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Pt magnetization profile in a PtÕCo 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 L3-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 of 0.21mB at 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 nonm
netic components have gained steadily growing interest f
fundamental physical aspects as well as for technical ap
cations, since these artificial media exhibit new fascinat
properties. Due to the oscillatory exchange coupling in co
bination with giant magnetoresistance~GMR!1 and tunnel
magnetoresistance~TMR!2 they work as basic componen
for magnetic sensors and magneto- and spin-electronic
vices as used in magnetic random access memo
~MRAM’s !. Furthermore, the presence of interfaces c
cause a perpendicular magnetic anisotropy which is an
vantage for high density hard disk media and required
magneto-optical recording. In this field Pt/Co systems pla
dominant role. Hysteresis characteristics, easily adjust
by the choice of composition, long stability against corros
and the significant increase of the Kerr rotation in the b
laser regime3 are some of the appealing aspects for techn
applications. Platinum is crucial for the magnetism of the
systems, since the lated-transition elements can be signifi
cantly magnetically polarized in the vicinity of ferromagne
cally ordered atoms due to the large Stoner factor.

Magnetic properties of artificial multilayered media a
strongly influenced by growth preparation conditions, sub
quent thermal treatment, and hydrogen charging.4 Hereby the
morphology of the interface and particularly its roughne
plays the major role for global electronic, magnetic, tra
port, and optical properties.5 The reliable determination o
lateral and perpendicular interface characteristics is cru
for further developments in material science.

In most of the technical relevant systems these interfa
are buried underneath several nanometers. Methods
atomic resolution as STM, atomic force microscopy~AFM!
and the magnetic counterparts spin-polarized STM and M
are restricted to surfaces. Polarized neutron reflectometry6 as
a complementary method cannot simply distinguish betw
induced and interdiffused magnetization of different comp
nents.
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Due to strongly enhanced magnetic contributions in
resonant scattering cross section, it is possible to study
in an element and site-selective manner magnetic chara
istics of structural components by x-ray resonant magn
scattering~XRMS! of polarized synchrotron radiation in th
hard and soft x-ray range.7,8 Under Bragg conditions XRMS
is also surface sensitive by measuring truncation rods un
grazing incidence.9,10 Superlattice reflections in multilayer
contain information of layer-averaged properties, for, e
magnetization depth profiles, of one component of the wh
multilayer system.11–13 Thus lateral variations and their de
pendence of the distance of an individual layer from the s
strate, important for components with large lattice mismat
can hardly be addressed. Furthermore, diffuse XRMS in
soft x-ray region can be applied to investigate correlatio
between chemical and magnetic roughness in thin films
multilayers.14,15

In this paper we demonstrate that magnetic resonant
flectivity measurements in the hard x-ray range give deta
element-specific quantitative insight into the magnetizat
profile at a single buried interface. Comparable to nonm
netic specular reflectivity experiments, which yield to we
known analysis of layer thickness and interface roughne
specular magnetic measurements provide quantitative in
mation of magnetization profiles perpendicular to the surf
due to momentum transfer in this direction. Studies w
performed on a Pt/Co bilayer using hard x rays in the vicin
of the PtL3 edge at the energy of the maximum amplitude
the effect of x-ray magnetic circular dichroism~XMCD!. To
verify the extracted Pt magnetization profile, a second m
netic reflectivity profile was taken at the low energy side
the Pt white line, where the maximum magnetic scatter
amplitude occurs and the absorption is significantly reduc
We evaluated the depth profile of the Pt magnetization b
magnetically modified Parratt algorithm16 regarding mag-
netical resonant induced changes of the scattering f
factor.18

The Pt 6.2 nm/Co 2.6 nm/Cu 2.5 nm/Ta 4.3 nm/S
substrate thin film was prepared by dc-sputter deposition
©2001 The American Physical Society05-1
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conventional vacuum system on a Si~111!. The size of the
sample was about 50316 mm2. To reduce the number of fre
parameters, thickness and interfacial roughness of the sa
were separately determined with CuKa reflectometry17,18

and simulated with the HMI code.19 SQUID measurement
showed an in-plane easy axis with 20 Oe remanence fie

The actual composition and interfacial roughness for e
layer and the setup of the magnetic reflectivity experimen
u–2u geometry are shown in Fig. 1. Measurements w
performed at HASYLAB/Germany at beamlines A1 a
BW4. A degree of circular polarization ofPC50.54 was
achieved at the Wiggler beamline BW4 utilizing a diamo
phase retarder. At the bending magnet beamline A1 circ
polarized light withPC50.8 was used. The degree of ma
netization at room temperature was 0.82 relative toT
50 K. The incoming and reflected intensities were detec
by ionization chambers.

