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PREFACE

The tendency to miniaturize the dimensions of electronic devices during last two
decades has created a demand for new materials and new methods for their production.
Thin films of various magnetic alloys play a key role in miniaturization of integrated
circuits in various magnetoelectronic devices. Hence, searches for suitable magnetic
thin films with enhanced soft magnetic properties have been carried out widely not only
for practical applications in modern magnetic devices such as soft underlayer in
perpendicular magnetic recording media, magnetic flux amplifier, high-density
magnetic recording read heads and magnetoresistive random access memories, but also
for gaining fundamental knowledge on low-dimensional systems. In general, the
magnetic thin films were prepared in amorphous form. However, they exhibit a strong
thickness dependence of magnetic properties, which depend strongly on the constituent
elements. In addition, thickness dependent properties do not show unique behaviour
and hence the estimation of magnetic properties is rather difficult. Nevertheless, most
of the Fe based magnetic alloys display degraded magnetic properties at higher
thicknesses mainly due to the change in the magnetic domain structure resulting from
the development of perpendicular magnetic anisotropy. On the other hand, the
controlled post deposition annealing of these amorphous precursors develops the
characteristic two-phase microstructure in which nano-sized crystals of soft
ferromagnetic crystalline phase are embedded in a ferromagnetic amorphous matrix. In
addition, this two-phase microstructure exhibits excellent soft magnetic properties, high
thermal stability and low media noise. Alternatively, to control the development of
perpendicular magnetic anisotropy and the domain structure for improving the soft
magnetic properties at a larger film thickness, the multilayer structured thin films have
been proposed. The study of magnetic multilayer thin films has resulted variety of
fascinating phenomena and has been the subject of extensive investigations from both
theoretical and experimental points of view. While such artificial structures are
suggested for various applications in modern magnetoelectronic devices from the
application point of view, they also expected from fundamental point of view to
provide an understanding of surface magnetism and transport phenomena, such as
interlayer magnetic coupling, the magnetostatic interaction induced by the interface

roughness (topological coupling), the effects of thickness and number of spacer layers
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on the structural and magnetic properties, and disorder magnetic states, etc. Therefore,
the controlled growth and tailorable properties of such nanostructured multilayer films
have become a very active field in the research for the realization of futuristic magnetic
devices. Furthermore, the investigation of temperature dependent magnetic properties
of multilayer structured soft magnetic thin films has not been reported in detail.

Hence, the present thesis aims (i) to understand the effect of film thickness and
(i1) the multilayer structures with different spacer layer thicknesses on the temperature
dependent magnetic properties of FeTaC magnetic thin films and (iii) to investigate the
effect of post deposition annealing at different temperatures (T) on the formation of
two-phase microstructure and the resulting magnetic properties and the correlation
between them. The present thesis comprises of seven chapters.

Chapter 1 presents a brief introduction to the content of the thesis along with a
review of literature relevant to the thesis work. The motivation and aim of thesis works
are also included in this chapter. Chapter 2 summarizes the fundamental aspects of
magnetism and various models utilized in the analysis of the data for the presently
investigated films. In Chapter 3, the experimental techniques used for the preparation
of single and multilayer structured films and characterization of these films are
outlined.

In Chapter 4, the effect of amorphous FeTaC (t) film thickness on the
temperature dependent magnetic properties is reported over a wide range of
temperatures (5 K - 500 K). Magnetic hysteresis (M-H) loops obtained at room
temperature illustrate narrow loops with high remanence magnetization and low
coercivity (Hc) for the films with thickness less than 50 nm. In particular, 50 nm thick
film displays in-plane uniaxial anisotropy. With increasing film thickness more than 50
nm, the nature of the M-H loops changes to transcritical loop due to the development of
perpendicular anisotropy, which forms magnetic strip domain patterns. As a result, Hc
increases largely (> 20 Oe). The temperature dependent M-H loops reveal a prominent
shift towards a negative field axis at lower film thickness. The variations of Hc,
saturation magnetization (Ms) and perpendicular anisotropy constant show a
dependence on the film thickness. Temperature dependent zero-tield-cooled (ZFC) and
field-cooled (FC) magnetization data (M-T) exhibit bifurcations between them for
FeTaC (t = 100 nm) films. High temperature M-T data reveal a film thickness

dependence of effective reduction in magnetization and marginal increase in Curie
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temperature with decreasing film thickness. The magnetic phase transition from
ferromagnetic state to paramagnetic state exhibits thickness dependent critical
exponents transforming from 3D Heisenberg model for 20 nm thick film to 3D Ising
model for the films having thickness larger than 50 nm.

