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Abstract

We report systematic investigation of thickness dependent surface topography, magnetic properties and magnetic
domain structures of amorphous Fe, Ta,C,, (x nm) films with x=5-100 nm. All the as-deposited films fabricated directly
on thermally oxidized Si substrate at ambient temperature using magnetron sputtering technique exhibit amorphous
structure. The structural studies reveal that island-like structure in ultra-thin films transforms into continuous one with
increasing x>10. In addition, the average surface roughness increases with increasing x, but without any systematic
dependency on x. Room temperature magnetic properties illustrate that the paramagnetic nature observed for films
with x<10 changes into ferromagnetic one with rectangular loops having high remanence ratio (M ./M>97%), low
coercivity (H.<1.77 kA/m), low saturation field (H;<2.2 kA/m) and simple magnetization reversal behavior for x up to
40 nm. Upon increasing x 2 50, the loop shape again changes into transcritical one with increased H, (>3.5 kA/m)
and Hg (>40 kA/m) and reduced M. /M, (<45%). The magnetic domain studies not only reveal that the domains
change from in-plane magnetization to dense stripe domain pattern with increasing x due to enhancement of effective
magnetic anisotropy caused by stress quenched in during deposition, but also confirm that films with 12<x<40 exhibit
in-plane magnetization with uniaxial anisotropy. High temperature thermomagnetization reveal a clear magnetic
phase transition from ferromagnetic to paramagnetic state at relatively higher temperature of about 530 K. The
observed results are elucidated on the basis of enhanced effective magnetic anisotropy, change in the magnetic

domain structure and magnetic disorder with increasing FeTaC film thickness.

Keywords: Amorphous materials; Magnetic materials; Thin films;
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Introduction

A key trend in recent science and technology is the exploitation of
phenomena occurring at length scales between 1 and 500 nm, which has
led to the emergence of new fields in nanoscale science. During the last
few decades, the tendency to miniaturize the dimensions of electronic
devices has created a demand for new materials and new methods for
their production. Thin films of various magnetic alloys play a major
role in miniaturization of integrated circuits in magnetoelectronic
devices. Hence, searches for suitable magnetic thin films with enhanced
soft magnetic properties (high saturation magnetization (M), low
coercivity (H), low saturation field (H,), large relative permeability,
controllable magnetic anisotropy and good thermal stability) have
been carried out widely not only for practical applications in modern
magnetic devices such as magnetic passives, energy transferring
devices, soft underlayer in perpendicular magnetic recording media,
magnetic flux amplifier, high-density magnetic recording read heads
and magnetoresistive random access memories, flexible spintronics,
but also for gaining fundamental knowledge on low-dimensional
systems [1-10].

In order to obtain soft magnetic thin films, it is very much essential
to understand the correlation between the structural and magnetic
properties so that a well-defined magnetic domain structure can be
achieved in magnetic thin films. Therefore, extensive studies have
been carried out since past two decades on various amorphous single-
layer thin films such as FeCuNbSiB [10,11], FeAlSi [12], CoNbZr [13],
FeTa(C)N [14,15], FeTaC [16,17], Fe-Zr-N [18], CoTaZr [19] and
CoFeB [2,3,20]. However, it has been revealed from a careful review
of the literature that the soft magnetic properties of the magnetic
films display a strong dependence on the film thickness and the

growth conditions of the films. Interestingly, the thickness dependent
magnetic properties of the films do not show unique behaviour, but
depend strongly on the constituent elements [1,21-24]. In addition,
the equilibrium magnetic domain structure in magnetic films is
governed by the competition of various energy terms (exchange,
dipolar and anisotropy energies) and conversely the orientation of
magnetization is determined by the effective anisotropy constant.
These types of soft magnetic thin films also display spin-reorientation
transition from in-plane single domain like state to out-of-plane multi-
domain state or vice-versa with increasing film thickness or change
in the substrate temperature during sample preparation [25-28]. As
the use of amorphous magnetic films in different functional devices
becomes more pervasive, it is essential to explore the emergence of
effective magnetic anisotropy and approaches to minimize out-of-
plane magnetic component to realize soft magnetic properties in thin
films. Nevertheless, most of the published results narrate thickness
dependent studies at room temperature from the application point
of view without any detailed or systematic investigations aiming at
understanding the surface topography and magnetic nature of the films
at different thicknesses. Hence, in this report, we have investigated the
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effect of thickness on the surface topography, magnetic properties and
magnetic domain structure of amorphous Fe, Ta,C , thin films.

