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ABSTRACT

FePtCo ternary alloy films have been grown on Si-substrate by co-sputtering of Co with FePt under three
conditions i.e., as-deposited, in-situ annealed, and with Cu-underlayer using a DC magnetron sputtering.
The film surface roughness, crystal structure, and magnetic properties of these films were investigated. The
average surface roughness (S, and R,) of these films deposited under three deposition conditions slightly
varies in the range of 0.41-2.48 nm with the increase of Co content. The XRD results show that all the films
crystallize in a close-packed FCC structure. The lattice parameters and average crystallite size decrease with
an increase in Co concentration for all deposited conditions. The magnetic measurement indicates that the
as-deposited films exhibit low coercivity and excellent in-plane magnetic anisotropy with a large effective
anisotropy energy in the range of 1.22 x 10 — 1.88 x 107 erg/cc. The increase of Co content in as-deposited
FePtCo films leads to a reduction in the saturation magnetization (Ms) and K. by promoting anti-
ferromagnetic interaction with FePt sublattice. However, the annealing and insertion of a 2 nm Cu-under-
layer further help to enhance the ferromagnetic nature and as a result, the value of Ms and K. is enhanced

with an increase of Co content.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

Recently thin films of metallic multilayers and rare-earth transition
metal alloys have drawn the considerable interest to the scientific
community for their potential application in magnetic storage media
[1-10]. For decades, L1, ordered FePt thin films have drawn the atten-
tion of researchers remarkably because of their potential applications in
high density heat assisted magnetic recording (HAMR) media due to
their large magnetic anisotropy energy density [11-14]. Under normal
deposition condition, FePt films are usually grown in disordered FCC
structure [15,16] which has low magnetic anisotropy energy density
with easy axis along the film plane and possesses soft magnetic prop-
erties [12]. However, for application in perpendicular magnetic re-
cording technology, the FePt film must be fully transformed from
disordered FCC to L1, phase. The L1, ordered FCT structure can be
achieved either by post-annealing of as-deposited films at temperatures
above 450 °C [16-21] or by depositing the films at elevated substrate

* Corresponding authors.
E-mail addresses:
sk.srivastava@cit.ac.in (S.K. Srivastava).

m (R. Brahma),

https://doi.org/10.1016/j.jallcom.2023.170313
0925-8388/© 2023 Elsevier B.V. All rights reserved.
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temperature (in-situ annealing) above 500°C [22-25]. It was observed
that upon annealing of the films, the FCC changes to L1, ordered with
easy axis tilted 35° away from the film plane, which can be further
tuned in direction perpendicular to film plane [1516]. Several in-
vestigations on FePt alloy films, FePt/Ag bilayer films, and FePtAg
ternary alloy thin films have been reported due to their potential ap-
plication to replace present conventional CoCrPt-based storage media
[26,27]. For application in high areal density (~ Tb/in?) recording media,
FePt-based films should have high magnetocrystalline anisotropy en-
ergy, high saturation magnetization (Ms) and beyond room temperature
Curie temperature [28]. The material properties like magnetic aniso-
tropy, curie temperature, structural ordering temperature, and crystal-
lographic orientation of FePt alloy film can be manipulated by adding
third elements such as Au, Ag, Cr, Mn, Cu, Ni, etc. [13222629-33]. It
was further reported that the base pressure of the deposition chamber
also plays a significant role in lowering of ordering temperature of FePt
alloy thin films [34]. Several theoretical studies have been performed
based on first principle calculations on doping of third elements such as
Mn to FePt by replacing Fe with [35.36]. However, their results showed
that anisotropy constant and coercivity decrease with an increase in Mn
content and also increased antiferromagnetic interaction. Doping of
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Fig. 1. Schematic diagram of sputtering deposition of FePtCo thin films using magnetron sputtering system.

rare-earth elements such as Nd, Tb, etc. as third elements has also been
reported for applications of permanent magnet and sensor applications
[22,37]. In the present report, we have attempted to study the structural
and magnetic properties of FePtCo alloy thin films prepared by dc
magnetron sputtering. We have studied the influence of addition of Co
to FePt deposited under various deposition conditions such as; as-de-
posited, annealing at a temperature below which disordered FCC to L1o
ordered FCT transition takes place, and insertion of Cu-underlayer on
the magnetic properties of FePtCo thin fims. So, the main objective of
present manuscript is to study the influence of Co addition on magnetic
properties of FCC phase of FePtCo thin films prepared under various
conditions in a correlation with crystal structure and surface roughness.

2. Experimental details

The (Fep4Pto6)1-xC0ox (x=0, 0.11, 0.17, 028 and 0.30) ternary alloy thin
films have been grown on Si substrate (dimension 4cmx2.5 cm) using a
UHV magnetron sputtering (Make: LJ Equipment, Model: LJHUV SP5)
system. The ternary alloy thin films were deposited by co-sputtering of
pure Co target with FesoPte alloy target at 5 mTorr (base pressure)
under Ar gas environment (as shown in Fig. 1). The three sets of samples
were prepared under three different deposition conditions, first: de-
posited at room temperature (as-deposited), second: deposited at sub-
strate temperature 673K (in-situ annealed) which is well below the
temperature at which FCC to L1, FCT phase transition takes place, and
third: first nonmagnetic Cu layer of 2 nm was deposited on Si substrate
at room temperature and then FePtCo films were deposited on Cu layer
(Cu-under layered). In the first two set of samples, one thin film of
Fe4oPtgp alloy without co-sputtering of Co and four FePt thin films by
adding third element Co, a total of five samples were prepared, and in
the third set of samples four FePtCo thin films were prepared by co-
sputtering of Co with Fe4oPteo alloy target. In all samples, Fe,oPtsy Was

Count

4

b 2
ull Scale 125291 cts Cursor: 0.000

sputtered at the same power 25 watt and the Co target was sputtered at
four different powers 25, 50, 75, and 100 watt to obtain varying Co
content in the films. The deposition time of each sample was so main-
tained to keep the thickness of all samples approximately the same
(100nm). The thickness of all prepared films was measured using 3D
optical profilometer (Make: Filmetrics, USA, Model: 3D Profilm). For
thickness measurement, the films were deposited on the partially
masked substrate to create step height of the films. After deposition,
masks were removed and the step height of the film was measured by
profilometer. The deposited samples were cut into small pieces for dif-
ferent characterization. The film surface topography and surface
roughness were also measured by this profilometer and atomic force
microscopy (Make: Bruker, Model: Innova). The compositions of the
deposited thin films were estimated by energy dispersive x-ray spec-
troscopy (EDX) (Make: JEOL JAPAN, Model: ]SM 6390LV) equipped with
scanning electron microscope. The EDX calibration was performed by
using Cu grid as reference standard materials. Measurements were
performed at 15-20kV and electron beam was scanned on a
50 pm x 70um area during analysis. The structural property of the
thin films was analyzed by Grazing incidence x-ray diffraction (GIXRD)
machine (Make: Rigaku Corporation Japan, Model: Smart LAb) operated
at 5.4kW. The 6 — 26 x-ray diffraction measurement was carried out
using Co-Ker at room temperature and the data were collected after
subtracting the substrate contribution. The magnetic properties were
measured by vibrating sample magnetometer (VSM) (Make: MicroSense
VSM USA, Model: EZ16) at room temperature in the applied magnetic
field range of 0 to +18000 Oe.