To adjust to the energy where the absorptive and dis
sive part of the magnetic scattering amplitudesm8(E) and
m9(E) are at maximum the PtL3 absorption profilem(E)
and the corresponding XMCDmC(E)5(m12m2)/2 have
been measured in a separate transmission experiment
sequence ofXPt/0.4 nm Co multilayers. It has been prov
that for Pt thicknesses more thanX50.9 nm only the ampli-
tude of mC(E) decreases, while its profile stays identical20

The optical theorem relates the absorptive scattering am
tude f 9 to the absorption coefficientm(E), while the absorp-
tive contribution to the magnetic scattering amplitude ism9
5mC(E)/m(E)• f 9 and the time-even partf 8 and time-odd
part m8 of the optical constant are deduced by a Krame
Kronig relation.21,22 The absorption profile and the energ
dependence of the magnetic scattering amplitudes are
sented in Fig. 2, determining the energy values of maxim
m9 (E1511566 eV) and the minimum ofm8 (E2
511562 eV).

The reflectivity at these energies was measured inu
range from 0.001 to 1.1 deg in steps of 0.002 deg and
asymmetry was obtained by flipping the sample magnet
tion parallel and antiparallel to the direction of the incomi
photon beam at each angle position. The reflectivity and
obtained asymmetry ratiosA5(I 12I 2)/(I 11I 2) for both
energiesE1 andE2 are shown in Fig. 3.

For a theoretical description of these experimental fi

FIG. 1. Schematic experimental setup, layer thicknesses,
rms roughnesses of the sample determined by nonresonant CKa
reflection.
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ings one has to consider that the specular reflected inten
of x rays depends both on the real and imaginary part of
index of refractionn512d2 ib with the optical constantsd
andb, which are related to the real and imaginary part of t
scattering amplitudef 8 and f 9. In dipole approximation the
resonant x-ray atomic form factor of a magnetic atom is8

nd

FIG. 2. ~a! Edge normalized PtL3 absorption profile of a 2.3 nm
Pt/0.4 nm Co multilayer.~b! Absorptive magnetic Pt scattering am
plitudem9 ~circles! deduced from the Pt-L3 XMCD spectra and its
Lorenzian fitted representation~solid line!. Dispersive partm8 ~dot-
ted line! derived by Kramers-Kronig relation from the fittedm9.
Maximum amplitudes ofm9 and m8 at two different energiesE1
und E2 are marked by vertical thin lines.

FIG. 3. Reflected intensity~a! and asymmetry ratios~light lines!
normalized to the degree of circular polarization at energiesE1
511566.2 eV~b! andE2511562.2 eV~c! compared to simulations
~dark lines!. The calculated asymmetry curve~c! for a Pt polariza-
tion concentrated in the first monolayer carrying the same t
magnetization~dashed line!.
5-2
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f ~E,u!52~ef•ei !@ f 0~u!1 f 8~E!1 i f 9~E!#

2 i ~ef3ei !z@m8~E!2 im9~E!#. ~1!

E is the photon energy,ei andef are the polarization vec
tors of the incident and scattered beam,z is the unit vector of
the magnetization, andf 0(u) is the conventional atomic form
factor. For the small angles of incident used in the exp
ment it is sufficient to consider only forward scattering pr
cesses and the magnetic term contributes additively to
nonmagnetic scattering amplitudes reduced by the degre
circular polarizationPC and due to the finite degree of ma
netizationM (T)/M (0).

For a structure consisting of a sequence of layered m
with different indices of refraction separated by rough int
faces the evaluation of the resulting reflection amplitu
leads to a recursive equation first carried out by Parratt16

Ri5
Rt,i1Rb,i exp~2iw!

11Rt,iRb,i exp~2iw!
. ~2!

