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We report on an incorporation of self-assembled templates of superparamagnetic Fe—O nanoparticles into
tunnel magnetoresistance devices. We fabricated a multilayer stack composed of the following layer sequence:
Cr/Au/Co/NP/Co/Cu on Si(100) substrate where NP stands for a self-assembled layer of nanoparticles deposited
by the Langmuir-Blodgett technique. The X-ray reflectivity and grazing-incidence small angle X-ray scattering
were employed to study the layers thicknesses and interface morphology in each preparation step. In particular,
the grazing-incidence small angle X-ray scattering was measured before and after the nanoparticle incorporation

as well as on the complete tunnel magnetoresistance stack.

In this way, in-depth morphology profile during

subsequent preparation steps was obtained. We demonstrate that X-ray analysis of the deposited tunnel magnetore-
sistance stack is essential for successful fabrication of novel hybrid devices consisting of self-assembled nanoparticles.

PACS numbers: 61.05.cf, 61.46.Df

1. Introduction

The progress in chemical synthesis of highly monodis-
perse superparamagnetic nanoparticles [1] opened new
ways in applied spintronic research. Especially two-
-dimensional ordered layers of nanoparticles are very at-
tractive as complementary to the deposited thin films.
The self-assembling of nanoparticles into ordered tem-
plates can be realized by simple evaporation of the col-
loidal solution [2] or by more sophisticated Langmuir—
Blodgett (LB) deposition [3]. At the room temperature
the magnetic moment of superparamagnetic nanoparti-
cles is not pinned to crystalline lattice, thus allowing for
efficient control by spin-polarized current. Here we re-
port on the fabrication and structural characterization
of hybrid tunnel magnetoresistance (TMR) devices with
a tunnel barrier composed of two-dimensional layer of
self-assembled FeoO3 nanoparticles sandwiched between
two Co layers. This novel structure will be employed in
the second generation of current induced magnetization
switching devices and spin torque nanooscillators [4].

2. Experimental

The structure Cr(5 nm)/Au(40 nm)/Co(20 nm)/NP/
Co(3 nm)/Cu(3 nm) was deposited on Si(100) wafer with
native oxide layer, where NP stands for self-assembled
monolayer of nanoparticles. In the first phase the Cr
buffer layer, bottom Au electrode and Co layer were de-
posited in ultrahigh vacuum (UHV) chamber by means
of e-beam evaporation. The evaporation was then inter-
rupted and the sample was transferred for subsequent LB
deposition. The natural thin Co oxide layer prevents the
further stack oxidation. The synthesis of Fe;O3 nanopar-
ticles stabilized by surfactant was described elsewhere
[5]. The nanoparticle diameter is 6.4 + 0.6 nm as ob-
tained by scanning electron microscopy (SEM) [2]. The
nanoparticles are superparamagnetic with 22 K blocking
temperature. The diluted colloidal nanoparticle solution
was dropwisely applied on water surface in LB trough.
In the second phase the nanoparticle monolayer was de-
posited onto substrate by a single dip at 15 mN/m sur-
face pressure. In the third phase after monolayer depo-
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sition the sample was transferred again into the UHV
chamber and the top Co layer and Cu cap layer were
deposited. The grazing-incidence small angle X-ray scat-
tering (GISAXS) at BW4 beamline of Hamburger syn-
chrotron was employed to measure X-ray diffuse scatter-
ing pattern by two-dimensional detector [6]. The X-ray
wavelength was set to 0.138 nm and sample-detector dis-
tance was 225 cm. The angle of incidence was set to
0.7°. The X-ray reflectivity (XRR) was measured at X-
-ray diffractometer (Bruker D8 Discover) equipped with
an 18 kW Cu rotating anode (wavelength of 0.154 nm)
and the Goebel mirror.

3. Results and discussion

After first deposition step the as-prepared substrate
was characterized by XRR and GISAXS. The measured
XRR curve as well as simulation is shown in Fig. la.
A genetic fitting algorithm and reflectivity calculation
based on the Parratt formalism with a Nevot—Croce in-
terface roughness model was used to estimate the individ-
ual thickness and roughness of each layer. The fit results
provided the stack: Si(substrate|0.3)/ SiO2(1.8]|0.3)/
Cr(8.2]|0.8)/ Au(38.3]|0.8) / Co(23.5]|1.5) / Coz05(2.2]|1.1)
where the film thickness and roughness, respectively, are
given in nanometers. The reflectivity measurement pro-
vides root-mean-square (rms) roughness of each layer in
the stack. The non-coplanar X-ray scattering adds in-
formation on the autocorrelation and cross-correlation
height functions of interfaces. The measured GISAXS
pattern is shown in Fig. 1b. The regularly spaced streaks
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Fig. 1. (a) The measured and simulated XRR curves.
(b) The measured GISAXS pattern.

