ICa reflectivity — single layer. Compared to complementary techniques as
were used and the asymmetry was deduced from simulatedeasuring magnetic truncation rods this method is not re-
reflectivities| © and| ~. The chemicaloptica) density pro- stricted to media with well defined crystalline structures. The
file shown in the lower part of Fig. 4 of the Pt/Co interface magnetization profile was deduced from the measured asym-
was modeled by a set of thin layers of 0.1 nm thickness withmetry ratio in the resonant reflectivity and modeling with a
optical constants.n.n{2), Which is an equivalent description magnetically modified Parratt formalism. Absolute values of
for rough interfaces to the above described RMS roughneshe magnetization were determined by scalinyf’ to the
o. The anomalous resonant scattering amplitudeand f” normalized dichroism amplitude from previous XMCD ab-
of Pt were determined as described above and tabulated vaderption measurements of Pt/Co multilayer. It is demon-
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strated that high sensitivity can be gained for all relevanisystems, magnetic tunneling junctions, MRAM’s, or other
sublayers even for small induced magnetic moments. A cleguture magnetic thin film spin electronic devices.
separation of chemical and magnetic profitesrtical rough- o _ o

ness has been performed. In the future this method allows We thank A. Bauer(Friedrich-Schiller-University Jena
studies of the interp|ay between chemical magnetic roughf.Of Characterizing the Si substrate, K. Attenkofer and G. V.
ness of single layers. Hereby one interesting application oKrosigk (HASYLAB) for assistance with the XMCD mea-
the presented method is the new possibility for quantitativesurements, and W. MichalkdPHT Jena for the sample
and site-selective studies of magnetic depth profiles in GMRBpreparation.
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