HereRt,i andRb,i are the Fresnel reflection amplitudes
the top and bottom surface of the layeri, modified by a
statistical ‘‘Debye-Waller’’ factor taking into account the a
tenuation due to the mean vertical roughness, describe
the values ~RMS roughness! as suggested by Ne´vot and
Croce.23 The phase differencew i52p/l di ni sinai is re-
lated to the thicknessdi of the layer illustrating the depth
sensitivity of specular reflectometry. This method takes i
account all scattered light intensities and phases inside
multilayer structure interactively, which is necessary for
high qualitative and quantitative description of experimen
data. For magnetic simulations chemical thickness
roughness values from the nonmagnetic CuKa reflectivity
were used and the asymmetry was deduced from simul
reflectivitiesI 1 and I 2. The chemical~optical! density pro-
file shown in the lower part of Fig. 4 of the Pt/Co interfa
was modeled by a set of thin layers of 0.1 nm thickness w
optical constantsnchem(z), which is an equivalent descriptio
for rough interfaces to the above described RMS roughn
s. The anomalous resonant scattering amplitudesf 8 and f 9
of Pt were determined as described above and tabulated

FIG. 4. Profile of the induced Pt 5d magnetic polarization per P
atom~straight line! and per layer~dotted!. In addition the chemical
profile of the Pt/Co interface is shown at the bottom.
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ues have been used for other elements.24 The free paramete
in simulations is the change of the optical constantsnmag(z)
of each modeled layer due to the magnetization of each
atom~Fig. 4, straight line!, given bym8 andm9. The corre-
sponding magnetization of each modeled thin layer

nm~z!5nchem~z!1nmag~z!5p~z!@nPt
0 1nPt

mag~z!#

1@p~z!21#@nCo
0 # ~3!

originated from the Pt polarization is the convolution of t
Pt concentrationp(z) and the magnetization per Pt atom a
shown by the dotted line in Fig. 4. Simulations ofnPt

mag(z)
were done for a large set of different length parameters
magnetization decay profiles. Therefore a clear exponen
decay and an upper limit of 0.1 nm length scale error can
deduced. The simulation technique represents a modelin
a density gradient. The strong dependence of the reflecti
coefficient on density gradients results in the high len
scale resolution and the strong sensitivity of the simula
asymmetry ratios.

The simulation of the reflectivity and the asymmetry r
tios for both energies are presented in Fig. 3. Excell
agreement with measured asymmetries was obtained b
constant magnetization per Pt atom of (0.2160.04)mB up to
(0.360.1) nm ~1 ML! above the point of inflection of the
chemical profile~Fig. 4, bottom! followed by an exponentia
decay with a decay length of (0.360.1) nm. To illustrate the
sensitivity to the magnetic depth profile the asymmetry
pected for the same total Pt magnetization artificially loc
ized in 1 ML at the point of inflection is included in Fig. 3~c!
~dashed line! which show a strongly different behavior pro
nounced at larger reflection angles. We want to point out t
the evaluated Pt magnetization profile depends on the ch
cal profile and is therefore not unique for Pt/Co interfac
with different chemical density gradients.

Absolute values of magnetic moments per Pt atom w
obtained from the local ratiom9/ f 9 with the normalized in-
tegral dichroism amplitudemc /m0 from measurements
reported in Refs. 20, 25 and 26 taking into account the
gree of circular polarization and the reduced magnetiza
of the sample. These results are in good agreement wit
XMCD results of XPt/2Co multilayer systems.20,26

In conclusion we have determined quantitatively the p
file of the induced magnetic 5d moment of Pt at a single
Pt/Co interface. In contrast to XRMS at superlattice Bra
peaks it is possible to determine the magnetization o
single layer. Compared to complementary techniques
measuring magnetic truncation rods this method is not
stricted to media with well defined crystalline structures. T
magnetization profile was deduced from the measured as
metry ratio in the resonant reflectivity and modeling with
magnetically modified Parratt formalism. Absolute values
the magnetization were determined by scalingm9/ f 8 to the
normalized dichroism amplitude from previous XMCD a
sorption measurements of Pt/Co multilayer. It is demo
5-3
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strated that high sensitivity can be gained for all relev
sublayers even for small induced magnetic moments. A c
separation of chemical and magnetic profiles~vertical rough-
ness! has been performed. In the future this method allo
studies of the interplay between chemical magnetic rou
ness of single layers. Hereby one interesting application
the presented method is the new possibility for quantita
and site-selective studies of magnetic depth profiles in G
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systems, magnetic tunneling junctions, MRAM’s, or oth
future magnetic thin film spin electronic devices.
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