Chapter 5 discusses effects of multilayer structures and the thickness of the
spacer layers on the structural and magnetic properties of FeTaC films with Ta spacer
layer, i.e., [[FeTaC (y nm)/Ta (X nm)],/FeTaC (y nm)] in two sections. While the first
section describes the effect of number of multilayers (n = 0 — 4) on the magnetic
properties by fixing the space layer thickness at 1 nm, the second section focuses on the
spacer layer thickness (X = 0 — 6) and temperature driven magnetic properties in
multilayer structured FeTaC thin films with n = 3. The total thickness of FeTaC film
was retained at 200 nm and the thickness of each layer in multilayer films was
controlled using the relation y = 200 / (n + 1) with n varying between 0 and 4.
Similarly, the thickness of the spacer layer was varied systematically between 0 and 6
nm. XRD and TEM analysis confirmed the presence of amorphous structure in all the
multilayer films. Effect of number of multilayers (n): Room temperature M-H loops are
found to be strongly dependent on multilayer films, i.e., the transcritical loop observed
in 200 nm thick single layer film fades out progressively with increasing n values and
for the films with n > 2, M-H loops transform from transcritical to narrow flat loops
with high remanence magnetization. As a result, Hc decreases largely by two orders of
magnitude in multilayer films. In addition, the M-H loops observed at low temperatures
display multistep magnetization reversal behaviour due to the individual switching of
FeTaC layer in multilayer film and number of steps in the magnetization reversal
significantly depends on number of multilayers. The variations of Hc and Ms with
temperature also show a strong dependence on the multilayer structures. The
bifurcation observed in the ZFC and FC data for 200 nm thick single layer film shifts to
lower temperature in multilayer films with increasing n up to 3 and disappears
eventually for n = 4 indicating that the existence of magnetic disorder in large thickness
single layer film can be fine-tuned methodically using multilayer structure. However,
high temperature M-T curves of all the multilayer films obtained under saturated
conditions were appeared to be similar without any significant changes in Tc. Effect of
gpacer layer thickness (x): The shape of the room temperature M-H loops for multilayer
films with different X (I- 6 nm) remains same, but Hc decreases significantly with
increasing X up to 4 and increases slightly for X = 6. Temperature dependent M-H loops
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reveal a change in the loop shape from flat loop to the transcritical one for the film with
X =1 due to the direct exchange coupling between FeTaC layers through the pinhole
present in the thin (1 nm) Ta spacer layers. Such behaviours were not observed for the
films with spacer layer thickness larger than 1 nm due to the formation of well
separated FeTaC layers by the Ta spacer layers and the disappearance of direct
exchange coupling between FeTaC layers. In addition, M-H loops measured at different
temperatures exhibit spacer layer thickness dependent multistep magnetization reversal
behaviour at low temperature (below 70 K) mainly due to enhanced interface roughness
with decreasing temperature. Furthermore, the bifurcation point observed between ZFC
and FC data for x = 0 film shifted to lower temperature and disappeared for the films
with X > 2.5 nm. The observed results confirm the spacer layer thickness and
temperature driven magnetic properties in multilayer FeTaC films. Nevertheless, the
magnetic phase transition from ferromagnetic state to paramagnetic state does not
depend on the spacer layer thickness and hence Tc remains constant for all the films
with different spacer layer thicknesses. The observed results confirm the enhancement
in the soft magnetic properties with number of multilayers and spacer layer thickness in
multilayer FeTaC films.

