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In order to systematically investigate the influence of the interface on the magnetic properties, polycrys-
talline NiZn ferrite thin films were irradiated with 60 keV proton in the dose range from 5 x 10'? to
5 x 10'® jons/cm?. A non-destructive approach by proton irradiation was found to finely adjust the
magnetic properties of polycrystalline NiZn ferrite thin films such as coercivity, perpendicular magnetic
anisotropy as well as the effective g value. The coercivity is about 725 Oe for high proton dose ferrite,
which is twice larger than the unirradiated one. The ferromagnetic resonance measurements indicated
that perpendicular magnetic anisotropy and the effective g value increase with the irradiation dose.
Our finding indicates that all modifications of these magnetic properties were associated with the change
Magnetic properties of interface due to the diffusion and the stress induced by proton irradiation. The change of the effective g
Interface value is a result of lattice expansion and the decrease of the magnetic dipole interaction between the
Stress columnar grains. This work provides a feasible way to tailor the magnetic properties of thin films by
ion irradiation and promotes investigations for the stability of magnetic thin film devices in space or
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unclear radiation environments.
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1. Introduction

Ion irradiation is an effectual tool to produce controllable
defects, structural disorder, stress, and phase transformations so
as to modify the properties of materials. In the case of magnetic
thin films treated by the ion irradiation, property modification is
mainly due to two aspects: irradiation on magnetic materials and
implantation in the substrate. Great efforts have been made in
the investigation on the effects of ion radiation on magnetic mate-
rials in recent years [1-8]. However, few studies have focused on
the influence of the interface on the properties of single-layer mag-
netic materials.

NiZn ferrite with the spinel structure is a soft magnetic ferrite
material exhibiting large resistivity and high magnetic permeabil-
ity, especially suitable for many applications at high frequency
[9-12], e.g. antenna rods, suppression of electromagnetic interfer-
ence, broad band transformers, etc [13,14]. In addition, NiZn ferrite
materials can be also wide applied in space. So the study of ion
irradiation on the NiZn ferrite material is essential. Some efforts
have been made on the effects of ion radiation on ferrite in recent
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years [2,3,15,16], including the saturation magnetization (M),
distribution of the magnetic moments, magnetic anisotropy and
magnetic domain structure [2,3]. These results are essentially
attributed to structural modifications which are based on the
variation of magnetic material itself such as the crystalline phase
and cation inversion in the ferrite thin films. However, the influ-
ence of the interface on the magnetic properties of ferrite thin films
by ion irradiation is rarely considered.

In this paper, experiments of NiZn ferrite thin films with
thickness ~200 nm irradiated by 60 keV proton were designed to
investigate the effects of ion irradiation. The energy of 60 keV
was chosen to guarantee proton pass through the ferrite layer
and implant into the substrate. Influences on coercivity (H.), per-
pendicular magnetic anisotropy as well as the effective g value
were systematically investigated. An effective way to flexibly con-
trol magnetic properties of NiZn ferrite was introduced by adjust-
ing the interface via different irradiation doses.

2. Material and methods

We have taken the effort of preparing nanocrystalline ferrite
thin films by radio frequency magnetron sputtering.
Nig45Zng s5Fe;04 thin films were chosen as the mature samples
[17]. Samples with thickness ~200 nm were deposited onto Si
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(111) substrates by radio frequency (RF) magnetron sputtering at
room temperature with a base pressure lower than 5 x 107> Pa.

The samples were irradiated with 60 keV proton in the dose up
to 5 x 10'® jons/cm? at room temperature in a chamber with a vac-
uum of 107 Pa in the ECR-320kV High-voltage Platform (the
Institute of Modern Physics (IMP), Lanzhou). According to SRIM
simulations [18], the mean projective range of the proton was
Rp =350 nm (straggling: 83 nm), i.e., the protons were almost com-
pletely implanted in the Si substrates through the thin films. The
structural characterization of the as-deposited and irradiated sam-
ples was performed by grazing incidence X-ray diffraction (GIXRD,
X'Pert pro Panalytical with Cu K, radiation). The X-ray patterns
were recorded by the step scanning with a step of 0.02° and a
counting time of 6s per step. Field emission scanning electron
microscope (SEM, Hitachi S-4800) was employed to observe the
morphology of the thin films. In addition, cross-sectional transmis-
sion electron microscopy using a FEI Tecnai TMG2F30 microscope
was carried out for typical samples to collect the information con-
cerning crystallographic structure. The static magnetic properties
were studied using a vibrating sample magnetometer (VSM, micro-
sense EV7 system). M and H. were evaluated from the VSM mea-
surements. The effective anisotropy field and dynamic magnetic
properties of the films were investigated by a cavity ferromagnetic
resonance (JEOL, JESFA300, 8.994 GHz).