3. Results

The composition of the deposited thin films in relative atomic
percentage was estimated by EDX spectroscopy. A representative

Element|[Weight%|[Atomic%]|
FeK 1398 |31.85
CoK 798 |[17.23
PtM_|[78.05 [}50.92

Totals  |{100.00

Energy

Fig. 2. EDX spectrum (left) of (Feq4Ptos)i1-xCox film for which the Co target was sputtered at 50 watt. The right panel indicates the measured relative weight and atomic
percentage of elements present in the sample. The exact composition has been found as (Feq4Pto)o83C0017 i.e. with x=0.17 (17 at% Co).
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Fig.3. 3D image of surface profile (middle) and line profile (right) with colour contrast z-scale (left) of (Feg 4Pto.6)o.s0Cog,1 ternary alloy thin films prepared under three deposition

conditions.

EDX spectrum of as-deposited thin film of (Fe 4Pto6);-xCox With Co
target deposited at 50 watt has been presented in Fig. 2 for which
the exact composition has been found as (Feo 4Ptos)o.83C00.17 i.e. with
x=0.17 (17 at% Co). The obtained composition of the as-deposited
thin films are found to be x=0.11, 0.17, 0.28, and 0.30 for the films
deposited with Co target power of 25, 50, 75, and 100 watt respec-
tively. The Co content of the films are seen to increase with an in-
crease in sputtering power as expected.
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The thin film thickness and surface roughness were measured by
3D optical profilometer. To measure the thickness, the films were
deposited on the partially masked substrate to create the step height
of the film. After deposition, the masking tapes were removed and
the step heights were measured using the step height mode of
Profilm 3D optical profilometer. The thickness of the films was found
to be approximately 100 nm for all deposited films. The average
surface roughness S, which is the average absolute distance of the
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Sa, Ry, lattice parameters, average crystallite size and room temperature magnetic parameters Ms, Hc, Kerr of as-deposited and in-situ annealed FePtCo alloy thin films. The quantity

in the brackets indicate the error.

Sample (Feg4Ptog)1-xCox x=0 x=011 x=017 x=0.28 x=0.30
As-deposited Sa (nm) 141 m 081 0.76 248

R, (nm) 053 047 048 052 0.66

R, (nm) (AFM) 041 053 069 047 157

Lattice parameters (A) 3.821 (0.001) 3.804 (0.010) 3.799 (0.001) 3.762 (0.001) 3.746

(0.001)

Fitting parameter (;2) 1.40 129 123 138 1.24

Crystallite size (nm) 2143 15.71 10.85 13.08 13.05

Ms (emu/cc) 2036 1633 1691 1428 1155

Hc (Oe) In-plane 46 63 53 78 72

Out-of-plane 177 237 91 82 31

Kenr (ergfcc) 1.88x 107 9.42x 106 7.05x 108 7.30x 108 6.55x 106
In-situ annealed S, (nm) 1.02 0.83 091 0.76 1.06

R, (nm) 053 054 048 0.52 0.52

R. (nm) (AFM) 0.23 0.44 0.40 - -

Lattice parameters (A) 3.819 (0.001) 3.802 3.90 (0.002) 3.758 (0.001) 3.742 (0.005)

(0.005)

Fitting parameter () 1.69 120 118 194 129

Crystallite size (nm) 14.44 1771 - 1157 9.88

Ms (emu/cc) 2484 1780 47 1196 1283

He (Oe) In-plane 82 72 86 73 65

Out-of-plane 14 931 33 47 200
Ken (erg/cc) 1.27x 107 758 x 108 122 x 108 7.12 x 108 7.54 x 10°

surface points from the mean plane [38] was measured in 1SO 25178
height standard mode. The R,; which is the average deviation of the
roughness profile within the scanned length of the sample [39], was
measured in ISO 4287 amplitude standard mode. The representative
3D images of the surface and line profile along with colour contrast
z-scale of the film with Co 11 at% prepared under three deposition
conditions are presented in Fig. 3 and the obtained values of S, and
R, are listed in Table 1 and Table 2. The value of R, varies along the
different lines of measurement within the scanned area of the
sample. So for the best result, the R, is measured along the middle of
the scanned area of the sample. The value of S, of films ranges from
0.76nm to 2.48nm and R, from 041 nm to 0.66 nm against the
thickness of 100 nm of the films. The value of S, of as-deposited films
first slightly decreases with an increase of Co-content up to 17 at%
and then increases with further increase in the Co-content of the
film and it is plotted in later section as Fig. 8 (a). On the other hand,
all compositions of annealed films have nearly the same values of S,
and R,. These values of S, and R, are smaller than the S, and R,
obtained for as-deposited films. This indicates that annealing of
films reduces the film surface roughness which may be due to the
migration of atoms during annealing. The Cu-under layered films
have nearly the same S, and R, as that of annealed films except for
x=0.28 samples. The film surface roughness R, is also measured
using AFM. The representative 2D and 3D AFM images of 11 at% Co-
doped (Feq 4Pto,6)0.89C0011 film prepared under as-deposited, in-situ
annealed and Cu-under layered are presented in Fig. 4. The obtained
R, of as-deposited and annealed films are presented in Table 1, and

Table 2

Cu-under layered films in Table 2. The R, obtained from AFM mea-
surement slightly differs from the R, obtained from 3D optical
profilometer and shows a small overall increase in the range of
0.23-1.57 nm with the increase in Co-doping. These results indicate
that all films are relatively smooth for the films with thickness of
100 nm.

For structural analysis, x-ray diffraction (XRD) measurement was
carried out for all samples at room temperature using Co-Ke radia-
tion. The obtained XRD results show that all thin films prepared
under three different conditions exhibit the face-centered cubic
(FCC) structure with space group Fm3m No. 225. The results show
that the in-situ annealing of films and insertion of Cu-underlayer
(2 nm) do not affect the FCC phase of FePtCo alloy films. The results
also reveal that the annealing temperature of 673 K is not sufficient
for the formation of L1y FCT phase. To determine the lattice para-
meters, Rietveld refinement of the XRD pattern was carried out using
FullProf Suite software [40-42]. The Rietveld refinement fit of XRD
profiles of as-deposited, in-situ annealed, and Cu-under layered
FePtCo thin films are presented in Figs. 5, 6 and Fig. 7 respectively
and the obtained lattice parameters along with fitting parameters
are presented in Table 1 and Table 2. From the XRD patterns, it is
noticed that the annealing and insertion of Cu underlayer promote
the (200) and (220) plane also. The lattice parameters of all FePtCo
thin films deposited under the three conditions are found to vary
with the film composition as depicted in Fig. 8(b). With an increase
in Co content, the lattice parameters of as-deposited films show a
systematic decrease from 3.822 A for pure FePt to 3.746 A for Co

Sa, Ry, lattice parameters, average crystallite size and room temperature magnetic parameters Ms, H, Ker of Cu under layered FePtCo alloy thin films. The quantity in the brackets

indicate the error.