Experimental Details
Amorphous Fe Ta C, (FeTaC) alloy single-layer thin films

with different thicknessseslz(x=5 - 100 nm) were deposited directly
on thermally oxidized Si substrate using DC magnetron sputtering
technique atambient temperature. The base pressure of the chamber was
better than 1 x 10* Pa and the sputtering Ar gas pressure was optimized
at 1.33 Pa. The deposition rate was pre-calibrated using ex-situ surface
profilometer (Vecco, Dektak 150 model) and found to be 0.41 AJs for
the deposition of FeTaC. Amorphous nature of the as-deposited films
was confirmed by X-ray diffraction (XRD) recorded using a high-power
X-ray diffractometer (Rigaku TTRAXIIT, 18 kW) with Cu-K radiation
(A=1.541 A) and transmission electron microscopy (TEM, Jeol 2100
and Technai G2 F20) techniques. X-ray reflectivity (XRR) technique
was used to evaluate various film parameters such as film thickness,
surface roughness, etc. Simultaneous atomic force microscopy (AFM)
and magnetic force microscopy (MFM) analyses were performed to
study the topographic features and local magnetic domains (Bruker
Dimension Icon). MFM was performed in dual-pass lifting mode with
commercially available CoCr-coated tips, which were magnetized
along the tip axis and therefore sensitive to stray field gradients from
out-of-plane oriented domains or the out-of-plane components of
domains oblique to the surface. The domain images were acquired at
the zero-field state. Magnetic properties were characterized by using
vibrating sample magnetometer (VSM, LakeShore Model 7410) by
performing magnetic hysteresis loops (M-H) along the film plane.
Magnetic domain images and Kerr loops were obtained using magneto-
optic Kerr effect (MOKE) microscopy (Evico Magnetics Ltd, Germany)
technique. Imaging was performed using linearly polarized light with
white LED as source. Magnetic domain images were observed in both
branches of hysteresis cycle in longitudinal MOKE mode. Hysteresis
accompanied by simultaneous imaging has been performed for
magnetic fields applied along various in-plane directions [easy (0°) and
hard (90°) axes].

Results and Discussion

Figure 1 shows typical XRD patterns for FeTaC films with x=50
and 100 nm, bright-field plane-view TEM image, selected area electron
diffraction (SAED) pattern and high-resolution TEM (HRTEM) image
for 100 nm thick FeTaC film. It could be clearly seen that as-deposited
films exhibit only broad peaks at around 26=44° without any sharp peaks
peculiar to any other crystalline phases. This confirms the amorphous
nature in the as-deposited films. The XRD peak observed at 26=33.05°
represents Si(200) peak due to thermally oxidized Si substrate [29]. The
amorphous nature is also confirmed from TEM studies, which reveal
the existence of plane and even contrast microstructure without any
local lattice fringes and halo diffraction ring, respectively.

