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Abstract:

The coercivity (Hc) and switching field (Hsw) of free layers increase remarkably with
shrinking structural dimensions, reducing the sensitivity of nanosized
magnetoresistive sensors. In this work, conetic-alloy (NiFeCuMo) synthetic
ferrimagnetic (SyF) trilayers are proposed to reduce Hc and Hsw in magnetic
nanostructures. SyF stacks of NiFeCuMo/Ru/NiFeCuMo were patterned into nanodot
arrays with diameter of 60 nm by nanosphere lithography. The thickness of Ru layer
was chosen so that high interlayer coupling energy existed in the continuous film. The
linear dependence of Hc and Hsw of SyF nanodot on the amplification factor was

revealed. Magnetic field annealing was conducted at various temperatures (Tan)
ranging from 373 K to 673 K. Annealing at low temperature (Tan < 473 K) relaxed

the structural disorders, resulting in reduced surface roughness and decreased Hc and
Hsw. Higher Tan changed the preferred orientations in the crystalline structures,
leading to increased roughness and higher Hc and Hsw. This work shows that the Hc
and Hsw of nanostructures can be reduced through engaging Conetic alloy in SyF
stack. The Conetic-alloy-based SyF structures are a promising candidate as free layers

in nanosized spintronic devices.
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Introduction

The broad application of nanometric spintronic devices is facilitated by the
development of high-quality spin valves. In these devices, ferromagnetic (FM)
materials with small switching field (Hsw) are required as free layers to enable
sensitive response to external excitations such as magnetic field or spin-transfer
torque. Besides, low coercivity (Hc) are also preferred to reduce the hysteresis effect.
However, the Hc and Hsw of nanostructures are typically much larger than that in the
planar films due to the increased influence of demagnetization field at the structural
edges [1]. Although Hc and Hsw can be reduced through decreasing the layer
thickness, a drawback of increased thermal fluctuation is incurred, especially when
the thin film is patterned into nanoscale [2]. The synthetic ferrimagnetic (SyF)
structure is a trilayer stack containing two FM layers sandwiching a thin nonmagnetic
layer. The two FM layers couple antiferromagnetically (AF) through
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, resulting in reduced effective
thickness while maintaining high thermal stability [3]. The introduction of SyF as free
layers have brought various benefits in spintronic devices such as high sensitivity in
nanometric magnetoresisive (MR) sensors [4], high quality factor in spin-torque
oscillators (STO) [5], and low critical current in magnetic random access memories

(MRAM) [6].

Soft magnetic materials such as NiFe or CoFeB were conventionally used in spin
valves due to the low Hc (uOHc ~ 0.4 mT) and small Hsw (uWOHsw ~ 1.5 mT) in
continuous films [7]. Conetic alloy (Ni77Fel4Cu5Mo4) is an FM material with
smaller Hc than traditional soft magnetic materials such as CoFeB and NiFe [8], [9],
[10]. By using Conetic alloy as free layer in micrometer-sized MR sensors, sensitivity
of 3%/mT and pOHc smaller than 0.1 mT was achieved in the low field regime [11],
[12], which enabled the detection of weak magnetism such as iron-oxide nanoparticles
[13]. Recently, low pOHc of 0.03 mT was reported in spin valve sheet films with
Conetic-alloy-based SyF free layer [14], revealing the great promise of Conetic alloy.

While the previous reports on SyF stacks based on NiFe [3], CoFe [15], NiFeCo [16]



and CoFeB [17], [18] have shown reduced Hc and Hsw compared with single layers,
the magnetic properties of Conetic-alloy-based SyF nanostructures remain unclear.
Meanwhile, annealing was reported to be beneficial for reducing Hc of the MR sensor
with Conetic alloy free layer [11]. An experimental investigation on the magnetic
properties and annealing effect of Conetic-alloy-based SyF nanodots will be
beneficial for developing soft free-layer materials for nanometric spintronic devices.
Besides, nanospherelithography [19] is a cost-effective nanofabrication technique that
is capable of parallel production of nanostructures on a large area. Its high yield for

nanostructure fabrication made it a suitable method for this research.

In this work, the thickness of Ru in NiFeCuMo/Ru/NiFeCuMo SyF continuous films
was firstly optimized to guarantee strong RKKY coupling. The magnetic properties of
SyF nanodots with different NiFeCuMo layer thicknesses were then comparatively
studied with that of the single-layer nanodots. Finally, magnetic field annealing was
conducted on the SyF films and nanodots to explore the influence of annealing

temperature (Tan) on the microstructures and magnetic properties.
Material and methods