Sample (Fep.4Ptog)1-xCox x=011 x=0.17 x=0.28 x=0.30
Cu-under layered S, (nm) 0.84 0.76 125 1.03
R, (nm) 041 0.41 0.54 044
R, (nm) (AFM) 0.507 0.365 0.928 0.915
Lattice parameters (A) 3.796 (0.001) 3.772 (0.001) 3.765 (0.001) 3.752 (0.001)
Fitting parameter (x2) 148 153 135 183
Crystallite size (nm) 18.01 11.22 10.27 11.86
Ms (emujcc) 2266 1010 1637 1482
Hc (Oe) In-plane 73 86 73 70
Out-of-plane 132 276 118 225
Ken (erg/cc) 131 x 107 249 x 10° 9.17 x 106 8.13 x 106
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0.0 2.0 um

Fig. 4. 2D and 3D Atomic Force Microscopy images along with colour contrast scale of (Feq.4Ptog)oseCoo.n thin films prepared under three deposition conditions.

30 at% film and; for Cu-under layered films, it decreases from 3.796
A for Co 11at% to 3.752 A for Co 30 at%. However, the in-situ an-
nealed Co 17 at% film has the largest lattice parameters of 3.900 A as
can be seen in Fig. 8(b). For other in-situ annealed films lattice
parameters decrease from 3.819 A to 3.742 A with increase in Co
content. This is expected due to the smaller atomic radii of the Co
atom (1.52 A) [43] than the Pt atom (1.77 A) [43] and hence the
overall result indicate a decrease in the lattice parameters. Except
17 at% Co, all other films deposited under different conditions pos-
sess nearly the same lattice parameters and vary in a similar nature

174

with Co addition. A dispersion of lattice parameters is observed for
17 at. Co doped films (see Fig. 8(b)), the largest being 3.900 A for in-
situ annealed and the least being 3.772 A for Cu-under layered film.
The peak position of the highest intensity XRD peak (111) and
FWHM are obtained by fitting the XRD peak using the pseudo-voigt
peak function and the average crystallite size of the films is calcu-
lated using Scherrer equation [44-46].

ka

Dy =
"7 B cosé




RK. Basumatary, H. Basumatary, M.M. Raja et al.

Journal of Alloys and Compounds 955 (2023) 170313

Fe, Pty —o— Observed
as-deposited Calculated
—— Difference

| Bragg Position

(220)

1 " 1 i 1 " 1

(Fey Pty )o.8sC0 44
as-deposited

—0— Observed
—— Calculated
—— Difference

| Bragg position

(220)

“= L 1 ! ! 1 ! !
3
S (111) (Feq Pty 6)os:C0g 47 —o— Observed
> as-deposited Calculated
’(7,-" —— Difference
o | Bragg position
Q
c (220)
W'A.w
1 1 1 1 1 1 1
11 (Feg Pty 6)o72C0q 55 —0— Observed
ST ’ —— Calculated
as-deposited Differefica

| Bragg position
(220)

1 " 1 " 1 n 1

(Fey Pty )0y

as-deposited

—O0— Observed
—— Calculated
—— Difference

| Bragg position

(220)

70 80 90

20 (degree)

Fig. 5. XRD patterns along with the Rietveld refinement fitting of as-deposited FePtCo ternary alloy thin films.

Where 1(=1.79A) is wavelength of the x-ray (Co-K.), k=0.9 is a
constant, 8 is FWHM of XRD peak and & is obtained by dividing peak
position (26) by 2. Due to the large peak broadening of annealed Co
17 at% film, the peak could not be fitted and hence crystallite size
could not be determined for this sample. The obtained average
crystallite size of all prepared films is presented in Table 1 and
Table 2. The variation of average crystallite size of all the samples has
been plotted as a function of Co content of the samples and pre-
sented in Fig. 8(c). For the first three as-deposited samples up to Co
17 at%, reduction in crystallite size is observed from 21.43 nm to
10.85 nm. Above 17 at% it increases to 13.05 nm with further increase
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in Co addition. A similar variation in crystallite size is also observed
for Cu-under layered films. On the other hand, in-situ annealing of
films leads crystallite size to vary differently. The crystallite size first
increases from 14.44 nm for pure FePt film to 17.71 nm Co 11 at%,
thereafter decreases nearly linearly with further increase in the Co
content of the films as depicted in Fig. 8(c). As the insertion of Cu
underlayer and annealing of the films do not affect the FCC structure,
it can be concluded that the dominant factor leading to variation of
crystallite size with deposition conditions is the XRD peak broad-
ening which may be due to the internal stresses of the crystal. Upon
annealing and insertion of Cu underlayer, the intensity ratio of (111)
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Fig. 6. XRD patterns along with the Rietveld refinement fitting of in-situ annealed FePtCo ternary alloy thin films at temperature 673 K.

peak to (200) and (220) peaks decreases. This suggests that an-
nealing and insertion of Cu underlayer help pure FePt and Co-doped
FePt films to grow in (200) and (220) directions.

The room temperature magnetization measurement as a function
of applied field (M-H) of all the samples was carried out using VSM
by applying field in two directions, one parallel to the plane of film
(In-plane magnetization) and the other perpendicular to the plane of
film (Out-of-plane magnetization). The measurement was carried
out in the magnetic field range of 0 Oe to +18000 Oe. The obtained
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M-H hysteresis loops and plot of the variation of coercive fields (Hc)
and saturation magnetization (Ms) with film composition of as-de-
posited FePtCo thin films are presented in Fig. 9. All the in-plane
magnetization of as-deposited thin films exhibits nearly square
hysteresis loop. The coercive fields (Hc) of the in-plane magnetiza-
tion are found to vary in a small range of 46-78 Oe with the increase
in Co content of as-deposited thin films. On the other hand, the Hc of
out-of-plane magnetization first increases from 177 Oe for Fey 4Ptog
film to 273 Oe for Co 11 at%. With further increase in Co content, out-
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Fig. 7. XRD patterns along with Rietveld refinement fitting of

of-plane Hc decreases to 31 Oe for 30 at% Co content film (Table 1).
The values of out-of-plane H¢ are greater than Hc of in-plane M-H
loops indicating the films are magnetically harder in out-of-plane
direction than in in-plane direction except for 30 at% Co-doped film.
The saturation magnetization also shows a systematic decrease with
anincrease in Co content of the thin films from 2036 emu/cc for pure
FePt film to 1155 emu/cc for the film with 30 at% Co (Table 1). It has
also been observed that the in-plane magnetization of all as-
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f FePtCo ternary alloy thin films deposited on Cu-underlayer.

