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Surface Roughness and Magnetic Properties of Ni and Ni7gFess Thin
Films on Polyethylene Naphthalate Organic Substrates

Hideo Kaiju!'?, Nubla Basheer!, Kenji Kondo!, and Akira Ishibashi?

'Research Institute for Electronic Science, Hokkaido University, Sapporo 001-0020, Japan
2PRESTO, Japan Science and Technology Agency, Saitama 332-0012, Japan

We have studied structural, electrical, and magnetic properties of Ni and NirgFes5 thin films evaporated on polyethylene naphtalate
(PEN) organic substrates towards the fabrication of spin quantum cross (SQC) devices. As we have investigated the scaling properties
on the surface roughness, the surface roughness of Ni (16 nm)/PEN is 0.34 nm, corresponding to 2 or 3 atomic layers, in the scanning
scale of 16 nm, and the surface roughness of Ni;gsFes> (14 nm)/PEN is also as small as 0.25 nm, corresponding to less than 2 atomic
layers, in the scanning scale of 14 nm. These facts denote that Ni/PEN and NirsFe,> /PEN are suitable for magnetic electrodes on
organic substrates used for SQC devices from the viewpoint of the surface morphology. Then, we have investigated magnetic hysteresis
curve and magnetoresistance effects for Ni/PEN and Ni7sFe,2 /PEN. The squareness of the hysteresis loop is as small as 0.24 for Ni (25
nm)/PEN, where there is no observation of the anisotropy magnetoresistance (AMR) effect. In contrast, the squareness of the hysteresis
loop is as large as 0.86 for NirgFez> (26 nm)/PEN, where the AMR effect has been successfully obtained. These experimental results
indicate that NizgFe,> /PEN is a promising material for use in SQC devices from the viewpoint of not only the surface morphologies
but also magnetic properties.

Index Terms—Magnetic thin films, polyethylene naphtalate organic substrates, spin quantum cross devices, vacuum evaporation.

1. INTRODUCTION
have extensively

OLECULAR spintronics
attracted interest since the discovery of the

magnetoresistance (MR) effect in ferromagnetic metal/
organic molecules/ferromagnetic metal [1]-[5]. Xiong
et al. observed a giant MR effect of 40% at 11 K in
Lag.g7Sr0.33MnOj3 /tris(8-hydroxy-quinolinato) aluminum
(Alqs)/Co organic spin valve devices [1]. Subsequently,
Santos et al. obtained a large MR ratio of 7.5% at 4.2 K and
4.6% at room temperature in Co/Al,O3/Alq,/NiFe magnetic
tunnel junctions [2]. Moreover, many researchers have con-
firmed a large MR effect in Lag 7Srg sMnO3/Alq;/Al2O3/Co
[3], Co/4,4’-bis99-(ethyl-3-carbazovinylene)-1,1’- biphenyl
(CVB)/L&0_67SI'Q_33MI]03 [4], and La0_67Sr0_33Mn03/
tetraphenyl porphyrin(TPP)/Co [5]. Recently we have
proposed spin quantum cross (SQC) devices, in which organic
molecules are sandwiched between two edges of magnetic thin
films deposited on organic substrates with their edges crossing
[6], [7]. A schematic of the fabrication procedure of SQC
devices has been reported in our previous paper [6]. In SQC
devices, the junction area can be scaled down to dimensions
of a few nanometers because the thickness of magnetic thin
films is determined by the growth rate, ranging from 0.01 to
1.0 nm/s, if there is no pinhole, diffusion and penetration into
organic layers. According to our recent calculation performed
within the framework of the Anderson model, SQC devices
exhibit a giant MR effect at room temperature [8]. In this paper,
towards the fabrication of SQC devices, we have investigated
structural, electrical, and magnetic properties of Ni and
NiygFeqs thin films evaporated on polyethylene naphtalate
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(PEN) organic substrates and discussed their feasibility for use
in SQC devices.

II. EXPERIMENTS

Ni and NiygFeso thin films were thermally evaporated on
PEN substrates (5 mm width, 4 mm length, 20 pm thickness)
under a magnetic field of 30 kA/m in a high vacuum chamber at
a base pressure of ~ 1078 torr. PEN films TEONEX Q65 were
supplied by Teijin DuPont Japan. A boron nitride crucible N —1,
made by DENKA, and a tungsten filament, made by CRAFT,
were used for the thermal evaporation of Ni and NizgFess thin
films. A heat-block stainless plate with a hole was inserted be-
tween the Ni and NiygFess vapor source and the PEN substrate.
The length of the crucible and the aperture size in the stainless
plate were designed using a geometrical simulation to evaporate
uniform Ni and NizgFess films in-plane to PEN substrates. The
temperature near PEN substrates was less than 62 °C, which was
lower than the glass transition temperature 7, of 120 °C for PEN
substrates. The pressure during the evaporation was 10> torr
and the growth rate was 0.93 nm/min at an evaporation power
of 350 W. The Ni and NiygFess thicknesses were measured by
a mechanical method using the stylus surface profiler DEKTAK
and an optical method using a He-Ne laser at a wavelength of
632.8 nm and a photo diode detector. The surface morpholo-
gies of samples were analyzed by an atomic force microscope
(AFM) Nanoscope IIla. The analysis of the surface roughness,
based on AFM images, was performed by the image analysis
software Gwyddion. The magnetization curve was measured by
a superconducting quantum interference device (SQUID) mag-
netometer MPMS-XL at room temperature under a magnetic
fieldup to 1 T. The MR curve was measured using dc four-probe
method with a constant current of 1 mA and a magnetic field up
to 0.3 T at room temperature.