Since the magnetic properties of the thin films strongly depend
on the film thickness, it is very much essential to study the actual
film thickness and associated roughness as a function of thickness.
XRR is one of the non-destructive techniques widely used to evaluate
various film parameters such as film thickness, film density, surface/
interface roughness, etc. Hence, the XRR curves are recorded for the
as-deposited FeTaC films and the typical curves are presented in Figure
2 for selected thicknesses. The interference pattern (open circles)
with clear oscillation peaks is observed for all the as-deposited films.
With increasing 26, the oscillation intensity decreases and attains the
same level as the noise in the higher angle region. With increasing x,
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Figure 1: Room temperature (a) XRD patterns for FeTaC (x nm) films with
x=50 and 100, (b) bright-field TEM image and selected area electron diffraction
pattern and (c) high-resolution TEM image of FeTaC (100 nm) film.
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Figure 2: Room temperature X-ray reflectivity curves for FeTaC (x nm) films
with (a) x=5 (b) x=10, (c) x=20, (d) x=30 and the plot of 6 versus n? for films
with (e) x=10 and (f) x=20.
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the number of oscillation peaks increases and peak width decreases
systematically. To understand the changes in the XRR curves with
increasing x carefully, fitting of the XRR curves is preceded by a pattern
fitting process between the measured and simulated XRR pattern
using GlobalFit software offered by Rigaku. During the analysis,
a layered sample model, consists of two simulated layers: (i) a thick
Si0, layer and (ii) a layer of FeTaC film, is constructed to generate
a simulated reflectivity curves. The thickness of the films, interfacial
and surface roughnesses, and density of the materials are treated
as free fitting parameters to obtain best fits using Globalfit software.
As shown in Figure 2, the solid lines representing the simulated data
using the layered sample model show decent fit to the experimental
data and the extracted parameters from the fit are listed in the Table
1. While the thickness determined from the fit merely matches with
the experimental value, the surface roughness of the FeTaC film does
not show any good correlation with the thickness. Nevertheless, the
surface roughness increases slightly with increasing x. This could be
attributed to the stress, induced in the film during the deposition at
a faster deposition rate to form amorphous structure, which modifies
the surface topography with increasing x. The simulated film thickness
is further reconfirmed analytically by using Savitzky-Golay (SG)
algorithm as described in eqn. (1) [30].

2

0 =%n2 125 (1)

where 0 is the Bragg angle, A (=1.541 A) is the X-ray wavelength of the
Cu-K, radiation, x is the thickness of the film, n is the number of XRR
maxima and § is the dispersion factor of X-ray beam. The values of § and
n are extracted from the XRR curves and plotted as 6* vs n? typically for
FeTacC films with x=10 and 20 nm in Figure 2e and 2f, respectively. The
experimental data show almost linear behaviour and the fit to the data
using eqn.(1) provides the values of 26 from the intercept and 1%/(4x?)
from the slope. Subsequently, x is determined from the slope and listed
in Table 1. The thickness calculated from the SG algorithm is found to
be slightly higher than the estimated thickness, but within the error
values. This may be possibly related to the difficulties in identifying the
exact peak position from the broad spectrum of the XRR curves or due

to surface roughness. Nevertheless, the values of x determined from
layered sample model using Globalfit and SG algorithm are in close
agreement with the predicted thickness using pre-calibrated deposition
rate.

To study the effect of thickness on the surface topography of the
films, we have investigated the topography of the films using AFM and
shown in Figure 3. The following features are observed from the AFM
images: (i) FeTaC film with x=5 nm forms island like structure along
with the existence of very fine nanosized grains of less than 10 nm,
which are sparsely distributed. Therefore, the resistance of the film is
found to be very high in the range of 10° Q. (ii) With increasing x>5 nm,
all the films display a very clear uniform surface with grain morphology
and the grain density increases with increasing x. This reduces the
resistance of the films largely down to below 100 Q. (iii) The extracted
values of surface roughness, summarized in Table 1, clearly suggest that
although the surface roughness increases significantly with increasing
x, it does not show any systematic variation with increasing x. These
results are in good agreement with those results obtained from XRR
analysis using Globalfit software.

Figure 4 depicts room temperature normalized M-H loops
measured along the film plane for FeTaC film with different thicknesses
(x=5-100 nm). The extracted magnetic parameters such as H, H,,
the nucleation field (H,) and remanence ratio (M,/M,, where M, is
remanence magnetization) from the M-H loops are plotted as a function
of x in Figure 5. It is observed that (i) FeTaC film with x=5 nm shows
a very weak magnetic signal (paramagnetic) with a noisy background.
(if) With increasing x to 10 nm, the film exhibits a clear hysteresis
behaviour, which needs a higher applied magnetic field to saturate the
film’s magnetization. (iii) On further increasing x up to 40 nm, all the
films depict rectangular shaped loops with high M,/M_ of more than
97% and lower H, (<2.2 kA/m). H_ and H, increase progressively
from 0.42 kA/m to 1.77 kA/m and from -0.3 kA/m to -1.67 kA/m with
increasing x from 12 to 30 nm, respectively and then decreases slightly
to 1.43 kA/m and -1.35 kA/m for x=40 nm film. (iv) The loop shape
changes drastically into different nature upon increasing x > 50 nm,