deposited thin films saturate at a much lower field than the out-of-
plane magnetization. This indicates that all as-deposited FePtCo thin
films exhibit in-plane magnetic anisotropy with magnetic easy axis
parallel to the film plane and magnetic hard axis perpendicular to
the film plane. We have also estimated the effective anisotropy en-
ergy constant (Ke) from M-H curves by calculating the area en-
closed by in-plane and out-of-plane M-H curves. The difference in
area enclosed by in-plane M-H curves and out-of-plane M-H curves
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Fig. 8. Variation of (a) average surface roughness S,, (b) lattice parameter and (c) average crystallite size as a function of Co content of FePtCo alloy thin films.

is the indicative effective anisotropic energy constant [1,3047]. The
obtained values of effective anisotropic energies are given in Table 1.
Large values of K¢ are observed in all as-deposited thin films but the
value of K decreases from 1.88x 107 ergjcc to 6.55x10° erg/cc with
an increase in Co content from 0 to 30 at% as shown in Fig. 12 (b).
The room temperature M-H hysteresis curves of in-situ annealed
thin films are presented in Fig. 10 and the obtained magnetic para-
meters are presented in Table 1. The in-plane H¢ of annealed thin
films shows a small variation with the film composition. However,
the coercive field of out-of-plane M-H loops increases from 14 Oe to
200 Oe with the increase in Co-content of the films except for Co
11 at% film. The Co 11 at% film has an exceptionally large value of
out-of-plane Hc 931 Oe. As can be seen from Table 1, the first three
in-situ annealed thin films have larger values of in-plane Hc than the
as-deposited films with the same composition, but for the last two
samples with 28 and 30at% Co, in-plane Hc is smaller than the
corresponding as-deposited films. The most apparent impact of Co is
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on the saturation magnetization which strongly reduced from
2484 emu/cc to 471 emu/cc with the addition of Co up to 17 at%.
With further increase in Co content above 17 at% nearly linear in-
crease in Ms from 471 emujcc to 1283 emu/cc is seen (bottom right
corner of Fig. 10). The in-plane magnetization curves of all in-situ
annealed FePtCo thin films saturate at a much smaller applied field
than out-of-plane magnetization curves. This indicates that all in-
situ annealed films also exhibit in-plane magnetic anisotropy with
easy axis parallel to the film plane. The effective magnetic aniso-
tropic constants are estimated from the area enclosed by in-plane
and out-of-plane M-H curves and the obtained values of K are
presented in Table 1. The K of annealed films is found to be smaller
than the as-deposited films which suggests that annealing does not
enhance magnetic anisotropy. Addition of Co up to 17 at% results
reduction in Ker from 1.27x 107 ergjcc for pure FePt film to
1.22 x 106 ergfcc for Co 17 at%. Above 17 at%, Co addition results in a
nearly linear increase in Keg to 7.54 x 10° ergjcc for the film with
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Fig.9. Room temperature M-H hysteresis curves, and (bottom right corner) plot of variation of coercivity and saturation magnetization as a function of Co content of as-deposited

FePtCo ternary alloy thin films.

30 at% Co. The nature of variation of K is found to be similar to the
variation of Ms with film compositions of these films as shown in
Fig. 12 (b). This suggests that the Co-doping to FePt films promotes
antiferromagnetic coupling up to 17 at% Co-doping as a result of
which net magnetic moment decreases. With further increase in Co
above 17 at%, ferromagnetic coupling again starts and the net mag-
netic magnetization starts increasing with an increase in Co addi-
tion. The room temperature M-H loops Cu under layered films also
shows similar in-plane anisotropy behaviour to those of as-de-
posited and in-situ annealed films with easy axis parallel to film
plane as shown in Fig. 11. The obtained Ms, Hc, and Keg of Cu under
layered films are presented in Table 1. The Ms of these films initially
decreases with Co addition from 2266 emujcc for 11at% Co to
1010 emu/cc for film with Co 17 at% as can be seen in Fig. 12 (a).
Above Co 17 at% Ms shows an overall increase with an increase in Co
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addition. The nature of variation Ms of Cu under layered films is
similar to the variation of Ms of in-situ annealed films. However, the
obtained values of Ms of Cu-under layered films are greater than the
Ms of as-deposited and in-situ annealed thin films except for 17 at%
Co film. This indicates that the insertion of Cu-underlayer enhances
the net magnetization of FePtCo films. It also suggests that the ad-
dition of Co up to 17 at% favours antiferromagnetic interaction as a
result of which a decrease in Ms is observed. With further increase in
Co-doping beyond 17 at%, the magnetic interaction again changes to
ferromagnetic as a result of which an appreciable increase in Ms has
been observed in Cu-under layered films. The Hc of in-plane mag-
netization of these films is also found to vary slightly in the range of
70-86 Oe with film composition (Fig. 12 (a)). The effective magnetic
anisotropic constants calculated from M-H curves of these films also
show similar variation with film composition to in-situ annealed
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Fig.10. Room temperature M-H hysteresis curves, and plot of variation of magnetic parameters Hc and Ms as a function of Co content of in-situ annealed FePtCo alloy thin films.

FePtCo films (see Fig. 12 (b)). The 17 at% Co-doped FePt film with Cu-
underlayer has the least K than other Cu-under layered films. With
an increase or decrease in Co-doping the K. of the Cu-under layered
films increases. All these observations suggest that K.y is strongly
film composition dependent irrespective of film deposition condi-
tion. The annealing of the films results in reduction in K. but the
insertion of Cu-underlayer has improved the K. except for the film
with 17 at% Co.
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4. Discussion

Thus, the study of the film surface roughness, crystal structure, and
magnetic properties of FePtCo ternary alloy films revealed many in-
teresting features. The film surface roughness S, and R, of all films
deposited under the three conditions measured using 3D optical pro-
filometer as well as AFM varies in the range of 0.41-2.48 nm, which
appears to be sufficiently smaller as compared to the thickness of
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Fig. 11. Room temperature M-H hysteresis curves of FePtCo alloy thin films deposited on 2 nm Cu-underlayer.