3. Results and discussion

Fig. 1(a) shows the GIXRD patterns of the Nig45Zng ssFe,0, fer-
rite thin films after irradiated with protons at various doses. It
shows that all the samples are well-crystallized with spinel struc-
ture and the mean grain size calculated by Scherrer’s formula is
about 18 nm, independent on the irradiation dose. The lattice
parameter (Fig. 1(c)) of as-deposited thin film is 8.381 A, which is
very close to that of bulk Nig4ZnggFe,04 [19,20]. There is an
increasing trend in the lattice parameter after irradiation, although
it is not very obvious. This is mainly due to the stress effects
induced by proton irradiation, because the energy deposition is
mainly the electronic stopping powers (S.) in the thin films. The
large transferred energy induces an unusual density of defects,
stress and heat in the samples. In other words, the changes in lat-
tice parameter demonstrate that the stress in the thin films varied
with irradiation doses. Then the production, accumulation and
relaxation of the stress induced by proton irradiation can explain
the changes in lattice constant very well [3].

(@) b
3
s
>
k7]
g
. g
E | |
i 35.1 354 357 360
Z (©) 20 (degrees)
g < '
=

g 90

w

©° o
T

Lattice paramet (,&
oo
%)
o
a4 %

2

o

Q
.

30 32 34 36 38 40 o 107 10° 10"
26 (degrees) Irradiation dose (ions/cm”)

Fig. 1. (a) GIXRD patterns of NiZn ferrite thin films for the as-deposited sample and
a series of different proton irradiation dose. (b) The (311) peak in detail. (c) The
curves of the lattice parameter as a function of proton dose.

In order to investigate the irradiation effects on the morphology
of the thin films, the surface and the cross-sectional morphology of
the ferrite thin films are observed by the SEM. The surface images
of the as-deposited and irradiated samples with a dose of
5 x 10'®ions/cm? are shown in Fig.2(a and b). It is found that
the mean crystalline sizes of the two samples are both about
20nm and the surface morphology of the irradiated thin film
was not obviously altered in comparison with the as-deposited
samples. Fig. 2(c and d) show the cross-sectional SEM images of
the as-deposited and irradiated samples with a dose of 5 x 106 -
ions/cm?, respectively. Both thin films have a relatively good pack-
ing density and a definite structure of columnar particles with their
growing orientation perpendicular to the film plane. The thickness
of as-deposited sample is about 200 nm and remains the same
after irradiation. In conclusion, irradiation does not change the
morphology of the thin films based on the SEM results.

The cross-sectional TEM images of the as-deposited and irradi-
ated samples with a dose of 5 x 10'® ions/cm? are shown in Fig. 3.
The images of Fig. 3(aand b) indicate that the thickness of the NiZn
ferrite thin films remains unaffected after proton irradiation, and
columnar grains grow perpendicularly to the substrates, which is
consistent with the SEM results. It is also noted that there is a
rough defect layer with thickness ~300 nm in the Si substrate after
proton irradiation, which is consisted with the mean projected
range of the proton calculated by SRIM. In fact, nuclear stopping
powers (S,) is dominant after ions passing through the thin films
into the substrate. The elemental composition of the substrate
can be altered in this process and many chemical and physical
changes can be induced in the substrate by transferring the ion
energy and momentum to the substrate materials. So the crystal
structure of the substrate can be damaged or even destroyed by
the energetic collision cascades. It is demonstrated that the defect
layer induced by proton irradiation contains various defects and
bubbles [21-24], which results in substrate expansion. Fig. 3(c
and d) show the local enlarged high-resolution TEM images of
the as-deposited and irradiated samples with a dose of 5 x 106
ions/cm?, respectively. It is revealed that the as-deposited sample
is polycrystalline in the whole thickness range. The interface
~3nm can be clearly observed in Fig.3(c), and the diffusion
between the film and Si (111) substrate is not obvious. Although
the irradiated sample with a dose of 5 x 10'®ions/cm? still