The samples under investigation were multilayers of Si/SiO2/Ta 3.5/Cu
5/Ni77Fe14Cu5Mo4 tF/Ru tRu/Ni77Fel4CuSMo4 3/Ta 3.5 (thickness in nanometers).
The sputtering rate of NiFeCuMo and Ru was 0.44 nm/ min and 0.56 nm/min,
respectively. tRu was varied from 0.5 nm to 1.3 nm by controlling the sputtering time
to investigate the thickness dependence of the antiferromagnetic coupling between
two Conetic alloy layers. The thickness dependence of Hc and Hsw was studied
through changing tF from 5 nm to 11 nm. The fabrication process of the nanodot
arrays was similar to that reported in references [20], [21]. The multilayers were
sputtered on 1 cm x 1 cm Si/SiO2 substrate under in-plane magnetic field of 30 mT to
define the easy axis (Fig. 1(a)). The thin film surface was then treated with positive
electrolyte (Poly(diallyldimethylammonium chloride)). Negatively charged 120-nm
polystyrene nanospheres were adsorbed on the surface by electrical static adsorption

(Fig. 1(b)). The samples were then etched by a KRI KDC-10 ion source for 3 min



with sample rotation at 37 rpm. The materials that were not protected by the
nanospheres were etched by the tilted (~45°) ion beam, forming non-close-packed dot
arrays (Fig. 1(c)). Toluene rinse with sonication was subsequently engaged to remove

the residual spheres (Fig. 1(d)).

The SyF continuous films and nanodots with tF = 7 nm were vacuum annealed at 373
K—673 K for 1 h. During the annealing, the magnetic field of 0.15 T was applied
along the easy axis. The easy-axis magnetization hysteresis loops were measured by a
Microsense EZ7 vibrating sample magnetometer (VSM) at room temperature. Hsw
refers to the magnetic field of the coherent switching of the AF-coupled FM layers (i.e.
the saturation field of the minor hysteresis loop) [3]. The planar view of the
nanosphere masks and nanodot arrays was obtained by a Hitachi S4800 field-emission
scanning electron microscope (FE-SEM). The cross-sectional morphologies of the
nanodot arrays were observed by a Tecnai G2 high-resolution transmission electron
microscope (HRTEM). The surface morphologies of the planar films and nanodots
were characterized by a Parker XE-150 atomic force microscope (AFM) operating in
tapping mode. The crystalline phase structures of the planar films were characterized
by a Briker AXS D8 Advance grazing incidence (0.5°) X-ray diffraction (GIXRD)

spectrometer.
Results and discussions

The SEM images of the nanosphere masks and nanodot arrays are shown in Fig. 2(a)
and (b), respectively. Non-close-packed spheres are uniformly distributed with
average diameter of 120 nm and average center-to-center distance of 220 nm. After
the ion milling process, the diameters of the dots were reduced to around 60 nm. This
is because the side wall of the nanodots were also etched by the tilted Ar+ ion beam.
The dot-to-dot interactions are relatively weak due to the large distances amongst the
cells. The height of the patterned nanodot is around 17 nm, as measured by AFM (Fig.
2(c)). The multilayer structure in the nanodot is revealed by the cross-sectional TEM
image in Fig. 2(d). The 0.7-nm-thick Ru layer is indistinguishable from the adjacent

Conetic-alloy layer, due to the restriction in the resolution of the TEM. The ion



milling stopped near the interface between the bottom Conetic alloy and Cu seeding
layer. This interface is blurred in the TEM image due to the diffusion and intermixing

of Cu during the preparation of the TEM sample slice.

The influence of tRu in SyF continuous films were investigated while tF was
maintained at 7 nm. The easy-axis hysteresis loops exhibit large saturation field
(uOHsat ~ 50 mT-100 mT in Fig. 3(a)), which is much higher than that of the
3-nm-thick Conetic single layer (~1.5 mT in the inset of Fig. 3(a)). The higher Hsat is
attributed to the establishment of AF coupling between the two FM layers. The

interlayer coupling energy (J) can be calculated from [22]:

J = ,”*(]Hsat 1M3 % (1)

where Ms = 5.3 x 105 A/m is the saturation magnetization which is acquired from the
inset of Fig. 3(a), while t1 and t2 are the thickness of the two Conetic-alloy layers
respectively. The calculated coupling energy exhibits oscillatory dependence on tRu
(Fig. 3(b)), which is consistent with the previous reports on CoFeB/Ru/CoFeB trilayer
[18] and NiFe/Au multilayers [23]. The maximum J of —0.12 mJ/m2 was achieved
with tRu = 0.7 nm. The smaller J compared with the CoFe-based SyF film (—4.2
mJ/m2 as calculated from reference [15]) and the CoFeB-based SyF film (—0.15
mJ/m2 in reference [18]) reveals the relatively weak RKKY coupling in
Conetic-alloy-based SyF stacks. This is also responsible for the small intermediate
plateaus in the hysteresis loops, which correspond to the AF alignment of the two FM
layers. The minor hysteresis loops of SyF stack were measured at field step of 0.02
mT and shown in Fig. 3(c). The sharp switching in the minor loops indicates a
reversal mechanism of coherent rotation of multi-domains in both FM layers. The
coercivity and switching field are plotted as a function of tRu in Fig. 3(d). Hc reaches
maximum when tRu = 0.7 nm. The decreasing Hc at higher tRu is attributed to the
emergence of ferromagnetic coupling between the two FM layers [15]. In the
following investigation, tRu = 0.7 nm was used since strong interlayer coupling

energy was needed to maintain the AF alignment between the two FM layers. The AF



alignment guaranteed small exchange coupling energy and thus small Hc in

nanometric elements [15].