100 nm of the films. These small film roughnesses are found in-
sufficient to influence the magnetic property of these thin films. The
FCC structure of as-deposited as well as Cu-under layered (2 nm) FePt
thin films is not altered by the addition of third element Co up to 30 at%
as observed in XRD patterns of these films. The annealing of the films
at a temperature of 673K is also seen as insufficient to transform the
FCC structure of these films to L1o ordered structure. The most ap-
parent impact of annealing and insertion of Cu underlayer on crystal
structure is that they promote crystal growth in (200) and (220) di-
rections along with (111) texture in contrast to as-deposition. Also the
obtained magnetic parameters He, Ms and K.y vary differently as
compared to the variation in lattice parameters and average crystallite
size. All these observations show that the magnetic properties of these
films are solely controlled by Co content of FePtCo films. To emphasize
the role of Co on the magnetic properties of FePtCo films, the saturation
magnetization and effective magnetic anisotropic constant of as-de-
posited films are plotted as a function of Co content of the films in
Fig. 13 and Fig. 12 respectively. For as-deposited thin films, the decrease
in Ms with increase in Co content is attributed to the antiferromagnetic
coupling of Co sublattice with FePt sublattice. Antiferromagnetic cou-
pling of Co and FePt sublattice with unequal magnetic moment Co and
FePt results in ferrimagnetic coupling. As a result of this, the net
magnetization and effective anisotropic energy decrease with increase
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in Co content of as-deposited films. A similar observation has been
reported in Mn-doped [24,3536], and Nd-doped [37] FePt films. The
annealing also enhances the net magnetization of pure FePt film, which
decreases drastically with Co addition from 2484 emu/cc for pure FePt
film to 471 emu/cc for Co 17at% due to antiferromagnetic interaction
between Co and FePt sublattice. On the other hand, the annealing re-
sults reduction in in-plane magnetic anisotropy as evident from Fig. 12
(b). The large difference in Ms and K.y of as-deposited and in-situ
annealed Co 17 at% film indicates the existence of a strong anti-
ferromagnetic interaction at 17 at% Co. On further increase of Co ad-
dition to 30 at%, the Co promotes ferromagnetic coupling as a result of
which Mg again starts increasing to 1283 emu/cc. A similar variation of
Ker of annealed FePtCo films is observed in Fig. 12 (b). This suggests
that 17 at% is the optimum value of Co addition up to which anti-
ferromagnetic coupling between Co and FePt dominates over ferro-
magnetic coupling and above which further Co addition favours
ferromagnetic coupling. A Similar variation of magnetization and K¢ of
Cu-under layered FePtCo films have been observed similar to annealed
films which clearly indicates that addition of Co to 17 at% leads to
strong antiferromagnetic interaction, and above 17 at% ferromagnetic
interaction dominates. Moreover, the insertion of Cu-underlayer im-
proves the net magnetization and in-plane magnetic anisotropy of the
FePtCo thin films.
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5. Conclusion
In conclusion, we have prepared of FePtCo ternary alloy thin films

of thickness 100 nm under three deposition conditions as-deposited,
in-situ annealed at 673 K, and deposited on 2 nm Cu-underlayer by
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dc magnetron sputtering. The influence of Co-doping concentration
on crystal structure and magnetic properties was studied. Our re-
sults showed that all prepared thin films have relatively low surface
roughness as measured by 3D optical profilometer and AFM. All
films prepared under three deposition conditions crystallized in FCC
structure as confirmed by XRD results. The Co addition to FePt leads
to reduction in lattice parameters due to smaller atomic radius of Co
than Pt. The annealing and insertion of Cu underlayer promotes the
crystal growth in (200) and (220) plane. The average crystallite size
on the other hand varies with Co content as well as with deposition
conditions of the films. All the films prepared under three conditions
show soft ferromagnetism and exhibit large in-plane magnetic ani-
sotropy with easy axis parallel to the film plane. The in-plane Hc
varies in a smaller range of 46-86Oe than the out-of-plane Hc
(14-931 Oe). The Co addition to FePt leads to an antiferromagnetic
coupling between Co and FePt resulting reduction in net magneti-
zation and effective magnetic anisotropy energy constant of as-de-
posited FePtCo films. On the other hand, an optimum Co addition
(17 at%) is observed below which Co addition leads to anti-
ferromagnetic interaction between Co and FePt sublattice for both
annealed and Cu under layered films. Above this optimum value, Co
addition up to 30at% leads to ferromagnetic coupling between Co
and FePt sublattice, as a result of which saturation magnetization
and effective anisotropy constant start increasing. Such interesting
magnetic properties of these thin films make them suitable candi-
date for application in storage devices if properly tuned to achieve
perpendicular magnetic anisotropy.
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Abstract

The structure and magnetic property ofas prepared and post-annealed thin films of CoTbNi ternary alloy have been investigated.
(Cog55Tby.15)1«Ni, alloy thin films with x = (0.54, 0.63, 0.72, 0.81) were grown on Si-substrate by co-sputtering of Ni element
and Cog gs5Tbg 15 alloy using dc magnetron sputtering. These films have been crystallized in amorphous form, as confirmed by X-
ray diffraction (XRD) measurement. The magnetization versus field measurements shows that these films exhibit room temper-
ature ferromagnetism. The magnetic properties of these alloy films have a strong dependency on the Ni concentrations. It is
observed that the saturation magnetization and coercivity of these alloy thin films decreases with increase of Ni content of the
films. One of the striking features was the observation of perpendicular magnetic anisotropy (PMA) for x = 0.63 and 0.72 thin
films. However, the observed PMA disappears upon post-annealing of the films. The M-T measurement shows that the ferro-

magnetic transition temperatures of these materials are much higher than the room temperature.

Keywords Thin film - Temary CoTbNialloy - Co-Tballoy - Perpendicular magnetic anisotropy

1 Introduction

Since last couple of decades, there have been intense investi-
gations on the magnetic properties of amorphous rare-earth-
transition metal (RE-TM) thin films due to their potential ap-
plications in various practical devices such as spintronic and
perpendicular magnetic recording devices. The RE-TM alloys
are usually ferrimagnetic with the moments of RE (Gd, Tb,
Ho, etc.) and TM (Fe, Co, Ni, etc.) aligned antiparallel due to
the exchange interaction between f'and d electrons [1, 2]. The
magnetic properties of these alloy films can be tuned by the
addition of under- and/or over-layers, such as Cu, Al, Ag,
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TiN, Ta, etc. which also can serve as protective layer for
oxidation and coercivity enhancement [3-7]. The other way
to modify the magnetic properties of RE-TM alloy films is by
varying film composition, film thickness, sputtering condi-
tions, and microstructure [8-10].

Recently, the discovery of perpendicular magnetic anisot-
ropy (PMA) in amorphous Co-Tb-based alloys have been
revisited by the investigators due to their wide variety of col-
linear magnetic ordering such as ferrimagnetism as well as
non-collinear magnetic ordering such as speromagnetism,
asperornagnetism, and sperimagnetism, which occur due to
competition between random local anisotropy and exchange
interaction [11-16]. Co-Tb-based alloys have high perpendic-
ular magnetic anisotropy and low magnetization which make
these alloys a potential candidate for data storage application.
One advantage of using such low magnetization materials for
data storage is its weak coupling to any external magnetic field
that could otherwise erase the stored information. Magnetic
anisotropy is also the origin of long-range magnetic order in
low dimensional magnetic systems [17] that play a vital role in
determining the magnetically hard and soft properties of a
material [18]. In our previous report, PMA along with biaxial
anisotropy was observed in Cog gsTbg s film with coercive
field of 600 Oe [13]. Moreover, it was reported by Tang
et al. that PMA strength decreases in both Co-rich and Tb-
rich CoTb alloy films [19]. In the present work, we have taken
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Fig. 1 a Top view of the step
height and surface roughness of
(Coy.85Tbg.15)0.46Nips4 film
captured by profilm 3D filmetrics
optical profilometer. The left
portion (yellow) of a is the
substrate while the right portion
(red) is film. b Film thickness and
surface roughness profile of
deposited film. ¢ EDX spectrum
for x=0.72 sample