Chapter 6 describes the effects of post deposition annealing on the
microstructure and magnetic properties of the single and multilayer films. All the films
were post annealed (Tp) ex-situ systematically at 200 °C, 300 °C and 400 °C for 30
minutes duration in a separate home-made high vacuum annealing set up. The
structural analysis performed using XRD and TEM reveals that (i) all the films
annealed at or below 200 °C exhibit amorphous nature. (ii) With increasing T, above
200 °C, the precipitation (at 300 °C) and subsequent growth (at 400 °C) of o+Fe
nanocrystals in the residual amorphous matrix were observed. The obtained results are
divided into two parts: Effect of number of multilayers: M-H loop of 200 °C annealed
single layer film and multilayer films illustrates a flat loop with a large reduction in Hc
at room temperature. This could be attributed to annihilation of perpendicular
anisotropy in the as-deposited films and as a result, a transformation from strip domain
pattern to in-plane magnetization was observed. Temperature dependent M-H loops
show multilayer structure dependent multistep magnetization reversal behaviour only
below 70 K. With increasing T4 = 300 °C, the multistep magnetization reversal

behaviour was observed for multilayer films even at room temperature. The variation of
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room temperature Hc with increasing n strongly depends on Ta. In addition, the nature
of the loops, number of the steps and position of the steps in the magnetization reversal
process of the M-H loops observed at different temperatures depends intensely on
number of multilayers and T, due to the change in interlayer coupling between FeTaC
layers and the microstructure of the FeTaC films. On the other hand, the values of T¢
obtained from high temperature M-T curves decrease significantly with increasing
number of multilayers for the films annealed at 200 °C and 300 °C, but remain almost
constant for the films annealed at 400 °C. Similarly, for a given multilayer structure, the
values of Tc¢ (i) decrease significantly for the films annealed at 200 °C as compared to
the as-deposited films due to the release of stress accumulated during the films’
deposition and (ii) increase largely for the 400 °C annealed films due to the formation
of o+Fe nanocrystals. Effect of spacer layer thickness: The magnetic properties of the
multilayer films of different spacer layer thicknesses (X) also strongly depend on Ta. As
compared to the as-deposited films (X = 1, n = 3), the annealed films do not show a
large variation in the nature of M-H loops measured at different temperatures.
Nevertheless, spacer layer thickness dependent multistep magnetization reversal
behaviour was observed for the films annealed at different Ta. Interestingly,
temperature dependent Hc¢ displays an unusual behaviour in the annealed multilayer
films (at 300 °C), i.e., Hc decreases initially and then increases with decreasing
temperature resulting a broad minimum in the Hc(T) versus T curve. The position of the
broad minimum in the curve shifts to lower temperature with increasing the spacer
layer thickness. On the other hand, the multilayer films annealed at 400 °C depict a
continuous increase in H¢ with decreasing temperature and the rate of decrease of
Hc(T) displays a strong dependence on the spacer layer thickness. Similarly, the
temperature dependent saturation magnetization and the field required for saturating the
magnetization along the film plane depend on the microstructure of the multilayer
films. On the other hand, the values of T¢ obtained from the high temperature M-T
curves vary significantly with the thickness of the spacer layers and Ta.

Chapter 7 provides a summary of the results obtained in the thesis and explores
possible directions of future work in this topic. References and list of publications
which have originated out of this thesis work and the publications from other

collaborative research works are listed at the end of the thesis.
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Chapter 1. Prologue

1.1. 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 such as
nanoel ectronics, nanobiology and nanochemistry. 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 magnetoel ectronic devices including consumer
electronics. Hence, searches for suitable magnetic thin films with enhanced soft magnetic
properties (high saturation magnetization (Mg), low coercivity (Hc), 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 soft
underlayer in perpendicular magnetic recording (PMR) media, magnetic flux amplifier, high-
density magnetic recording read heads and magnetoresistive random access memories, but
aso for ganing fundamental knowledge on low-dimensional systems [NAOE1998,
HART1999, KHI1Z20041, PIRA2007, SAK12008].

