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Ion-beam bombardment during thin film deposition can effectively change the microstructure and thus
influence the magnetic properties of the thin film system. In this paper, we studied plain (un-bom-
barded) and argon ion-beam bombarded multilayered [NiggFe,o-Cr]so thin films fabricated using a dual
ion-beam deposition technique. The atomic force microscopy images of the bombarded thin films
showed a much rougher surface and an increased average grain size. No noticeable exchange bias
phenomenon was observed in the thin films deposited with or without bombardment, indicating that
the interfacial uncompensated spins were prevented from providing the necessary unidirectional

Keywords: . . L. .. R . . .
lor}:—beam bombardment anisotropy due to interfacial intermixing. This significant intermixing between NiggFe;o and Cr layers,
Intermixing and the etching process caused by the bombardment, led to the formation of an nano-composite

[NiggFez0-Cr]so thin film with a reduced Curie temperature. An enhancement of the coercivity attrib-
uted to the stronger NiFe—Cr coupling was also found, which was the result of additional pinning sites
created by the bombardment. The bombarded thin film also exhibited a higher ZFC/FC divergence
temperature compared to the un-bombarded film, which indicated a much stronger NiFe—Cr coupling
and more coordinated alignment of the magnetization of the film's larger crystallites.

© 2014 Elsevier Ltd. All rights reserved.

Nano-composite

1. Introduction

[on-beam bombardment during the thin film deposition can
change effectively the grain size distribution [1], crystallographic
preferred orientation [2], and surface roughness [3] of film systems.
Enhanced grain growth of Ge, Si, and Au films bombarded with
different (silicon, argon, krypton, germanium, Xenon) ion-beams
has been reported [1]. Such enhanced grain growth was propor-
tional to the ion-beam energy and weakly dependent on deposition
temperature. In the study of interfacial exchange coupling in a
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NigoFe,o/NiO system, Lin et al. found that the interface texture was
altered from a random to striped conformation by increasing the
ion current density [4]. A correlation between the tuned surface
roughness caused by the low-energy ion-beam bombardment of
the NiO layer and the thermal instabilities in the NiO crystallites
was also observed [4]. These microstructural changes would
consequently alter the magnetic properties of the thin film mate-
rials due to atomic intermixing, spin alignment, pinning, and
different exchange coupling energies.

As a ferromagnetic (FM) material, permalloy (NiggFe,o) has been
extensively used in the thin film industry due to its high perme-
ability, low coercivity, and near-zero magnetostriction. Fassbender
et al. investigated the magnetic damping behavior as a function of
saturation magnetization in NiggFeyo thin films [5]. By increasing
the Cr ion implantation fluence, an enhancement of the (111) peak
intensity, then a lattice expansion, and eventually amorphous
NiggFeyo thin films were created, which led to a decreased Curie
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temperature and saturation magnetization. More recently, the ex-
change bias [6,7] effects of NiFe/Cr-oxide bilayers were studied by
Lin and Guo [8]. The exchange bias field (Hex) exhibited a linear
dependence on the NiFe and Cr thicknesses. Also, Hex was reduced
by increasing Ar ion ratio during in situ bombardment of the film
system deposition, implying that the defects could be created and
consequently altered the FM order in Cr-oxide layer.

To further investigate the connection between the microstruc-
ture and magnetic properties, we studied [NiggFe;o-Cr]s0 multilayer
thin films fabricated with ion-beam bombardment using different
bombardment voltages (0 V, 150 V). It was found that the inter-
mixing and etching processes caused by ion-beam bombardment
effectively changed the microstructure of the thin films, which may
also lead to a change of the spin structures in the thin films.

NiFe(331)

NiFe(222)
NiFe(220)

NiFe(111),
Cr(110)

Cr(200)
cr(211)

2. Experimental details

The [NiggFe20-Cr]so thin films were deposited on amorphous
SiO, substrates by using a dual ion-beam deposition technique
[9—11]. A Kaufman ion source (800 V, 7.5 mA) was used to direct an
argon ion-beam onto a commercial NiggFe,g or Cr target surface in
order to deposit the NiggFe,g or Cr layer. The NiggFe;o and Cr layers
were deposited alternately for 50 cycles. For the un-bombarded
samples, the thicknesses of the NiggFeyg and Cr layers was about
2 — 3 nm. For one multilayer system, an End-Hall ion source
(Ven = 150 V) was used to in-situ bombard the film layer during the
deposition process of the NiggFe, or Cr layer. No external magnetic
field was applied during deposition. A JEOL (JEM-2010) trans-
mission electron microscope (TEM) operating at 200 kV was used

NiFe(331)

NiFe(222)
NiFe(220)
NiFe(111),
Cr(110)

Cr(200)
cr(211)

Fig. 1. Plane-view TEM micrographs of (a) [NigoFe,o-Cr]so thin film (without ion-beam bombardment during deposition, Vg = 0 V) and (b) [NigoFe20-Cr]so thin film (with ion-beam
bombardment during deposition, Vgy = 150 V). The cross-sectional TEM images of both structures are displayed in (c) and (d). Corresponding electronic diffraction patterns for the

un-bombarded and bombarded thin films are shown in (e) and (f), respectively.
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for the microstructural analysis. In addition, a NTMDT Solver Pro-M
atomic force microscopy (AFM) was used to measure the surface
topography of the thin films. Then magnetic measurements were
performed with a Quantum Design Magnetic Property Measure-
ment System (MPMS) at 10 K and a Quantum Design vibrating
sample magnetometer (VSM) at 160 K. The temperature depen-
dence of the =zero-field-cooled (ZFC) and field-cooled (FC)
7.96 x 10% A/m DC magnetization (M vs T) data of the thin films was
measured with the MPMS.