200 400 60

up to study the Ni-rich CoTbNi alloy thin films and to see its
influence on the crystal structure and magnetic property. We
also study the effect of post annealing on magnetic properties
of these alloy films.
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Fig. 2 XRD pattem of a as-prepared and b post-annealed thin films of
(Cop g5Tbyg 1)1 Niy (x=0, 0.54, 0.63, 0.72, 0.81) alloy
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2 Experimental Details

Four samples of (CoggsTbg 15)1-.Ni, alloy thin films with
x=(0.54, 0.63, 0.72, 0.81) have been prepared by co-sputtering
of CopssThg1s and pure Ni targets on Si substrate under high
vacuum (base pressure ~4 x 10> mbar) using DC magnetron
sputtering system. During co-sputtering, the CoggsTby 15 target
was deposited at constant power in all the samples and the pure
Ni target was deposited at four different power to vary the Ni
content in all the samples. The total thickness of all CoTbNi
ternary alloy films were kept constant (120 nm). A non-
magnetic layer of Ta (2 nm thick) has also been deposited as a
cap layer to protect the film from oxidation and scratches. A set
of four samples with same compositions were deposited and
annealed at 400 °C for 1 h to study the effect of post-annealing
on the magnetic properties of these samples. The film thickness
and film roughness of all prepared films were measured by 3D
optical profilometer (3D profilm, Filmetrics). The structural anal-
yses were carried out by X-ray diffraction measurement. The film
compositions were determined by energy-dispersive X-ray spec-
troscopy, and the magnetic properties were measured by vibrat-
ing sample magnetometer (VSM).

3 Results and Discussion

The film thickness and surface roughness of the deposited
(Co0.85Tbg.15)1-«Ni, alloy films were measured by 3D optical
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Fig. 3 a—d Out-of-plane (solid 12004 1000,
squire) and in-plane (solid circle) 8 900l E
M-H curves for as-prepared E s00] S s00
(Coy 5Ty 15);..Ni, alloy films ) 5
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profilometer. To measure the film thickness and to study the
surface profile of prepared films, a step height was created by
depositing the thin films on a partially masked substrate. After
deposition, the mask was removed and step height was mea-
sured. The top view ofa typical step height has been presented
in Fig. la. The average roughness of the film is recorded to be
~4 nm, which indicates that the films are relatively smooth
(see Fig. 1b). The compositions of all prepared (Co, gsTbg ;5);-
Ni, alloy films were estimated by energy-dispersive X-ray
spectroscopy (EDS). The composition of the samples is found
to be x=10.54, 0.63, 0.72, 0.81. Typical EDS spectrum of x =
0.72 sample is presented in Fig. lc. The structural analyses of
the as-prepared and post-annealed films of these alloys were
carried out by XRD measurement and presented in Fig. 2. The
annealing of samples was carried out at 400 °C, the temperature
at which formation of crystalline phase starts for CoTb alloy
film [20]. The X-ray patterns for both as-prepared and annealed
samples show a broad maximum, typically observed for amor-
phous alloys, as described in other work [13]. Additionally, a

-3 0 3
Field (k-Oe)

3 0 3 6
Field (k-Oe)

crystalline peak has been observed at 26 ~33° for both as-
prepared sample and post-annealed films. This narrow reflec-
tion is likely due to Si (100) substrates, which is usually ob-
served in XRD measurements of different materials deposited
on Si (100) substrates. No evolution of other peaks is observed
with increasing Ni content in as-prepared as well as in annealed
samples. It indicates that crystalline temperature for these alloys
is above the 400 °C.

The measurement of in-plane and out-of-plane magnetiza-
tion (M) as a function of magnetic field (H) for all the prepared
(CoggsTby 15)Ni, alloy films have been carried out using
VSM at room temperature. The in-plane M-H curves were
measured with application of field parallel to the film plane
and out-of-plane M-H curves were measured with field per-
pendicular to the film plane. The well-defined in-plane and
out-plane M-H hysteresis loop of as-prepared samples as
shown in Fig. 3a-d indicate that all the samples exhibit room
temperature ferromagnetism. It is observed that saturation
magnetization (M) and squareness [Mg/Mg] were found to

Table 1 Variation of magnetic

properties parameters of Parameters Samples
(Coy 5Ty, 5);.,Ni, alloy films
with x = (0.54, 0.63, 0.72, 0.81). x=0.54 x=0.63 x=0.72 x=0.81
He is perpendicular coercivity.
My, and Mg are the remanent and As-pre.  Post-ann.  As-pre.  Post-anmn.  As-pre.  Post-ann.  As-pre.  Post-ann.
saturation magnetization,
respectively. [Mgr/Ms] indicates Hc (Oe) 140 149 141 145 145 148 150 150
squareness of the hysteresis Mg (emu/cc) 134 2 95 82 44 72 23 56
curves. Koeris the cffective Mg (emuce) 1170 764 890 805 431 351 399 368
anisotropy constant

[Mgr/Ms] 0.11 0.05 0.11 0.10 0.10 0.20 0.06 0.15

Kop (erglem’)  — 242 x10° 1.57 % 10° =
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Fig. 4 a-d Out-of-plane (red) and
in-plane M-H curves for annealed
(Coy 5Tby,15);Ni, alloy films
measured at room temperature.
Annealing of thin film was carried
out at 400 °C

Fig. 5 Comparative plot of out-
plane M-H curves for as-prepared
(blue) and post-annealed samples
(red) measured at room
temperature with field applied in
direction of plane of the film
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Fig. 4 a—d Out-of-plane (red) and
in-plane M-H curves for annealed
(Coy gsTby 1 5),.Ni, alloy films
measured at room temperature.
Annealing of thin film was carried
out at 400 °C

Fig. 5 Comparative plot of out-
plane M-H curves for as-prepared
(blue) and post-annealed samples
(red) measured at room
temperature with field applied in
direction of plane of the film
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ARTICLEINFO ABSTRACT

Keywords: Rare earth-transition metal (RE-TM) amorphous alloys films with promising tunable perpendic-
Ternary alloy ular magnetic anisotropy are projected to be exploited for magnetic recording media and spin-
Thin films

tronic applications. Here variation of magnetic property of thin films of Co.63Tbo.11Nio.26,
C00.41Tbo.14Nip 45 and Cog.32Tbo.0gNipso ternary alloy fabricated on Si-substrate using dc
magnetron sputtering at room temperature were studied. The x-ray diffraction pattern data
confirms the amorphous nature of these alloy films. The average surface roughness (S; and Ry) of
the films is found to vary significantly with Ni content of the films. The room temperature field
dependent magnetization measurement shows the room temperature ferromagnetism. The satu-
ration magnetization and coercivity of the M-H curves are found to vary with Ni content as well as
surface roughness of the films. However, the nature of variation of saturation magnetization and
coercive field is in accordance with variation of surface roughness, indicating that film surface
roughness play a vital role in tuning the magnetic properties of these thin films. Such tunable
magnetic properties of these amorphous films make them good candidate for magnetic storage
media applications.