III. RESULTS AND DISCUSSION

Fig. 1 shows the 3-D surface images obtained from AFM
observation for: a) PEN; b2) Ni (16 nm)/PEN; ¢) NizgFeqs
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Fig. 1. Surface morphology of (a) PEN, (b) Ni (16 nm)/PEN, (c) NirsFes,
(14 nm)/PEN, and (d) Au (14 nm)/PEN.

X: 500nm

y: 500nm

(14 nm)/PEN; and d) Au (14 nm)/PEN. From the 3-D images,
which are 500 nm x 500 nm in area, mound-like surfaces
are observed in Ni (16 nm)/PEN, Ni;gFess (14 nm)/PEN, and
Au (14 nm)/PEN, and are classified by the surface roughness.
Here, the surface roughness (R,) is defined by

L, Ly
oo
Ro= o [ [ iy m
0 0

where h(z,y) is the height profile as a function of x and y
and L, is the lateral scanning size in the z(y) direction. R,
of PEN is 1.3 nm, which is smaller than widely-used organic
films, such as polyethylene terephthalate (PET) and polyimide.
R,’s of Ni (16 nm)/PEN and NizgFess(14 nm)/PEN are also
as small as 1.22 and 1.17 nm, respectively. In contrast, R, is as
large as 2.53 nm for Au (14 nm)/PEN. Fig. 2 shows R, as a func-
tion of the metal film thickness for Ni/PEN, NizgFess /PEN,
and Au/PEN. R, increases up to 3.8 nm for a film thickness
of 21 nm for Au/PEN. In comparison, R, decreases slightly
down to 1.1 and 1.0 nm with increasing the film thickness for
Ni/PEN and NizgFess /PEN, respectively. Here, we consider
the growth mode of Ni/PEN and NizgFeqs /PEN, and discuss
their feasibility in SQC devices from the viewpoint of the sur-
face roughness. Fig. 3 shows the scaling properties of R, for
PEN, Ni/PEN, and NizgFeso/PEN. The inset represents the
scaling properties of the root mean square (RMS) surface rough-
ness (Rq). Ry obeys a scaling law, Rq = w(L) o< L*, where
w(L) is the interface width corresponding to the standard de-
viation of the surface height, L is the system size, and « is
the growth scaling exponent. The growth scaling exponent for
roughening w(L) o L* has been widely used to characterize
the growth of a solid from a vapor, such as the epitaxial growth
of Fe/Si (111) [9], growth of evaporated Ag/quartz [10], and
molecular beam epitaxial growth of CuCl/CaF,(111) [11], as
described by the Kardar-Parisi-Zhang (KPZ) equation [12]. As
for PEN, Ni/PEN, and NizgFeos /PEN, o shows the almost con-
stant value of 0.64-0.68, as seen from the similar roughness
slope in any sample. This indicates that the surface morphology
of Ni/PEN and NizgFess /PEN exhibits almost the same be-
havior as that of PEN and these results are consistent with the
3-D AFM observation in Fig. 1. We have also found that the
surface is described as self-affine due to « # (3, where [ is the
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Fig.2. Surface roughness as a function of the metal film thickness for Ni/PEN,
NizgFes /PEN, and Au/PEN.

dynamical exponent in a scaling law R, = w(t) o t°. Here,
t is a growth thickness. As one can see from Fig. 2, (§ is the
negative value since the surface roughness slightly decreases
with increasing the thickness for Ni/PEN and NizgFess /PEN.
This results in o # 3, which shows the self-affine growth and it
can also be seen in sputtered copper films [13] and evaporated
silver films on silicon substrates [14]. The growth process itself
of Ni and NizgFeq, thin films on PEN organic substrates is of
great interest and is rich in physics, so detailed work including
the dynamic physical mechanism, such as the random deposi-
tion and ballistic deposition, will be reported elsewhere. Here,
we consider their feasibility in SQC devices from the viewpoint
of the surface roughness. Since the junction area in SQC de-
vices is determined by the film thickness, we need to clarify
the surface roughness in the same scanning scale as the thick-
ness size. As shown in Fig. 3, R, of Ni (16 nm)/PEN is 0.34
nm, corresponding to 2 or 3 atomic layers, in the scanning scale
of 16 nm. The surface roughness of NizgFes(14 nm)/PEN is
also as small as 0.25 nm, corresponding to less than 2 atomic
layers, in the scanning scale of 14 nm. These results denote
that the number of molecules sandwiched between two mag-
netic thin films in SQC devices can be strictly determined in
a high resolution of 1-3 atoms by controlling the thickness of
Ni and NiygFess thin films and it leads to a high product yield
of magnetic head devices and magnetic sensors due to the re-
duction of the fluctuation in a junction resistance. These facts
indicate that Ni/PEN and NizgFess /PEN are suitable for mag-
netic metal thin films on organic substrates used for SQC de-
vices from the viewpoint of the surface morphology.