FeTaC film thickness Simulated XRR results Analytical results thickness AFM surface roughness
(x nm) Thickness (x nm) Surface roughness (nm) (x nm) (nm)

5 4.9 (3) 0.45 (2) 5.3(2) 0.38 (3)

10 9.4 (6) 0.47 (3) 10.5 (2) 0.53 (2)

20 19.8 (3) 0.55 (2) 21.0(3) 0.60 (2)

30 29.3 (7) 0.61(2) 30.7 (2) 0.53 (1)

50 49.5 (5) 0.72 (3) 50.3 (2) 0.69 (3)

70 69.4 (7) 0.69 (3) 70.6 (3) 0.74 (3)
100 99.1(9) 0.75 (2) 100.2 (4) 0.80 (2)

Table 1: Comparisons of actual thickness and thickness obtained from simulation and analytical results from XRR pattern of FeTaC (x=5-100 nm) films. The average
surface roughness estimated from both simulation and AFM topography is also included.
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Figure 3: AFM images for FeTaC (x nm) films with (a) x=5, (b) x=20, (c) x=30, (d) x=50 and (e) x=100.
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Figure 4: Room temperature normalized M-H loops measured along the film
plane for FeTaC (x nm) films with different thicknesses. X (nm)

i.e., the loop consists of two distinct magnetization reversal phases: (a)
in-plane magnetic components, which reverse quickly near to H_and
(b) perpendicular components, which rotate continuously under the
application of magnetic field before attaining saturation magnetization.
As a result, the latter one produces a linear variation of magnetization
before the saturation and one needs considerably a large H, to saturate
film’s magnetization (> 40 kA/m). This type of loop shape has been often
specified as transcritical loop [25,26,31-33]. (v) Therefore, H increases
suddenly to 3.5 kA/m and then decreases almost linearly at a rate of
28.6 A/(m-nm) for x up to 100 nm. Similarly, H, also increases rapidly
to 64.7 kA/m with increasing x to 70 nm and then tends to saturate
for x=100 nm film. (vi) In addition, the magnitude of magnetization
reversing close to H_ decreases significantly and the region of linear
variation of magnetization increases largely with increasing x. This
causes a large reduction in M, /M  down to 30% for x=100 nm film.
These results clearly suggest that the magnetic properties of FeTaC
films at room temperature strongly depend on x, i.e., (i) FeTaC films
with x<10 nm show paramagnetic nature at room temperature, (ii)
a clear ferromagnetic behaviour with rectangular shaped loop is
observed when 12 nm < x < 40 nm, and (iii) the rectangular shaped
loop transforms into transcritical one for x > 50 nm.

The observation of paramagnetic nature in ultra-thin films could be
interpreted to the growth morphology of island-like structure during
the initial growth stage of the films. With increasing x, the island like
structure turns out to be continuous. This develops in-plane anisotropy

Figure 5: The variations of (a) H, (b) H,, (c) H, and (d) [M/M] as a function
of thickness of FeTaC (x nm) films.

in the films caused by the formation of aligned ferromagnetic atom
pairs due to their strong magnetic exchange coupling during deposition
process. Since the films are deposited at a faster deposition rate to
form amorphous structure, the stress quenched in the films during
deposition increases progressively with increasing x [25,31]. Hence,
H, Hiand H, increase gradually with increasing x up to 30 nm. Upon
increasing x beyond critical value (50 nm in the presently investigated
films), the spin-reorientation transition from in-plane magnetization
to dense stripe domain occurs due to stress induced effective magnetic
anisotropy (K ). In order to elucidate the nature of magnetic domains,
the magnetic d{)mam structure is investigated using MFM and depicted
in Figure 6. The films with x < 40 nm display almost no features visible
through MFM, which is sensitive only to the magnetic field generated by
the sample magnetization directed out-of-plane to the sample surface.
This could be attributed to the existence of in-plane magnetic domains,
which characterize soft magnetic behaviour in these films as evidenced
from Figure 4. On the other hand, higher thickness FeTaC films (x>50
nm) are elucidated by the presence of magnetic dense stripe domains
with a component of the magnetization vector directed perpendicular
to the film plane. Therefore, these films exhibit transcritical loop due
to two distinct magnetization phases. The width of the stripe domains
determined by a proper Fast Fourier Transform analysis of the MFM
image is found to be about 74 nm. This is in close agreement with
the earlier reports on similar amorphous systems [18,25,31,34-37].
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Although FeTaC (50 nm) film unveiled transcritical like loop (Figure
4h), the MFM image depicts random nucleation of perpendicular
magnetic component without a clear dense stripe domain pattern. This
could be attributed to presence of large in-plane magnetic component
and development of progressive perpendicular component in the film.
These results confirm that the magnetic domains transform from
in-plane orientation of magnetization to stripe domain at a critical
thickness of 50 nm.