as-deposited

Fig. 2. (a) and (b) SEM images of the surface images of the as-deposited and
irradiated samples with a dose of 5 x 10'6 jons/cm? respectively. (c) and (d) The
cross-sectional SEM images of the as-deposited and irradiated samples with a dose
of 5 x 10'® ions/cm? respectively.
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Fig. 3. (a) and (b) the cross-sectional TEM image of the as-deposited and irradiated
samples with a dose of 5 x 10'® ions/cm? respectively. (c) and (d) High-resolution
cross-sectional TEM image of the as-deposited and irradiated samples with a dose
of 5 x 106 jons/cm? respectively.

maintains a structure of columnar grains in the film, the ferrite dif-
fuse into the interface along the direction of the columnar grains in
Fig. 3(d). But irradiation-induced amorphous transformation is not
discovered in the film due to the limited resolution of TEM. The
interface of irradiated samples become unsmooth and indistin-
guishable due to the diffusion induced by irradiation. The thickness
of this interface increases from 3 to 6 nm. The main reason is
mutual diffusion between the film and the substrate and the tran-
sition of crystalline-to-amorphous [25-27] on the Si substrate sur-
face induced by proton irradiation.

The in-plane magnetic hysteresis loops (M-H) are shown in
Fig. 4(a). The coercivity (H.) and the saturation magnetization
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Fig. 4. (a) The in-plane magnetic hysteresis loops of the as-deposited and irradiated
samples with a series of different proton dose. (b) M, and H, as a function of proton
dose. The circle and square dots represent Ms and H,, respectively.

(M), are revealed in Fig. 4(b). Taking into account the volume mea-
surement error, the saturation magnetization (M;) almost remains
unchanged in all the irradiation conditions. The main reason is that
the displacement energy of proton irradiation does not signifi-
cantly change the occupancy distribution of the metallic cations
in the thin films. The H. does not change obviously when the dose
is less than 5 x 10", but increases rapidly when the dose is higher.
It has been known that the interface becomes unsmooth due to
mutual diffusion according to TEM observations. Obviously the
unsmooth interface is one reason contributed to the increasing
coercivity with high doses of ion radiation because domain-wall
pinning starts to affect the coercivity [28,29]. In addition, the rough
defect layer (Fig. 3(b)) formed due to proton implantation in the Si
substrate presents the tensile stress at the substrate [30], which
can enhance the stress at the interface. This also contributes to
the increase of the H.. In our data, H. has not change obviously
when the dose is less than 5 x 10" ions/cm? because the diffusion
and the stress introduced by irradiation at low dose are not large
enough. When the radiation dose reaches the particular threshold,
the diffusion and the stress at the interface increase rapidly, and
the H. increases accordingly.

In order to investigate the variation of the anisotropy of the thin
films, ferromagnetic resonance (FMR) measurement has been per-
formed in a series of applied magnetic fields ranging from 0 to
9000 Oe. When the direction of applied magnetic field is rotated
in film plane, the resonance field (H,.s) does not changed. It is
demonstrated that the samples are isotropic in film plane.
However, H,.s changes regularly when the direction of applied
magnetic field is rotated out of the film plane. The direction of
the applied field is initially in the direction of the thin film plane
(0 = —90°), then measurement was performed at an interval of
5° until the applied field direction returns back to the film plane
(0g=90°). Fig.5(a) is the transient inductive signal with the
applied field in the normal direction of the thin film. The signal
curves (Fig.5(a)) are integrated and then fitted using a single
Lorentzian function.

Fig. 5(b) shows that the out-of-plane angle (0y) dependence of
the extracted the resonance field Hs and the inset depicts the field
geometry. FMR was used to determine the value of the perpendic-
ular magnetic anisotropy (PMA). The total free energy density can
be expressed approximatively in Eq. (1):

F = —HM;|cos 0y cos Oy + sin Oy sin Oy cos(py, — @y )]
+ 27tM2 cos? Oy + K, sin” Oy 1)

Here the first term is Zeeman energy, the second term is the
demagnetizing field energy, and the last term is the energy of per-
pendicular anisotropy. 0y is the angle between the applied field
and the normal direction of the thin film, 0y is the angle between
magnetization vector and the normal direction of the thin film, ¢y
and @y are the azimuthal angles of M and H, K, is perpendicular
anisotropy constant. Substituting the free energy density F into
FMR frequency can be derived by Suhl and Smit in Eq. (2) [31,32]