Ferromagnetism
Surface roughness
Rare earth transition metal

1. Introduction

Since the last decades, intense research has been carried out on magnetic materials for various practical applications like magnetic
memories, spintronics, GMR spin-valve system for read/write head, micro-actuator, etc. Permalloys have been known to be the best
iron group thin films for application in magnetic recording systems and microelectromechanical systems with high saturation field and
low coercivity [1-5]. Various CoFe and CoNi-based ternary alloy films like TbCoFe [6], CoFeCu [2], CoFeNi [7,8], CoFeP [9], CoFeSnP
[9] and multilayers such as Co/Pt, Co/Ni, Co-Tb [10-18], etc. Have been intensely investigated. For such applications, soft magnetic
materials with high saturation field and low coercivity are desired to beat the dramatic increase of the areal density of recording media
and for better performance. Recently amorphous rare-earth transition-metal (RE-TM) alloys have attracted the attention of researchers
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due to their various interesting properties. These amorphous RE-TM alloy films exhibit ferrimagnetism with moments of RE-sublattice
and TM-sublattice antiparallel alignment due to exchange interaction between 5f-electrons of RE and 3d-electrons of TM [19,20]. The
magnetic property of these alloy films is sensitive to various parameters like film thickness, film composition, sputtering conditions as
well as microstructure [21,22]. Interestingly magnetic properties of these alloy films can also be manipulated by inserting
non-magnetic layers such as Cu, Al, Ag, Ta, etc. As under-layer and/or overlayer [23-27]. Recently, perpendicular magnetic
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Fig. 1. Energy dispersive spectra of Coj...yTbyNiy ternary alloy thin films measured by SEM-EDS.
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anisotropy (PMA) has been discovered in amorphous Tb-Co based RE-TM alloy films occurring as a result of competition between
exchange interaction and random local anisotropy [28-31]. Biaxial PMA has also been reported in amorphous Coo.55Tbo.15 film with
the coercive field of 600 Oe [30]. The strength of PMA of CoTb alloy films decreases with the thickness of under-layers [32]. Addi-
tionally, the magnetic properties; such as the coercivity, saturation magnetization and remanent magnetization of various ternary alloy
and binary alloy films as well as bi-layer films are reported to be strongly influenced by film surface roughness [33-48]. Cao et al.
reported the influence of film thickness and surface roughness of magnetron sputtered FeNiCr films [34]. They found that the in-plane
coercivity of FeNiCr films increases in a similar manner as the film surface roughness increases [34]. Swerts et al. studied the interplay
between surface roughness and magnetic properties of Ag/Fe bilayer films of varying thickness and showed that the coercivity in-
creases with an increase in film surface roughness [35]. They also showed that the film surface characteristics also influence the
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Fig. 2. Elemental colour mapping of EDS spectra of Co;...yTbNiy alloy thin films.
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magnetization reversal process. One of the key factors from which coercive force arises in RE-TM amorphous films is the interaction
between domain wall and features in the film such as impurities, density fluctuation, surface roughness, ete. On the scale of wall width
which act as pinning centers [35,36,38]. Swerts et al. were able to produce artificially modulated magnetic domain configurations by
varying the film surface roughness [39]. Also by changing the film thickness they were able to trap the domain wall. Vilain et al. also
showed that the remanent magnetization of NiCo films varies nearly parabolic with increase in surface roughness [40]. The roughness
of underlayer is also reported to influence the coercivity of RE-TM alloy films such as GdFeCo and TbFeCo by introducing more pinning
sites that impede the domain wall movements [41,42]. Katayama et al. studied the effect of Al-underlayer of laser-assisted TbFeCo
magnetic recording media and found that the coercivity of non-underlayered films remains the same but it increases for
Al-under-layered films which are closely related to the interface roughness of the underlayer [43]. They also observed that the
magnetization reversal process of Al underlayered films shifts from wall motion mode to a rotational mode. Such magnetization
reversal shifting process is closely attributed to the pinning of domain wall motion due to underlayer surface roughness. The change in
magnetic anisotropy of under layered TbFeCo films has also been observed due to the interface roughness [44,45] due to the fact thata
flatter interface is usually found to deteriorate the PMA of a thin magnetic layer [42,46]. Similar results were also observed by Tang
et al. in under layered TbCo films where perpendicular coercivity increased with surface roughness [47]. Recently, the correlation of
film surface roughness to the coercivity of amorphous GdFe films has been reported by Talapatra et al. [48] and Basumatary etal. [38].
Though several researchers have reported the influence of film surface roughness on magnetic properties, these studies were done on
films of varying compositions and thicknesses. As a result, the actual dependency of the magnetic property on surface roughness by
keeping other parameters of film (thickness, composition) the same were not taken into consideration. In the present work, we attempt
to investigate the influence of surface roughness on the magnetic properties of RE-TM CoTbNi ternary alloy thin films by depositing
films of same thickness. Our study demonstrates the influence of film surface roughness on saturation magnetization and coercivity of
CoTbNi ternary alloy films of same thickness.

2. Experimental details

Ternary alloy thin films of CoTbNi have been prepared using co-sputtering of CogsTb;s and pure Ni target using a dc magnetron
sputtering system (Make: Mansha Vacuum Private Limited Bangalore, India). The CogsTb;s target was sputtered at constant power
(261 W) for all samples and the Ni target was sputtered at three different power (293, 315, 338 W) to vary the Ni content of the thin
film. The deposition was carried out at room temperature at a base pressure of 6.5 x 10> Pa and the working pressure of 3 Pa using a
DC magnetron sputtering under Ar gas (flow = 5 scem) environment. A nonmagnetic Ta overlayer of thickness 2 nm was also deposited
as a protective layer to prevent the film from oxidation and scratches. The deposition rate (thickness/minute) of each target at each
sputtering power was determined before depositing the films of the ternary alloys. The thickness of the films was measured by creating
step height by depositing films on partially masked substrates using 3D optical profilometer (Make: Filmetrics USA, Model: profilm).
The total thickness of all the thin films was maintained the same by varying the deposition time. Moreover, the film roughness and
surface topography were also investigated by 3D optical profilometer. The composition of the films in relative atomic percentage was
estimated by energy dispersive x-ray spectroscopy (Make: Zeiss, Model Sigma). The structural analyses of all films were carried out
using X-ray diffractometer (Make: RIGAKU, Model: TTRX III) employing CuKa radiation beam using in 6-26 Bragg-Brentano goni-
ometer geometry and with a step of 0.02". Room temperature magnetization (M) versus Field (H) measurements were done at room
temperature using a vibrating sample magnetometer (Make: Lakeshore, USA).
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Fig. 3. Room temperature X-ray diffraction pattern of Co;..yTbNiy ternary alloy thin films deposited on Si substrate.
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Fig. 4. 3D image of Surface topography with colour contrast z-scale and line profile of Co,..,Tb,Ni, alloy films.