To study the nature of in-plane magnetic domains in details, we
have simultaneously obtained Kerr loops and magnetic domain images
along the film planes using MOKE microscopy. Figure 7 depicts the
room temperature Kerr loops measured along the film planes and
magnetic domain images for FeTaC (20 nm) film. It is clearly evident
that the film displays rectangular shaped loop in one direction (easy-
axis direction in the plane (0°)) and nearly flat type loop characterized
by reduced remanence in another direction (hard-axis direction in the
plane (90°)). The values of H in both the measurement directions are
found to be nearly the same. In addition, the magnetic field required
to switch the magnetization along the easy-axis from one direction
to another direction is observed to be quite low (<0.25 kA/m). From
the VSM results (Figure 4e), the magnetic field required to switch the
magnetization from one direction to another direction is found to be
about 0.4 kA/m, which is slightly larger than the one obtained from
MOKE microscopy. This could be possibly related to the contribution
from the finite edges of the sample used in VSM measurement. The
magnetic domain images obtained along the easy-axis display a rapid
switching of large-sized magnetic domains due to domain wall motion.
On the other hand, the magnetic domain images obtained along the
hard-axis reveal no clear domain reversal process due to coherent like
magnetization rotation process. This supports the existence of in-plane
uniaxial magnetic anisotropy in the films. Accordingly, the value of K,
is determined using eqn. (2):

K, = MsHx @

2
where, H__is the anisotropy field. The determined values of K, listed
in Table 2 show a continuous increase up to x=30 nm and then
decrease slightly for x=40 nm. On further increasing x (=50 nm), the

stress induced magnetic disorder destabilizes the uniaxial anisotropy,
which in turn enhances K . to develop magnetic dense stripe domain.
To analyse the development of K at higher x and the corresponding
magnetic domain configuration, d%nse stripe domain model proposed
by Craus et al. [18,38] following the original model proposed by
Mayurama et al. [32] and Alvarez-Padro et al. [33] is used to calculate
K., The schematic of the dense stripe domain model is demonstrated
in Figure 8. According to this model, the spins in the bulk domains
make an angle 6, with the surface and the closure domain spins on the
surface make an angle 6, with the long axis of the stripes. The values of
0, can be calculated either from Méssbauer data or from the remanence
magnetization data measured using the VSM under the condition that
the magnetization in the closure domains remains perpendicular to
the direction of the applied magnetic field such that 6,=n/2. The values
of 8, playing a crucial role on the magnetic properties of the thicker
films, varies between 0 and 90° depending on the values of M,/M,
[38]. Moreover, there exists a critical film thickness (x), as given eqn.
(3), beyond which dense stripe domain appears due the continuous
development of stress in as-deposited film.