(9)27 1 [eFor (oF Y 2
Y M?sin® 0y | 003, 003 \ 00Oy

Then we got the ferromagnetic resonance equation for
out-of-plane measurement configuration (¢u = ¢y). The resonance
condition is expressed in Eq. (3)
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Fig. 5. (a) FMR spectra of the as-deposited and irradiated sample with a series of
different proton dose when an applied field is normal to thin film. (b) Hs as a
function of 0y for the as-deposited and irradiated sample with a series of different
proton dose. (¢) H, and the ges of Hyes as a function of proton irradiation dose for
NiZn ferrite thin films.

Hl,, and H, are the resonance field when the applied field is
parallel (65 =90 or —90) and perpendicular to the thin film plane
(0 =0), respectively. The saturation magnetization 4nM are
obtained by static VSM measurement. The PMA field H, and the
gyromagnetic ratio y can be acquired from Eq. (3), the effective g

value (g.f) is given by

_ 2me
geff ,u()le| / (4)

The H, and g.¢r are extracted as a function of the proton dose in
Fig. 5(c). The PMA field H, is negative and almost does not change
when the irradiation dose is less than 5 x 10'*ions/cm?, which
implies that the magnetic anisotropy direction is in the thin film
plane. When the radiation dose is higher than 5 x 10'*ions/cm?,
H, turns positive and increases dramatically, which indicates that
the magnetic anisotropy shifts from in plane to out of plane. Since
it is obvious that there is expansion of the substrate after proton
implantation, the tensile stress will be simultaneously produced.
As a result, the tensile stress due to the expansion of Si substrate
contributes to the increase of PMA via the negative magnetostric-
tion of polycrystalline NiZn ferrite. The g.¢ reveals the same trend.
The ge¢ driven by microscopic magnetic interactions inside the
materials including the interparticle magnetic dipole interaction
and the superexchange interaction increases dramatically when
ion dose is higher than 5 x 104 ions/cm?. The dipole interaction
among these particles are responsible for the increase of ges, and
the magnitude of this interaction is inversely proportional to the
cube of average interparticle distance [33-36]. For the irradiated
samples, the expansion of the substrate increases the distance
between the columnar grains, which results in the decrease of
the magnetic dipole interaction among the columnar grains. So
the g.¢r should be reduced with the increasing irradiation dose.
On the other hand, the superexchange interaction between mag-
netic ions through the oxygen ions can reduce the geg [33,34].

The magnitude of this interaction is determined by the relative
position of the metallic and oxygen ions. When the distances
between the metallic ions and oxygen ions are shorter and the
included angle between these two metal-oxygen bonds is closer
to 180°, the superexchange interaction is stronger. In our experi-
mental data, the increase of the lattice parameter of the ferrite
results in the decrease of superexchange interaction and the
increase of the g.¢. In conclusion, the magnetic dipole interaction
among the columnar grains and the superexchange interaction
contribute to the variation of g

4. Conclusions

In summary, we have investigated morphology, structure and
magnetic properties of 200 nm thick Nig45ZngssFe;04 thin films
treated by proton irradiation. The thickness and surface morphol-
ogy does not change after irradiation, but an unsmooth interface
and a 300 nm rough defect layer are formed in the Si substrate
after proton irradiation. The lattice parameter increases slightly
with the increasing irradiation dose. H. increases dramatically
when the radiation dose exceeds 5 x 10'*ions/cm?. The reason
for the increase of H, is the enhancements of the mutual diffusion
and the stress. The PMA increases significantly when the radiation
dose is higher than 5 x 10'* ions/cm?. The reason is that the stress
in the substrate can be tuned by proton implantation, and this
stress does naturally influence the magnetic anisotropy via the
negative magnetostriction of polycrystalline NiZn ferrite. Lattice
expansion and the decrease of the magnetic dipole interaction
between the columnar grains results in the variation of the g..

Our work suggests that the H., the magnetic anisotropy and the
g Of polycrystalline ferrite thin films can be flexibly tuned by pro-
ton irradiation. This finding indicates the influence of interface on
the magnetic properties of NiZn ferrite thin films treated by proton
irradiation, which can enrich our capacity of manipulating the
magnetic properties for potential applications.
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