The magnetic properties of SyF nanodots (tF = 5-11 nm) and single-layer nanodots (6
nm in thickness) based on Conetic alloy are compared in Fig. 4. Curved hysteresis
loops with low squareness are observed (Fig. 4(a)), and they were due to the increased
edge effect in nanostructures [24], [25]. The nOHc (0.23—1.7 mT) and pOHsw (1-5.8
mT) of the SyF nanodots were all smaller than the single-layer Conetic alloy nanodot
(cf. pOHc = 2.00 = 0.01 mT and pOHsw = 7.00 £ 0.01 mT). This is because the
demagnetization field at the edges of the nanodots were reduced by the RKKY
coupling between the two FM layers [16], [26]. When the two FM layers in SyF stack
were AF-coupled, Hc of an ideal circular dot can be interpreted from the anisotropy

energy [15]:

2K, 4t
Hc _ u bl 2

M, ti—ts (2)

where Ku is the uniaxial anisotropy. The term (t1 + t2)/(t1 — t2) is defined as the
amplification factor (o). As shown in Fig. 4 (b), the measured Hc and Hsw exhibited
similar linear relation with a, which is consistent with the theoretical prediction in Eq.
(2). Smaller Hc and Hsw were achieved when the thickness difference between the
two FM layers became larger [16]. The intercept was believed to be resulted from the
misaligned spins in the edges of the nanodots. These results show that the
Conetic-alloy-based SyF trilayer possessed smaller Hc and Hsw than single layers in
nanostructures. Better soft magnetic performance can be achieved through tailoring

the thickness of both FM layers.

Since magnetic field annealing was widely adopted in the fabrication of spin valves
[27], the influence of Tan on the microstructures and magnetic properties of SyF (tF =
7 nm) nanodots and continuous films were further investigated. The GIXRD patterns
of the as-deposited and field-annealed SyF continuous films are shown in Fig. 5.
Diffraction peaks of face-centered cubic (FCC) Cu (111) grains were observed at

42.7°. The Cu seeding layer promoted the formation of NiFeCuMo (111) texture, as



evidenced by the diffraction peak at 26 = 43.5° in all samples. This is consistent with
the previous reports on the crystalline structures of NiFeCuMo grown on Ta buffer

layer [8]. After annealing at high temperature (Tan > 573 K), diffraction peaks of Ta
(200) (at 20 = 54°), NiFeCuMo (200) (at 20 = 51.5°) and Cu (200) (at 20 = 50°)

emerged. The mitigation of Mo and Cu atoms after high-temperature annealing may
further enhance the formation of NiFe (200) crystallites. The formation of grains with
different orientations indicates that the high-temperature annealing altered the
preferred orientation of the crystalline structures from (111) to (200). The diffraction

peak at 20 = 52.5° was believed to be resulted from the Si/SiO2 substrate [28].

The surface morphologies of the as-deposited and field-annealed SyF continuous
films were characterized by AFM and shown in Fig. 6. The as-deposited samples
exhibited high root mean square (RMS) roughness of 0.42 nm. The small pits and
spikes on the thin film surface were evidence of the defects and grain boundaries in
the thin film. During the field annealing, the structural disorders were relaxed and
smooth surfaces were formed. The minimum Rq of 0.22 nm was acquired after
annealing at 473 K (Fig. 6(d)). As Tan further increased, the Conetic alloy were
crystallized at (200) orientation, as evidenced by the XRD patterns in Fig. 5. The
grain growth after high-temperature annealing [29] resulted in smooth but curved

surface (Fig. 6(e)). Rq increased to 0.39 nm when Tan = 673 K.

The structural modifications induced by the field annealing at various Tan resulted in
remarkable changes in the magnetic properties. The minor hysteresis loops of the
as-deposited and field-annealed continuous films and SyF nanodots are shown in Fig.
7(a) and (b), respectively. The remanence of continuous films decreased dramatically
after annealing at 673 K. The low remanence (Mr/MS ~ 0.15) and the high saturation
field (uOHsat ~ 0.2 T, higher than the annealing field of 0.15 T) indicate that
high-temperature annealing affected the domain structures by creating a distribution
of uniaxial anisotropies deflecting away from the easy axis [30]. As a result, the
magnetic moment along the easy axis was reduced, and high external field was

required to align the disordered spins. On the other hand, the field-annealed nanodot



arrays exhibited similar remanence (0.25) with the as-deposited samples. Since the
SyF nanodot exhibited single-domain structure due to the RKKY coupling [31], the
antiparallel coupling was maintained during high-temperature annealing [18]. The Hc

and Hsw of nanodots and continuous films presented similar annealing effect (Fig.