N 2w A
e = (3)
1— MM H Ke/f
2Ke,lf

where x_is critical thickness above which the dense stripe domain
appears, A is exchange stiffness constant taken as 10 x 10*? J/m and
#, is absolute permeability. The existence of stripe domains in critical
thickness films depends strongly on the values of M and K [32,39].
Note that the values of M, and H, could be extracted directly from
the M-H loops. Since we observed the existence of stripe domain
structure in the presently investigated FeTaC films, the values of K,
are determined by substituting the values of H, M, A and x_in eqn.
(3). Similarly, the domain wall width (w) is calculated by assuming a
Landau domain structure [40], which is compatible when the sample

thickness is larger than y4/ Ky , as in the present case, using:

w=2 [2x /i (4)
\ Ky

1.0 um

(b)
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Figure 6: MFM images obtained at zero-field state for FeTaC (x nm) films with (a) x=5, (b) x=20, (c) x=30, (d) x=50 and (e) x=100.
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FeTaC thickness H, (or) Hg (kA/m) K, (J/m) M (MmT) K., (J/m?) w (nm) 6,
(x nm)
12 1.03 (5) 147.7 (3) 265 (2) - - -
20 2.31(7) 449.5 (4) 389 (3) - - -
30 2.63 (6) 646.8 (5) 492 (3) - - -
40 1.99 (4) 461.2 (5) 463 (4) - - -
50 33.44 (5) - 594 (3) 1.77 (2) x 10° 54.8 (3) 43.2 (3)
70 64.73 (6) - 415 (2) 1.83 (3) x 10° 64.3 (1) 56.6 (4)
100 65.13 (8) - 501 (2) 1.89 (2) x 10° 76.3 (2) 62.7 (2)

Table 2: The thickness dependent H,, Hg, K, i, Mg, K., w and 6, for FeTaC films.
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The determined values of K , 6, and w are listed in Table 2 for x
250 nm films. The domain wall width determined from this model and
MFM image is in good agreement with each other. In addition, the
obtained values of K are in good agreement with those values reported
for other similar amorphous systems [28,41,42].

In order to understand the stability of ferromagnetic phase in
FeTaC film, high temperature M-T data are recorded at a constant
applied field of 39.8 kA/m. Figure 9 illustrates the normalized M-T
data above room temperature for FeTaC (100 nm) film. It could be
clearly seen from the figure that the film exhibits an incessant decrease
in magnetization with increasing temperature up to 540 K and then
nearly constant up to 720 K. This is correlated to the magnetic phase
transition of the amorphous phase from ferromagnetic to paramagnetic
state. Curie temperature (T,) determined from the thermal derivative
of M-T data is found to be about 525 + 3 K. This is almost similar to the
one obtained for CoFeB alloys confirming thermally stable magnetic
phase in amorphous FeTaC film [42,43]. Therefore, the results shown
in this paper reveal that the magnetic properties of amorphous FeTaC
(x nm) films depend strongly on x. It also provides a comprehensive
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Figure 9: High temperature thermomagnetization (M-T) data for FeTaC (100
nm) film recorded under 39.8 kA/m applied field along the film direction.

J

study of optimizing the soft magnetic properties and magnetic domain
structure with respect to film thickness.

Conclusion

We have fabricated amorphous Fe, Ta,C,, single-layer films with
different thicknesses directly on thermally oxidized Si substrate using
DC magnetron sputtering technique at ambient temperature and
characterized their structural and magnetic properties, and domain
structures. The structural studies using XRD and TEM confirmed the
amorphous nature of the as-deposited films, while the characterization
using XRR and AFM revealed that the average surface roughness
increased with increasing film thickness, but without any systematic
dependence on thickness. Room temperature magnetic properties
showed that with increasing film thickness, the paramagnetic nature
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of the films for thickness below 10 nm changed into ferromagnetic
one with simple magnetization reversal for thickness upto 40 nm and
transformed into transcritical one above 50 nm thickness. Therefore,
coercivity and saturation field increased largely. This was correlated
to the change in the magnetic domain structure from in-plane
magnetization to dense stripe domain pattern due to enhancement of
effective magnetic anisotropy caused by the stress quenched in during
deposition at a faster deposition rate to form amorphous structure.
The magnetic domain structure analysis revealed that low thickness
FeTaC films exhibited in-plane magnetic domains with uniaxial in-
plane magnetic anisotropy. High temperature thermo magnetization
data revealed the magnetic phase transition from ferromagnetic to
paramagnetic state at relatively higher temperature of about 525 K. The
observed results are discussed on the basis of development of effective
magnetic anisotropy, change in the magnetic domain structure and
magnetic disorder with increasing FeTaC film thickness.
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