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The spin polarization of Pt in Pt/NiFe2O4 and Pt/Fe bilayers is studied by interface-sensitive
x-ray resonant magnetic reflectivity (XRMR) to investigate static magnetic proximity effects. The
asymmetry ratio of the reflectivity was measured at the Pt L3 absorption edge using circular po-
larized x-rays for opposite directions of the magnetization at room temperature. The results of 2%
asymmetry ratio for Pt/Fe bilayers are independent of the Pt thickness between 1.8 nm and 20 nm.
By comparison with ab initio calculations, the maximum magnetic moment per spin polarized Pt
atom at the interface is determined to be (0.6 +0.1) up for Pt/Fe. For Pt/NiFe;O4 the asymmetry
ratio drops below the sensitivity limit of 0.02 up per Pt atom. Therefore, we conclude, that the
longitudinal spin Seebeck effect recently observed in Pt/NiFe2Oy4 is not influenced by a proximity

induced anomalous Nernst effect.

In spintronics' and spin caloritronics? pure spin cur-
rents can be generated in ferromagnetic insulators (FMI)
by spin pumping?®, spin Hall effect* and spin Seebeck
effect®. Since these spin currents play an important role
in spintronic applications, an understanding of the gener-
ation, manipulation and detection of spin currents is an
important topic of research. A common spin current de-
tection technique uses a non-magnetic metal (NM) thin
film grown on a ferromagnet (FM). The inverse spin Hall
effect® converts the spin current into a transverse voltage
in the NM. Pt is commonly used as NM due to its large
spin Hall angle”, but has generated some controversy in
the interpretation because of its closeness to the Stoner
criterion, which can induce, e.g., Hall- or Nernst effects
due to the proximity to the FMS.

For a quantitative evaluation of the spin Seebeck effect
(thermal generation of spin currents) one has to exclude
or separate various parasitic effects. It is reported® that
in transverse spin Seebeck experiments a spin current is
generated perpendicular to the applied temperature gra-
dient which is typically aligned in-plane. For ferromag-
netic metals (FMM) with magnetic anisotropy, the pla-
nar Nernst effect? can contribute'® due to the anisotropic
magnetothermopower. Furthermore, out-of-plane tem-
perature gradients due to heat flow into the surround-
ing area'' or through the electrical contacts'? can in-
duce an anomalous Nernst effect (ANE)!3715 or even an
unintended longitudinal spin Seebeck effect as recently
reported!.

The longitudinal spin Seebeck effect (LSSE)'7 de-
scribes a spin current which is generated parallel to the
temperature gradient, which is typically aligned out-of-
plane to drive the parallel spin current directly into the
NM material. For FMM or semiconducting ferromagnets
an ANE can also contribute to the measured voltage'®.

Furthermore, for NM materials close to the Stoner cri-
terion a static magnetic proximity effect in the NM at
the NM/FMI interface can lead to a proximity induced
ANES®. If an in-plane temperature gradient is applied,
a proximity induced planar Nernst effect should also be
considered*S.

Magnetic proximity effects in Pt have been investi-
gated intensively for multilayers with Pt adjacent to
FMM like Fe!®, Co?%2! and Ni?? using x-ray magnetic
circular dichroism (XMCD). However, the investigation
of Pt/FMI is new and needs interface-sensitive tech-
niques. So far, XMCD in fluorescent mode was used for
Pt/FMI to investigate the magnetic proximity in Pt at-
tached to the FMI Y3Fe5012 (YIG). Geprigs et al.?3:24
did not observe any evidence for a spin polarization in
3nm and 1.6nm thick Pt on YIG, while Lu et al.2® de-
tected an average magnetic moment of 0.054 up at 300 K
and 0.076 up at 20K in 1.5nm Pt on YIG.

While XMCD only gives the mean polarization of the
Pt film, x-ray resonant magnetic reflectivity (XRMR)2% is
directly sensitive to the spin polarization at the interface
due to the interference of reflected light from the Pt sur-
face and the Pt/FM interface. The magnetic dichroism
for circularly polarized light reflected by the spin polar-
ized interface results in a slightly different x-ray reflec-
tivity (XRR) for varying magnetization directions due
to a change of the optical constants of the spin polar-
ized material. In particular, in magnetic materials the
refractive index n = 1 — § + i with dispersion and ab-
sorption coefficients § and 3 changes with £Ad and +AS
for different magnetization directions (£). The sensitiv-
ity of XRMR to the interface spin polarization addition-
ally allows to evaluate magnetooptic depth-profiles of Aé
and AB which cannot be provided by XMCD. Further-
more, an oscillating asymmetry ratio extending over a



wide range of scattering vectors can be identified much
more reliably than one weak peak produced by XMCD.
Thus, the limit is extended to much smaller values of spin
polarization.