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 the magnetic thin films. Therefore, extensive studies
have been carried out since past two decades on various amorphous single layer thin films
such as FeCuNbSIB [NAOE1998, FUJI2006], FeAlS [TATE1998], CoNbzr [HIRA2000],
FeTa(C)N [WEIV2000, JAN2005], FeTaC [TANA2002], Fe-Zr-N [CRAU2002], CoTazr
[LEED2006] and CoFeB [GUER2007] and multilayer structured thin films of Fe/Ta and
Fe:N/TaN [NAOE1996], Fe/Zr [CAST19971], FeCoTaN/Ti [NAKA1997], FeCuNbSiB/Al
[NAOE1998], Fe/Cu [OLIV1999], FeAlS/C [NAKA2001], CoCrTa/Ru/CoTaZzr and
CoCrPt/Ru/CoFe [WUAY 2002, JUNG2006], Fe(Ta,Ti,Nb)C/Ta [TANA20032], NiFe/lrMn/
NiFe/CoTaZr [TANA20031], CoTaZr/Ru/CoTaZr [ACHA2004] and Fe/Al [BRAJ2010].
Although the magnetic alloys with amorphous structure exhibit large Ms, low Hc due to
random magnetic anisotropy and high electrical resistivity [KIMY2000, KIMJ2003,
LIW2005], the thermal stability of these aloys is considerably low. As a result, the
amorphous alloys and the multilayer structured films with amorphous magnetic alloys are
found not suitable for high temperature applications. Another class of materials exhibiting
outstanding soft magnetic properties is nanocrystalline materials [Y OSH19881, HERZ1992,
PETZ2002], which are generaly obtained by a controlled annealing of the amorphous
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precursors at different temperatures under high vacuum. The responsibility for the excellent
soft magnetic properties in the nanocrystalline materials is their characteristic two-phase
microstructure in which nano-sized (< 20 nm) crystals of a soft ferromagnetic phase are
embedded in a ferromagnetic amorphous matrix [ SELL2006]. Such microstructure not only
yields an averaging out of magnetocrystalline anisotropy, but enhances the saturation
magnetization and the permeability [HERZ1995, OHNU2003] as shown in figure 1.01. In
addition, the strong ferromagnetic inter-granular exchange interaction and long range
ferromagnetic ordering in the nanocrystalline materials result in very high Curie temperature
(Tc) as compared to the amorphous materials [HERN1995, GORR1996]. Furthermore,
magnetostriction (see figure 1.02) and noise properties of the nanocrystalline materials are
very low [KIKU2000]. Therefore, these nanocrystalline materials find wide applications in
high performance magnetic components such as noise absorbers, magnetic switch cores,

current sensors and for high frequency and high temperature applications.
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Figure 1.01: Relative permeability and saturation magnetization of various soft magnetic
materials. The open circles and open squares denote FINEMET [ YOSH19882, YOSH2001]
and NANOPERM [SUZU1993, BITO1997] materials, respectively.
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Figure 1.02: Relation between saturation magnetostriction and saturation magnetization
for amorphous [ITOS1980] and nanocrystalline [ YOSH19882, YOSH19891, SUZU1994]

soft magnetic materials.

1.2. Motivation behind the work with historical per spective from the literature:

With the recent interests in the development of various magnetoelectronic devices such as
high density magnetic recording read heads, magnetoresistive random access memories, and
soft underlayer in the PMR media, it is very much important to study the magnetic properties
of those alloys that are commonly used in such applications. Particularly, in double-layered
PMR medium, the recording layer with a perpendicular anisotropy is fabricated on top of a
soft magnetic thin film with suitable intermediate layers. This double-layered medium and a
single-pole type head is considered as one of the ideal solutions for high density PMR
[TAKA2000, KHI1Z20042]. However, the design and property optimization of a magnetic
thin film for soft underlayer application is one of the key issues [CAIN1996]. Since the past
decade, extensive studies have been carried out on various magnetic thin films both in single
layer form [CoNbFe, Co(Ta,Nb)Zr, FeAlSi, FeTaN, FeCoNi and FeTaC] and multilayer form
[FeN/TaN, FeCoTaN/Ti, FeCuNbSIB/Al, FeAlSi/C, CoCrTa/Ru/CoTazZr, CoCrPt/Ru/
CoFe, Fe(TaTi,Nb)C/Ta, NiFe/lrMn/NiFe/CoTaZr and CoTaZr/Ru/CoTaZr] to arrive at
suitable soft underlayer. As an underlayer of a double-layered PMR medium [ZHANZ2003,
PIRA2007, PERU2010], FeTaC based alloy films have been reported to show good soft
magnetic properties [LAIC2003, TANA20032, JJAN2005, PERU2009] for soft underlayer
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applications in L1y ordered FePt based PMR media prepared on heat resistant substrates
[CHEN20071, PERU2008].
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Figure 1.03: Thickness dependent coercivity in magnetic thin films.