of diffusely scattered radiation, also known as resonant
diffuse scattering (RDS) [7], arise as a consequence of
vertically correlated interface roughness. The maxima
along ¢, direction are attributed to the constructive in-
terference of the partially scattered radiation by each in-
terface in the multilayer stack. The first two maxima,
also known as the Yoneda peaks, are corresponding to
the scattered radiation exiting at the critical angle for
Co and Au layer. The second Yoneda peak, at approx-
imately ¢, = 0.95 nm~!, related to the Au layer is dy-
namically enhanced in intensity due to the overlapping
RDS peak. Figure 2a shows a line-cut and its integral
at ¢, = 1.33 £0.02 nm~? (indicated with a dashed line
in Fig. 1b) extracted from the GISAXS pattern. At this
relatively large ¢, value the multiple scattering events
confined to the critical exit angle can be neglected and
the simple Born approximation (BA) [7] can be used for
the results interpretation. The RDS intensity along g,
at constant g, is in the first approximation given by the
summation of all Fourier transformed cross-correlation
functions of interfaces multiplied by the respective phase
factors responsible for the existence of maxima along ¢,
direction [7]. In the case of interfaces with identical au-
tocorrelation functions and within the small roughness
approximation (¢20? < 1) the measured line-cut will be
proportional to the power spectral density (PSD) func-
tion of interface roughness. The measured curve shows
slightly peaked plateau at ¢, ~ 0.19 nm~! which is visi-
ble in all RDS sheets. Its position is denoted by dotted
line in Fig. 1b. Under the assumption of identical or at
least similar morphology of interfaces the measured curve
would represent the PSD of interface roughness with the
typical lateral correlation length A, = 27/g, ~ 33 nm
which is compatible with the cluster growth of metallic
thin films especially of Au. The simulation of the RDS
along g, was modeled by BA taking into account the in-
terface reflectivity calculated within the dynamical the-
ory of reflection. For each interface we used the autocor-
relation function o2 exp(—(R/&)?H) proposed by Sinha
[7], with lateral correlation length £ = 30 nm, the Hurst
parameter H = 0.8 and interface roughness o. Rough-
ness replication was implemented by the Ming model
with vertical correlation length A = 50 nm. The simu-
lated curve is shown as a dashed line in Fig. 2a. There is a
clear discrepancy between the measured data and simula-
tion. The used interface autocorrelation is monotonously
decreasing function and cannot account for the existence
of clusters on metal surfaces. On the other hand, the inte-
grals (Fig. 2a) under the measured and simulated curves
are converging in the limit of high ¢, values. Because
the rms interface roughness is proportional to the square
root of the integral of PSD function, this proves that
the rms interface roughness determined by XRR is cor-
rect. The observed substrate roughness does not affect
the transfer quality of the self-assembled monolayer of
nanoparticles. The SEM image of the surface after LB
deposition is shown in Fig. 2b. The long-range order in
the nanoparticle monolayer is precluded by the nanopar-
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Fig. 2. (a) The simulated and measured line profiles
and their integrals at ¢. = 1.33 nm™'. (b) A SEM
micrograph of self-assembled Fe;O3s nanoparticle mono-
layer.

ticle size distribution. The global probe of the nanopar-
ticle arrangement is provided by GISAXS measurement.
Figure 3a shows the measured GISAXS pattern. The
side maxima at |g,| ~ 0.83 nm™! are an evidence for
the self-assembled monolayer. The average nanoparti-
cle spacing is approximately A, = 27/q, ~ 7.6 nm. To
obtain more quantitative comparison of samples with the
self-assembled nanoparticles covered with different thick-
nesses of top Co layer and Cu cap layer we integrated
the line-cuts for ¢, € (0.67,0.86) nm~ (interval between
the two dashed lines in Fig. 3a). Figure 3b shows the
integrated line-cuts for bare nanoparticles and nanopar-
ticles covered with various thicknesses of Co top layer
and Cu cap layer. The effect of growing Co layer thick-
ness is visible as a broadening of the central peak at
¢y = 0 and decreasing intensity of the satellite peaks
at |gy| ~ 0.83 nm™! corresponding to the self-assembled
monolayer of nanoparticles. The broadening of central
peak comes from the partially replicated nanoparticle
roughness of the growing top Co layer which produces
significant diffuse scattering. The signal at side max-
ima is overlaid by monotonous diffuse scattering from the
growing top Co layer which also suppresses by absorp-
tion GISAXS originating from underlying self-assembled
nanoparticles. Deposition of thin Cu cap layer results
in further suppression of the diffusely scattered radiation
stemming from the nanoparticle template. Regardless
top Co layer and Cu cap layer the measured curve still
reveals the underlying self-assembled nanoparticle mono-
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Fig. 3. (a) A GISAXS pattern of self-assembled mono-
layer. (b) A set of curves showing the effect of deposited
layers.

layer and serves as non-destructive probe of the buried
nanoparticles.

In summary, we have fabricated hybrid TMR structure
with tunnel barrier composed of self-assembled super-
paramagnetic nanoparticles. The structure and morphol-
ogy of the bottom stack Cr/Au/Co/Co03 serving as
substrate has been studied in detail. The self-assembled
layer of nanoparticle was deposited by LB method and
verified by SEM and GISAXS technique. The over-
growing Co layer was monitored by GISAXS. The dif-
fusely scattered radiation originating from the ordered
nanoparticle template is detectable even for 3 nm thick
layers of Co and Cu grown on nanoparticle template.
The GISAXS offers a non-destructive probe of ordered
nanoparticle monolayers in hybrid spintronic devices.
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