4(c)). When Tan < 473 K, Hc and Hsw decreased with increasing Tan. The reduced

Hc is attributed to the enhanced crystalline fitness at interfaces [8], as evidenced by
the reduced Rq in Fig. 6. However, further increasing Tan to 673 K resulted in
remarkable increase in Hc and Hsw, especially in the nanodot arrays. This was caused
by the crystallization of NiFeCuMo (200) crystallites, similar to the case of CoFeB
[18]. The minimum coercivity (WOHc = 0.41 + 0.01 mT) and switching field (WOHsw
=1.60 £ 0.01 mT) were achieved after annealing at 473 K. This corresponds to a 25.5%
decrease in Hc and 38.5% decrease in Hsw compared with the as-deposited sample.
These results show that the magnetic properties can be further tailored by magnetic

field annealing.

The above results have revealed the low Hc and Hsw in the as-deposited (uWOHc = 0.23
+ 0.01 mT, and pOHsw = 1.00 £ 0.01 mT when tF = 11 nm) and field-annealed (uOHc
=0.41 £ 0.01 mT, and pOHsw = 1.60 = 0.01 mT when tF = 7 nm) SyF nanodots based
on Conetic alloy. These values are smaller than that of the nanostructures based on
Conetic alloy or Supermalloy (uOHc = 24 mT [32]) single layer, and they are also
lower than that of the SyF nanostructures based on other FM materials, such as
NiFeCo-based SyF nanodots (cf. y0OHsw = 2.2 mT [16]), NiFe-based SyF nanodots (cf.
pOHsw = 2 mT [3]), and CoFeB-based SyF nanodots (cf. pOHc = 5 mT [33]). The
Conetic-alloy-based SyF stack can provide small Hc and Hsw in the nanometric
regime, and its magnetic properties can be further fine-tuned by adjusting the
thickness of FM layers and fine tuning the annealing temperature. This type of stack
is suitable for applications in nanosized spintronic devices that require soft magnetic

free layer.

Conclusions



Conetic-alloy-based SyF nanodot arrays were prepared by nanosphere lithography,
and the thickness dependence and annealing effect of the microstructures and
magnetic properties were investigated. The interlayer coupling energy between the
two FM layers exhibited oscillatory dependence on tRu. The maximum coupling
energy occurred at tRu = 0.7 nm, while the smallest Hc and Hsw were observed in
SyF thin films with tRu = 1.3 nm. The Hc and Hsw of SyF nanodots were much

smaller than that of the single-layer nanodots, and exhibited linear relation with the

amplification factor. Magnetic field annealing at low temperature (Tan < 473 K)

resulted in lower surface roughness and reduced Hc and Hsw. On the other hand,
higher annealing temperature led to the changes in the crystalline orientation from
(111) to (200) as well as the increase in surface roughness. These structural changes
tended to increase Hc and Hsw. The minimum pOHc of ~0.41 mT and pOHsw of ~1.6
mT was achieved in SyF nanodots after field annealing at 473 K. These results have
proved that nanostructures with Conetic-alloy-based SyF geometry exhibit lower Hc
and Hsw than nanostructures of Conetic-alloy single layer or SyF multilayer based on
conventional soft magnetic materials. This work provides insight into novel
multi-layered structures for developing soft magnetic free layers for nanosized

spintronic devices such as spintronic sensors.
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Fig. 1. Fabrication process of nanodot arrays: (a) thin-film stack sputtering, (b) nanosphere mask

deposition, (c) tilted ion milling with rotation, and (d) removal of residual spheres.
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Fig. 2. The planar view of (a) the polystyrene nanospheres and (b) the nanodot arrays obtained by

SEM. (c) The AFM image and (d) the cross-sectional TEM image of the nanodot with tF = 11 nm.
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Fig. 3. (@) The normalized full magnetization hysteresis loops of NiFeCuMo 7/Ru tRu/NiFeCuMo
3 continuous films as tRu is varied from 0.5 nm to 1.3 nm (inset: the hysteresis loop of 3-nm-thick
NiFeCuMo single layer). (b) The coupling energy as a function of tRu, (c) the minor hysteresis

loops, and (d) pOHc and pOHsw as a function of tRu.
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Fig. 4. (a) The minor hysteresis loops of nanodots of SyF stack and single layer at different tF, and

(b) uOHc and pOHsw as a function of the amplification ratio.
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