3. Results and discussion

The microstructures of [NiggFe,p-Cr]so thin films are shown in
the plane-view (Fig. 1a and b) and cross-sectional (Fig. 1c and d)
dark-field TEM images. The planar-view images show the value of
the mean grain size (~5 nm) in the thin film without bombardment
(Veq = 0 V) which is smaller than that (~15 nm) with bombardment
(Veg = 150 V) while the cross-sectional TEM images show a sig-
nificant reduction of the film thickness with bombardment from
~250 nm to ~65 nm, indicating intermixing of NiggFe,o and Cr and
possibly an etching process caused by the bombardment. No
superlattice structure was observed after the bombardment due to
the intermixing between individual layers, as illustrated in Fig. 1d.
The corresponding electron diffraction patterns for the un-
bombarded and bombarded thin films are demonstrated in Fig. le
and f, respectively. Both types of the samples consist of composite
[f.c.c NigoFepg (a ~3.55 A), b.c.c Cr (a ~2.93 A)] phases. The presence
of brighter diffraction rings for the bombarded sample suggests the
growth of large crystal grains, coinciding with the results shown in
the planar-view images.

Additionally, the mean grain size and roughness of the samples
was measured by AFM (Fig. 2). These measurements were con-
ducted over an area of 1 um x 1 um. Comparing Fig. 2a and c, one
can observe a remarkable increase of the mean grain size after
bombardment, which was consistent with the TEM results. It
should also be noted that the bombarded surface (Vgy = 150 V)
(Fig. 2d) was much rougher than that (Vgyg = 0 V) (Fig. 2b) without

(b)
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Fig. 3. In-plane (IP) and out-of-plane (OP) hysteresis loops of the plain [NiggFe,o-Cr]so
thin films (Vgg = 0 V) at 298 K.

bombardment as indicated by the root mean square (RMS)
roughness parameters. lon-beam bombardment process led to a
significant increase of RMS roughness of the films from 0.56 nm
(Veyg = 0V, Fig. 2b) to 2.58 nm (Vgy = 150V, Fig. 2d). This reveals
that an etching effect occurred on the surface due to the
bombardment, which also agreed with the results obtained by TEM.

Several representative hysteresis loops for [NiggFeo-Cr]so thin
films (Vgg = 0 and 150 V) at the temperatures 298 K, 160 K and 10 K
are displayed in Figs. 3—5, respectively. During the cooling process
from 300 K to 10 K, an external magnetic field of 7.96 x 10° A/m was
applied. No noticeable exchange bias phenomenon was observed in
the hysteresis loops, indicating that the uncompensated spins were
prevented from providing the necessary unidirectional anisotropy
due to interfacial intermixing in both types of the films. The
dependence of H¢ on the temperature for the un-bombarded and
bombarded samples is shown in Fig. 6.

Fig. 2. AFM images of [NiggFe,o-Cr]sp thin films (Vgy = 0 and 150 V). Image area is 1 um x 1 pm. Bombardment process resulted in root mean square (RMS) roughness increasing

from 0.56 nm (Vgy = 0V, Fig. 2a and b) to 2.58 nm (Vgy = 150 V, Fig. 2¢ and d).
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Fig. 4. In-plane (IP) hysteresis loops of the [NigoFe;0-Cr]so thin films without (a) and with bombardment (b) at 160 K. The inset of (b) shows the IP loop for the bombarded sample

with the magnetic field varying between —4 x 10* A/m to 4 x 10* A/m.
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Fig. 5. In-plane (IP) hysteresis loops of the [NiggFe,o-Cr]so thin films without (a) and with bombardment (b) at 10 K. The inset of (a) shows the IP hysteresis loop for the bombarded

sample with the magnetic field varying between —8 x 10% A/m to 8 x 10* A/m.