In recent LSSE/ANE!® and spin Hall magnetoresis-
tance studies?” on Pt/NiFe;O4 (NFO) bilayers, we sepa-
rated LSSE and ANE by measurements with and without
Pt. The electrically semiconducting NFO allows a com-
parison of the temperature-dependent conductivity with
spin Seebeck coefficients. In this report, we focus on
XRMR measurements of Pt/NFO to identify or exclude
additional proximity induced ANE effects which have not
been taken into account before.

We prepared NFO films of up to 1pum thickness on
10 x 5mm? MgAl,04(001) (MAO) substrates by di-
rect liquid injection chemical vapor deposition (DLI-
CVD)'®28  Furthermore, we deposited Fe on MAO as
reference sample with Pt on top. Both Pt and Fe were de-
posited by dc magnetron sputtering in a 1.5 x 10~ mbar
Ar atmosphere.

XRMR was measured at room temperature at the reso-
nant scattering and diffraction beamline P09 of the third-
generation synchrotron PETRA III at DESY (Ham-
burg, Germany)?°. The sample and magnet system were
mounted on the 6-circle diffractometer in the P09 first ex-
perimental hutch (P09-EH1) and the reflectivity curves
were taken in a § — 26 scattering geometry. The external
magnetic field was applied in the scattering plane and
parallel to the sample surface using a four coils electro-
magnet constructed at Bielefeld University. Circularly
polarized x-rays were generated by two diamond plates
at the eight-wave plate condition mounted in series. The
degree of polarization was (99 &+ 1)% for right and left
circular polarization as determined from a polarization
analysis with a Au(111) analyzer crystal.

For detecting the Pt polarization, we used left cir-
cularly polarized x-rays with the photon energy of
11567.5eV (Pt Ls absorption edge) and changed the
magnetic field direction after having confirmed that right
circularly polarized x-rays changes the sign of the XRMR
asymmetry ratio. An external magnetic field of +85mT
was applied for each angle of incidence 6 while the re-
flected intensity I, was detected. The dependence of

the non-magnetic reflectivity I = # on the scatter-
ing vector ¢ = 4T sinf (\: wavelength) was fitted us-

ing the recursive Parratt algorithm3® and a Névot-Croce
roughness model3! using the analysis tool iXRR32. The
magnetic asymmetry ratio Al = ﬁ% was simulated
with ReMagX?? using the Zak matrix formalism>* and
additional magnetooptic profiles for the change of opti-
cal constants with the position vertical to the film stack.

To obtain the magnetic moment of the Pt, we calcu-
lated the absorption coefficients at the Ls edge of Pt
for various fixed spin moments with FDMNES?? in the
full-multiple-scattering mode. The computed absorption
spectra were fitted to experimental values far below and

above the edge with the CHOOCH program?®, which also
produced the dispersion data by a Kramers-Kronig trans-
formation. We checked that Ad and AS are directly pro-
portional to the magnetic moment of the Pt.

In Fig. 1(a) the averaged XRR intensity I(q) of
Pt/Fe/MAO shows Kiessig fringes®” with an oscillation
length Agpe due to the interference of reflected light from
the Pt/Fe and the Fe/MAO interfaces. The XRR analy-
sis reveals an Fe layer thickness of 9.1 nm with a rough-
ness of 0.4nm. The Pt film induces additional Kiessig
fringes with the oscillation length Agp¢, which give a Pt
thickness of 3.4 nm and a roughness of 0.2nm for Pt and
MAO substrate. During the experiment, the sample was
saturated magnetically as deduced from magnetooptic
Kerr effect (MOKE) measurements shown in Fig. 1(b).