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 (see figure 1.03) and depend strongly
on the congtituent elements [MAPP1991, NAOE1998, HUAN2001, NAKAZ2001]. The
variations of H¢ of various types of the magnetic thin films extracted from the literature are
summarized as a function of film thickness (t) in figure 1.03. It is clearly evident from figure
1.03 that the thickness dependent Hc of the magnetic films exhibit a random behaviour
depending on the constituent elements in the alloys. For example, Mapps et a [MAPP1991]
reported that Hc of CoNbFe films decreases almost continuously over a wide range of film
thicknesses (5 nm — 1000 nm). But, Huang et a [HUANZ2001] showed that the room
temperature Hc of single layer FeCoZrBCu (HITPERM) films decreases dlightly with
increasing thickness from 25 nm to 100 nm, but shows a rapid increase for the thickness
larger than 100 nm. In contrast, Naoe et a [NAOE1998] reported that Hc of FeCuNbSIB

5
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alloy decreases largely with increasing thickness from 25 to 100 nm followed by a rapid
increase in Hc values for the thickness between 100 and 150 nm. However, Hc decreases
dlightly on further increasing the film thickness above 200 nm. In addition, they reported that
the variation of Hc with thickness depends strongly on the growth condition of the magnetic
films. On the other hand, Nakamura et al [NAKA2001] reported an oscillatory nature in He
in FeSIAI aloy films at lower thicknesses (< 30 nm) and a high value of Hc at larger
thickness. These results suggest that the estimation of soft magnetic properties of the thin
films is rather difficult without performing thickness dependent studies on magnetic thin
films. Nevertheless, most of the Fe based magnetic alloys display degraded magnetic
properties at higher thicknesses mainly due to the change in the magnetic domain structure
with increasing film thickness [L1UZ2006] resulting from the development of perpendicular
magnetic anisotropy [NAOE1998, CRAU2002, SING2012]. As a result, they show severe
noise properties [NAKA2001, TANAZ2002]. These results further illustrate that the
equilibrium magnetic domain structure in thick 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. Interestingly, these types of soft magnetic thin films also display spin-reorientation
transition from in-plane single domain like state to out-of-plane multidomain state or vice-
versa with increasing film thickness or change in the substrate temperature during sample
preparation [SHAR2006, LIXW2007, COIS2008]. 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 on the thickness and/or temperature
dependent magnetic properties aimed at understanding the magnetic nature of the films at
different thicknesses.

In order to control the development of effective anisotropy at larger film thickness
and to improve soft magnetic properties of magnetic thin films, the multilayer structured thin
films having ferromagnetic layers separated by non-magnetic (metallic and non-metallic
nature) layers were reported [NAKA1997, NAOE1998, HUAN2001, NAKAZ2001,
TANAZ2002, TANA20032]. It is well known that the study of magnetism and magnetic
interactions between the ferromagnetic layers in multilayer structured thin films has resulted
in the discovery of variety of fascinating phenomena and generated enormous interest among
scientists from both theoretical and experimental points of view [HART1999, SPAL2011,
VOLK2011]. While such artificial structures in nanoscale length are suggested for various
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applications in modern magnetoelectronic devices as summarized earlier [TSAN1994,
OSHI2002, KHI1Z20041, PIRA2007, IKED2008, BERG2011] from the application point of
view, they are also expected to provide an understanding of surface magnetism and transport
phenomena, such as interlayer magnetic coupling [KORE2012, KRAV?2012], dipolar
interaction between ferromagnetic layers [HILL1993, MAJC2007], magnetostatic interaction
induced by the interface roughness (topological coupling) [SHIZ1994, ZHAN19961], effects
of thickness and number of spacer layers on structural and magnetic properties [HERN2008],
disorder magnetic states, surface anisotropy, magneto-optical effect and different types of
magnetoresistance, etc. Another key advantage of artificial magnetic nanostructures is their
ability to surpass the performance of naturally occurring magnetic compounds. Therefore, the
controlled growth and tailorable properties of such nanostructured multilayer films have
become a very active field of research for the realization of futuristic magnetic devices.
Nakamura et al [NAKA2001] showed that the noise signal observed in thick FeSIAI
film decreases strongly with decreasing thickness of FeSiAl film. This behaviour was
attributed to the change in the microstructure and magnetic domain structure with decreasing
film thickness resulting a decrease in Hc (see Table 1.01). Similarly, Tanahashi et al
[TANA20032] reported that a laminated type Fe based soft magnetic thin film displays lower
Hc as compared to the single layer thick film. This observation was explained on the basis of
magnetostatic interaction between the ferromagnetic layers, which reduces the stray field by
forming local magnetic loops. Alternatively, Huang et @ [HUANZ2001] reported that the
improvement of soft magnetic properties in HITPERM based multilayer thin films is very
much dependent on the thicknesses of both the ferromagnetic and spacer layers. Interestingly,
such multilayer films exhibited a spacer layer thickness dependent multistep magnetization
reversal process at lower temperatures. Naoe et al [NAOE1998] reported that the introduction
of Al non-magnetic layer sandwiched between FeCuNbSIB multilayer thin films causes a
large reduction (nearly two orders) in H¢ for Al thickness of 2 nm and show oscillatory
nature with increasing Al thickness up to 10 nm. Feng et al [FENG1994, FENG1995] studied
the effect of various types of interlayer such as Al, Cr, Cu and Ag on the magnetic properties
of CoCrTafilms and showed that the variations of Hc strongly depend on the thickness of the
spacer layers, i.e., Hc decreases with increasing the thickness of the spacer layers. Herndon et
a [HERN2008] have aso reported a similar trend of Hc variation with Al,Os spacer
thickness in self-assembled single-domain iron nanoparticles embedded in an alumina thin