Both in-plane and out-of-plane hysteresis loops of the plain
[NiggFea0-Cr]so thin films were measured at room temperature
(298 K) as shown in Fig. 3. The magnetization loops show the easy
axis aligning along the in-plane direction for the un-bombarded
thin film. This is evidenced by a narrow loop in the in-plane di-
rection and a canted narrow loop in the out-of-plane direction. This
thin film was magnetically soft and exhibited a small in-plane
coercivity of 796 A/m. In contrast, no hysteresis was observed at
room temperature for the bombarded thin film. This indicates that
the intermixing between NiggFe,o and Cr layers caused by the ion-
beam bombardment led to the formation of an nano-composite
[NiggFe20-Cr]so thin film with a reduced FM ordering temperature
[5,12]. This hypothesis was supported by the presence of a hyster-
esis loop for the [NiggFea-Crlso (Vey = 150 V) thin film at 160 K
(under an FC process) as shown in Fig. 4b. In other words, the
bombardment effects suppressed the Curie temperature of the thin
film to a certain value between 160 K and 298 K.

Fig. 4a and b shows the in-plane hysteresis loops of [NiggFezo-
Cr]so (VEq = 0 and 150 V) thin films at 160 K, respectively. As the
temperature decreased from 298 K to 160 K, the value of coercivity
for the un-bombarded sample increased from ~7.96 A/m to ~716 A/
m (Fig. 6). It can be explained by the enhanced alignment of the
interfacial FM and antiferromagnetic (AF) spins after the FC process.
Such enhanced alignment strengthened the interaction between
FM—AF spins at the interfaces and thus led to the larger coercivity
[13,14]. After ion-beam bombardment, enhancement of coercivity
from ~716 A/m to ~2228 A/m of the thin films was also found,
which was likely derived from the additional pinning sites created

by the bombardment [5]. These pinning sites can inhibit the motion
of domain wall and thus lead to a canted and unsmooth loop of the
bombarded thin film (Fig. 4b). In addition, the small width of the
hysteresis loop for the un-bombarded film indicates that the
magnetization reversal of the NiggFe;g phase can be attributed to
the nucleation and growth of the reversible magnetic domains
instead of the coherent rotation [15].

The in-plane hysteresis loops of the [NiggFe;o-Cr]so thin films
measured at 10 K are shown in Fig. 5. For the [NiggFe;o-Cr]so thin
film (Vgg = 0 V), it was surprising to note that the coercivity
experienced no change (Fig. 6), which requires investigation. On
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< 1.0x10*
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0 50

Fig. 6. The dependence of Hc on the temperature for the un-bombarded and bom-
barded samples. Error bars were smaller than the symbol size.
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Fig. 7. Magnetization as a function of temperature for the [NigoFe;o-Cr]so thin films without (a) and with bombardment (b). Measurements were performed by zero-field-cooling
the films from 400 K down to 10 K and using a 7.96 x 10° A/m measuring field for the zero-field-cooled (ZFC) and field-cooled (FC) magnetization thermal scans. The “Mgc (2 K)" is

the magnetization of the field-cooled thin films at 2 K.

the other hand, the bombarded thin film exhibited a significantly
increased coercivity of ~1.99 x 10* A/m, which was much larger
than that of the thin film without ion-beam bombardment. This
indicates the interfacial pinning effect was strengthened at 10 K.
The dependence of magnetization (M) as a function of the
temperature (T) was also measured. Fig. 7a and b shows the M—T
data for [NiggFezo-Cr]so (VEy = 0 V and 150 V) thin films, respec-
tively. The measurements were performed by zero-field-cooling
the films from 400 K down to 10 K and using a 7.96 x 10> A/m
measuring field for the zero-field-cooled (ZFC) and field-cooled
(FC) magnetization thermal scans. In Fig. 7a, the [NiggFe20-Crlso
(Veg = 0 V) ZFC M(T) curve exhibited a broad maximum at around
45 K, whereas the FC M(T) curve exhibited a constant increase from
400 K to 10 K, diverging from the ZFC M(T) at 45 K. This divergence
is consistent with the spin reorientation transition in NiggFeyq
phase [E. Skoropata, K.-W. Lin, M. Plumer and ]. van Lierop - un-
published results] and shows that the Cr layer was weakly coupled
to the NiggFeyo layer, in agreement with the hysteresis loop data
discussed above. However, for the ion-beam damaged film that
suffered significant intermixing (Fig. 7b), the ZFC/FC divergence
temperature was increased to around 150 K, indicating a much
stronger NiFe—Cr coupling and alignment of the magnetization of
the film's larger crystallites (e.g., larger thermal energies with
warming required to thermally de-pin their respective magneti-
zations). Both ZFC and FC magnetizations showed a marked in-
crease with temperatures below 25 K, implying a second smaller
distribution of film crystallites was freezing with cooling, as indi-
cated by the different microstructure and composition (e.g., etching
effects) due to the ion-beam bombardment discussed above.

4. Conclusions

In summary, the argon ion bombarding process can remarkably
impact the microstructure and the magnetic properties of the
[NiggFe20-Cr]so thin films. Both the larger mean grain size and much
rougher surface were observed after bombardment, which also led
to a reduction of the Curie temperature. Furthermore, the coercivity
of the bombarded thin film increased due to the enhanced NiFe—Cr
coupling and improved alignment of the interfacial spins. To
investigate the correlation between the microstructure and mag-
netic features, future work will focus on the effect of ion

bombardment on the formation and dynamics of magnetic
domains.
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