3. Results and discussion

The composition of the prepared Co, . TbiNiy films was estimated using EDS. The EDS spectra for all prepared films with the
relative atomic percentages of elements present have been presented in Fig. 1. The composition of the films was found to be
C00.63Tbg.11Nip.26, C0g.41Tbp.14Nig 45 and Cog.32Tbg.0sNigeo- The Ni content of the films increases with an increase in Ni target
sputtering power as expected. Moreover, to ensure that the deposition has taken place uniformly, we have carried out the elemental
colour mapping of the films using EDS. Fig. 2 indicates the elemental colour mapping of the EDS spectrum of the prepared thin films.
The films are found to be uniform and homogeneous as evidenced by the elemental colour mapping by EDS spectra.

The structural analyses of all films were carried out by room temperature XRD measurement using Cu-Ka radiation. The obtained
XRD profile of the films is illustrated in Fig. 3. The intense peak at 26 = 69.23° is a reflection of Si (400) substrate which is confirmed
by comparing it to JCPDS card no. 27-1402. No evolution of other XRD peaks with an increase in the Ni-content of the films is
observed. The broad maxima observed below 26 = 40° is the signature of amorphous materials as deseribed in Refs. [14,30,39,49].
This observation confirms the amorphous nature of the deposited films. The film thickness and surface roughness were estimated by 3D
optical profilometer filmetrics. In order to measure the film thickness, each film was deposited on a partially masked substrate for 30
min. After deposition, the masks were removed and the step heights were measured and the deposition rate per minute in terms of
thickness per minute was determined. The actual thin films were then deposited to maintain the overall thickness ~ 120 nm. The 3D
surface topography was measured using profilm 3D (filmetrics) optical profilometer. The surface roughness parameters S, and R, were
estimated using ISO 25178 Height and ISO 4287 Amplitude standards respectively using profilm 3D integrated software. S, is the
average absolute distances of the surface points from the mean plane [50]. On the other hand, R, is the average deviation of the
roughness profile within the scanned length of the sample [51]. The digital equation by which S, [50] and R, [51] are calculated are

] XM
S, :m ,ZI: ‘Z;|Z(x,x_\y)

1
0/ Z(x)dx

Where M and N are the number columns and rows on the surface and lis the sampling length of the sample. The 3D images of surface
topography with colour contrast z-scale and line profile of all prepared alloy thin films are presented in Fig. 4. The obtained film
thickness and the average surface roughness S, are illustrated in Table 1. The S, of the films is found to first increase from 1.083 nm for
26% Ni-doped film to 1.632 nm for 45% Ni-doped and then decreases to 1.376 nm for 60% Ni-doped thin film. The value of R, slightly
varies from point to point of the sample within the scan area. So for the best results, the R, is estimated at the center of the sample
within the scan area. The value of R, also varies with composition of the films in similar pattern as S,. The value of R, also first increases
from 0.463 nm for 26% Ni-doped film to 0.735 nm for 45% Ni-doped film and then decreases to 0.487 nm for 60% Ni-doped thin films
(Fig. 7 (a) and (b)).

The measurement of magnetization as a function of magnetic was carried out at room-temperature using VSM and presented in
Fig. 6. The clear M-H hysteresis loop indicates that the films exhibit room temperature ferromagnetism. It has been reported that the
magnetic properties of various ternary and binary alloy films as well as bi-layer films are strongly influenced by film surface roughness.
The coercivity, saturation magnetization, and remanent magnetization increase with an increase in surface roughness [34-36]. These
magnetic parameters along with the magnetic anisotropy constant also vary with in-situ and post-annealing conditions of the films [11,
1 3]. In our results, the alloy film of 26% Ni has saturation magnetization of 194 emu/cc, which decreases to 87 emu/cc for Ni 45% and
again increases to 221 emu/cc for Ni 60%. On the other hand, the coercivity (Hc) of the thin film with 26% Ni is found to be 49 Oe
which increases to 92 Oe for the film with 45% Ni and 59 Oe for the film with 60% Ni. The variation of surface roughness parameters
and RT magnetic parameters of thin films with Ni content is presented in Fig. 7. Though Ms and Hc vary with film composition, the
variation is irregular as seen in Fig. 7. (a) and (b). However, the variation of Ms and H¢ are found to be in accordance with the variation
of S, and R, of these films. Hc increases with an increase in S, of the films systematically (Fig. 7. (¢)). On the other hand, the value of Mg
first increases slightly with S, and then decreases drastically with a further increase in S,. The films with greater S, and R, possess the

R.=

~l—

Table 1
Film thickness, average film surface roughness estimated by 3D optical profilometer and RT magnetic parameters Mg and He of Coy.,yTb,Niy thin
films.

Sl No. Film composition Thickness (nm) Average Surface Roughness Magnetic Parameters
S, (nm) R, (nm) Mg (emu/cc) H¢ (Oe)
1 Coo.63Tbo-11Nig 26 120 1.083 0.463 194 49
2: Co0.41Tbg.14Nio 45 1.632 0.735 87 92
3 Cog-35Thg-0sNig 60 1.376 0.487 221 59
6
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Fig. 6. Room temperature M-H loop of annealed Co, .., Tb,Ni, alloy thin films.

greater values of Hc and smaller Ms which may be due to the contribution of domain wall pinning induced by film surface roughness
and grain size [52]. A similar variation of H¢ and other magnetic parameters such as Mg, anisotropy constant, etc., as a function of
surface roughness, has also been reported in many other thin films [52-54]. These observations indicate that surface roughness
dominates the influence of film composition in controlling the magnetic properties of these thin films. This is due to the fact that higher
film surface roughness can produce inhomogeneous surface features and defects which then act as pinning centers impeding the
domain wall motion as described by Zhao et al. in their theoretical calculations [55].

4. Conclusion

In conclusion, we have prepared Co;.,TbyNiy ternary alloy thin films by co-sputtering of Cog.gsTbo. 5 alloy target and pure Ni
target using a dec magnetron sputtering system. The deposited thin films are found to be uniform and homogeneous as indicated by the
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C0;.x.yTbyNiy alloy thin films.

elemental colour mapping spectra of EDS. The Ni content and roughness (S, and R,) of the films vary with sputtering target voltage.
The deposited thin films are crystallized in amorphous form as confirmed by XRD measurement. All the alloy thin films exhibit RT
ferromagnetism as confirmed by RT M-H hysteresis curve measurement. The magnetic parameters He and Ms vary with both film
composition and film surface roughness. The nature of variation of Hg and Ms suggests that the magnetic properties of these amor-
phous alloy thin films are strongly correlated to film surface roughness. The observed results show that the film surface roughness
along with film composition also plays significant role in tuning the magnetic properties.
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