XRR from Pt/NFO/MAO (Fig. 1(c)) does not ex-
hibit oscillations with Agnpo due to the large thickness
of the NFO. Therefore, the NFO acts quasi as a sub-
strate and the NFO/MAO interface is not accessible.
The pronounced Kiessig fringes from the Pt layer, how-
ever, indicate a small roughness at both Pt interfaces.
By fitting the intensity of the Kiessig fringes (Fig. 1(c))
the Pt thickness can be determined to 3.4nm while the
roughness of the Pt/NFO and the air/Pt interfaces are
0.2nm and 0.4nm, respectively. The roughness of the
NFO/MAO interface has no appreciable influence on the
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FIG. 1. (a) XRR intensity I and simulation for Pt/Fe/MAO.
(b) MOKE data (A = 488nm) for Pt/Fe/MAO. (c) XRR
intensity I and simulation for Pt/NFO/MAO. (d) VSM and
LSSE measurements (AT = 18 K) for Pt/NFO/MAO.
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FIG. 2. Fluorescence spectrum at the Pt L3 edge of

Pt(3.4nm)/Fe(9.1nm) sample and simulation, both normal-
ized to the edge jump. Ad and AS are derived from the simu-
lation of the absorption resulting from a magnetic moment of
0.2 up per Pt atom. XRMR was performed at the absorption
maximum of 11567.5 eV (dashed vertical line) yielding a ratio
ABJ/AS of 3.4 (black crosses).

reflectivity as shown and discussed in the supplementary
material®®. Since the NFO exhibits a very low MOKE,
vibrating sample magnetometry (VSM) and LSSE mea-
surements were performed (cf. Fig. 1(d)). The results
reveal a magnetic moment in magnetic field direction of
70% saturation for the magnetic field of £85mT which
is sufficient to observe dichroic effects.

The absorption of the Pt(3.4nm)/Fe(9.1nm) sample
at the Pt L3 edge is presented in Fig. 2. The experi-
mental data obtained by fluorescence fit closely to the
simulation. The whiteline intensity (ratio of absorption
maximum and edge jump) is 1.31, which indicates a
mainly metallic state for Pt (1.25 for metallic Pt, 1.50
for Pt01_36, 2.20 for Pt01_6)39.

The asymmetry ratio of the Pt/Fe sample has its max-
imum near the absorption maximum of the Pt Ls edge
(11567.5eV) and vanishes at energies of more than 30 eV
below and above. Therefore, influences from other ab-
sorption edges can be excluded. Assuming a magnetic
moment of 0.2up per Pt atom we calculated a max-
imum AB of 0.4 - 1077 which is located 1eV below
the maximum absorption of Pt in accordance with the
literature?®. Since we performed XRMR measurements
at the absorption maximum (11567.5 eV, dashed vertical
line in Fig. 2), we assume a ratio AS/A¢§ of 3.4 (black
crosses in Fig. 2) in the simulations of the asymmetry
ratio.

Fig. 3(a) presents the XRMR data at 11567.5 eV for
Pt(3.4nm)/Fe(9.1 nm). The blue dots and red stars de-
note the reflected intensity I for positive and negative
external magnetic field, respectively. An oscillation of
AI(q) with an amplitude of about 2% can be observed as
shown in Fig. 3(b). The asymmetry ratio can be fitted us-
ing the magnetooptic profile of A§ and AS shown in the
inset of Fig. 3(b) while keeping the ratio Ag/Ad = 3.4
constant. The thickness and roughness of the layers are
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FIG. 3. (a) XRMR intensity I+ for positive and negative

external field and left circularly polarized light (photon energy
of 11567.5eV) for Pt(3.4nm)/Fe(9.1nm). (b) Corresponding
asymmetry ratio AI(q) and simulated data. (c) Magnetooptic
profile used for the asymmetry simulation.

kept fix (taken from the XRR fit in Fig. 1). The magne-
tooptic profile is generated by a Gaussian at the Pt/Fe
interface convoluted with the roughness profile of the lay-
ers. We obtain a FWHM value of the magnetooptic pro-
file of (1.1 £ 0.1)nm, which can be interpreted as the
effective thickness of the spin polarized Pt layer at the
interface to Fe.

By comparison of the experimental fit values of AfS
with the ab initio calculations we deduce a magnetic
moment of (0.6 £ 0.1) up per Pt atom at the maxi-
mum of the magnetooptic profile. This value can also be
found for spin polarized Pt in the literature!?2'. Com-
pared to the results of Geprigs et al.2> we observe a
larger magnetic moment for our reference sample. With
XMCD, they detected an average magnetic moment of
0.0325 pp in Pt(10nm)/Fe(10nm). Assuming the spin
polarized Pt is located in a 1.1nm layer, one obtains
0.0325 - 11%‘:?“ ~ 0.3 up per Pt atom from these XMCD
results.

We also investigated Pt(z)/Fe(9.8 nm) for z = 1.8 nm,
5.9nm and 20nm. The experimental XRR results and
the simulations are presented in Fig. 4(a), (c) and
(e). The corresponding asymmetry ratios are shown in
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FIG. 4. XRR intensity I and corresponding asymmetry ratios
AT for Pt(x)/Fe(9.8 nm) with (a),(b) z = 1.8nm (average of
8 curves), (c),(d) z = 5.9nm and (e),(f) = 20nm. For
the XRR simulations the model in (g) and for the asymmetry
simulations the magnetooptic profiles in (h) are used.