Finally, we discussed their feasibility in SQC devices from
the viewpoint of the magnetic properties. Fig. 4 shows the mag-
netization curve and the MR effect for Ni (25 nm)/PEN and
NizgFes2(26 nm)/PEN. These experiments have been carried
out at room temperature. In Fig. 4(a) and (c), the magnetic field
is applied in the same direction as the in-plane magnetic field
applied during the evaporation. This direction is expected as the
easy-axis direction since the Ni and NiygFess films have poly-
crystalline structures. From Fig. 4(a), the squareness of the hys-
teresis loop M, /M is as small as 0.24 for Ni (25 nm)/PEN.
Here, M, and M; are the residual and saturation magnetiza-
tion, respectively. This low squareness means that the uniaxial
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Fig. 3. Scaling properties of the surface roughness R. for PEN,
Ni(16 nm)/PEN and NizgFes> (14 nm)/PEN. The inset shows scaling
properties of the RMS surface roughness R . The solid lines represent fitting
lines. The slight difference of the solid lines between the main figure and the
inset is due to the difference of the definition for R, and 2.

magnetic anisotropy cannot be induced. Fig. 4(b) shows the MR
curve for Ni (25 nm)/PEN. The magnetic field is applied parallel
to the current (g = 0°) and is applied perpendicular to the
current (65 = 90°). Since the Ni films are smooth as shown
in Fig. 2, they should provide an anisotropy magnetoresistance
(AMR) effect. However, the AMR effect has not been observed.
Ni (17 nm)/PEN and Ni (39 nm)/PEN also provide no AMR ef-
fect. At the present stage, the reason is not clear. Further exper-
iments and analyses will be required in near future. In contrast,
from Fig. 4(c), the squareness of the hysteresis loop is as large as
0.86 for NizgFes2(26 nm)/PEN. This high squareness means
that the uniaxial magnetic anisotropy can be induced. This in-
dicates that NizgFeqs /PEN is suitable for SQC devices due to
large dM/dH, which is related to the sensitivity in magnetic
signal for magnetic head devices and magnetic sensors. Fig. 4(d)
shows the MR curve for NizgFegs (26 nm)/PEN. The magnetic
field is applied in the same direction as shown in Fig. 4(b). The
AMR effect can be observed for NizgFeso(26 nm)/PEN al-
though it cannot be observed for Ni/PEN. The minimum value
of the resistance measured in the hard-axis direction (f_1 =
0°) is almost the same as the resistance measured in easy-axis
direction (f_; = 90°). This means that the magnetization
at 0 Oe is aligned perpendicular to the current when the mag-
netic field is applied in the hard-axis direction (§g—_; = 0°).
However, the AMR ratio is as small as 0.07%, which is smaller
than the typical value of 1%-2% observed in NiFe thin films
[15], [16]. The AMR ratios for NizgFeso(16 nm)/PEN and
NizgFeg2(43 nm)/PEN are also as small as 0.05% and 0.11%,
respectively. The reason why the AMR ratio is small is due to
a high resistivity p of 300-800 uQcm for NizgFess /PEN. In
the case of NizgFes2(26 nm)/PEN, p is 760 pf2cm, which is
much higher than a typical value of 12-32 uf2cm for NiFe thin
films [15]. If p is around 32 pf2em for NizgFego (26 nm) /PEN,
the AMR ratio can reach up to 1.7%. Actually, the resistivity
change Ap for NizgFes2(26 nm)/PEN is 0.49 pf2cm, which
is almost the same as a reported value of 0.50-0.64 pQcm for
NiFe thin films [15]. Therefore, in order to improve the AMR
ratio, the reduction of p is necessary. Thus, although the AMR
signal is small in our experiments and the improvement of the
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Fig. 4. (a) Magnetization curve and (b) magnetoresistance effect for Ni
(25 nm)/PEN and (c) magnetization curve and (d) magnetoresistance effect for
NizgFeos (26 nm)/PEN at room temperature.

AMR ratio is required, the presence of the AMR effect and the
sharp slope of dM /dH for NizgFeqs /PEN are of great impor-
tance. These experimental results indicate that NizgFeqs /PEN
is a good candidate for use in SQC devices from the viewpoint
of not only the surface morphologies but also magnetic proper-
ties, and can also be expected for potential application in novel
devices such as flexible magnetic sensors.
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