Fig. 4(b), (d) and (f). For all Pt/Fe samples we ob-
serve an amplitude of about 2%, independent of the Pt
thickness. This result shows the benefits of XRMR, as
the asymmetry signal stems from the spin polarization
at the interface. The XRR model in Fig. 4(g) and the
magnetooptic profiles in Fig. 4(h) are used for the simu-
lations.

We again obtain maximum magnetic moments of (0.6+
0.1) up for the sample with 5.9nm and 20 nm Pt, while
we observe a smaller maximum magnetic moment of
(0.2 £0.1) up for the sample with 1.8nm Pt. This re-
duced moment might point to alteration of the thin Pt
layer.

For Pt/NFO we obtain a whiteline intensity of 1.33
which is comparable to the value 1.31 for Pt/Fe and again
confirms the mainly metallic Pt state in our samples.
However, this value is slightly larger than the whiteline
intensities of the Pt layers in the study of Gepréags et
al.23:24 which were lower than 1.30, and it is lower than
the value of the Pt layer in the study of Lu et al.?®. Their
whiteline intensity can be determined to be 1.45%* which
points to partly oxidized Pt when compared with 1.50 for
Pt01A3639.

In Fig. 5, the XRMR measurement of Pt/NFO is pre-
sented. For comparison, the measured asymmetry ratio
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FIG. 5. XRMR intensity I+ and corresponding asymmetry
ratios AI(q) for Pt(3.2nm)/ NFO(~900nm) (cf. XRR curve
in Fig. 1(c)). (a) Magnetooptic profile used for the simula-
tion in (b). (b) Asymmetry ratio AI(q) (average of 8 curves).
(¢) XRMR intensity I+ (average of 52 curves) for the reflec-
tivity from ¢ = 0.2A7" up to ¢ = 0.6 A=". (d) Asymmetry
ratio AI(q) from the XRMR in (c) and simulation assuming
2% of the Pt/Fe spin polarization.

AI(g) and a simulated asymmetry ratio are shown in
Fig. 5(b). Here, the magnetooptic profile of the spin po-
larization at the Pt/Fe interface (cf. Fig. 5(a)) was used
for simulating a similar spin polarization in the Pt/NFO
sample. Due to the different optical constants for NFO
compared to Fe, the amplitude of AI(g) would be larger
for Pt/NFO compared to Pt/Fe using the same magne-
tooptic profile. The oscillations obtained by this simu-
lation are clearly not visible in the experimental data.

In order to increase the sensitivity, we measured the re-
flectivity from ¢ = 0.2A~ up to ¢ = 0.6 A=" (two Kies-
sig fringes) and took the average from 52 experiments.
The XRMR curves in Fig. 5(c) still have a vanishing
AlI(q) (cf. Fig. 5(d)) without any oscillations. A sim-
ulated asymmetry ratio assuming 2% of the Pt/Fe spin
polarization leads to the lower detection limit and can
be converted into a maximum magnetic moment in Pt
on NFO of 0.02 up per Pt atom using the Pt/Fe calibra-
tion and taking into account that NFO is 70% magnetized
for £85mT (cf. Fig. 1(d)). Therefore, a static magnetic
proximity effect in Pt/NFO can be neglected down to
that limit.

In conclusion, we investigated the spin polarization of
Pt in Pt/Fe and Pt/NFO bilayers using XRMR. We ob-
served an asymmetry ratio of 2% for the Pt/Fe sam-
ples independent of the Pt thickness. Simulations lead
to a maximum magnetic moment of (0.6 + 0.1) up per
Pt atom. The results demonstrate that XRMR is sensi-
tive to the spin polarization at the Pt/FM interface in-
dependent from the Pt thickness. This feature together
with the determination of the magnetooptic profiles for
the change of optical constants and the ability to easily
identify or exclude oscillating asymmetry ratios in noisy
data endorse the use of XRMR in addition to XMCD for



interface studies. For Pt/NFO samples no asymmetry
was found. Therefore, a static magnetic proximity effect
and proximity induced ANE can be excluded in recently
reported LSSE investigations on Pt/NFO bilayers. The
study of Pt spin polarization of Pt/YIG via XMCD and
Pt/NFO via XRMR will be the start of future research
on the interface spin polarization in NM/FMI bilayers.
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