film matrix separated by Al,O5; spacer layers. The variation of magnetic properties has been
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attributed to three types of magnetic interactions such as exchange interaction, strong dipolar
interaction and weak dipolar interaction depending on the spacer layer thickness. The above
results evidently reveal the advantage of the multilayer structured filmsin controlling the soft
magnetic properties and its applicability in devices. In addition, various parameters such as
layer structure, microstructure, magnetic domain structure in multilayer thin films, thickness
of spacer and ferromagnetic layers, number of spacer layers, interface roughness and
magnetization of ferromagnetic layers and temperature play a maor role on controlling the
soft magnetic properties of multilayer films. However, the origin of improvement in soft
magnetic properties of the multilayer thin films, their stability against spacer layer thickness,
and the effect of temperature on the magnetic interaction between the ferromagnetic layers
have not been well addressed so far. Furthermore, the study of effects of microstructure and
temperature driven interlayer interactions in the multilayer films in correlation with the
resulting magnetic properties has not been reported in detail.

Table 1.01: Magnetic parameters (saturation induction (Bs), remanence (B;) and Hc) of
various magnetic thin films with different multilayer structures. Numerals given within the
parenthesis indicate thickness in nanometer.

Sl Layer structure Bs(Teda) | B;(Teda) | Hc (O€) Reference

1. | FeAISi (200) ; ] 23 [NAKA2001]
2. | FeAlSi (20) - : 75 [NAKA2001]
3. | [FeAISi (5)/C (4)]n=20 ; - 0.5 [NAKA2001]
4. | FeNbC (200) 1.5 0.8 047 | [TANA20032]
5. | [FeNbC (100)/Ta(2.5)]. 15 <0.1 0.04 | [TANA20032]
6. | [FeNbC (67)/Ta(2.5)]s 1.5 <01 0.07 | [TANA20032]
7. | [FeNbC (50)/Ta(2.5)]4 1.5 <01 012 | [TANA20032]
8. | FeTaC (200) 17 0.7 0.42 [TANA20032]
9. | [FeTaC (100)/Ta(2.5)]» 1.7 <01 0.07 | [TANA20032]
10. | [FeTaC (67)/Ta(2.5)]s 1.7 <01 015 | [TANA20032]
11. | [FeTaC (50)/Ta(2.5)]4 1.7 0.1 0.24 | [TANA20032]
12. | FeTiC (200) 1.3 0.6 0.65 | [TANA20032]
13. | FeTiC (100)/Ta(2.5)]. 1.3 <01 0.12 | [TANA20032]
14. | FeTiC (67)/Ta(2.5)]s 1.3 <0.1 0.08 | [TANA20032]
15. | FeTiC (50)/Ta(2.5)]4 1.3 0.1 020 | [TANA20032]

8
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16. | FeCoZrBCu (200) 175 0.7 33 | [TANA20032]

17. | [FeCozZrBCu (75)/SI02 (2)]2 - - 025 | [HUAN2001]

18. | FeCUNDSIB (140) - - 400 | [NAOE1998]
FeCuNDSIB (70)/Al(2)/

19. _ - - 1.0 | [NAOE199g]
FeCuNDSiB (70)

In this context, it may be noted that the study of magnetic properties of those aloys
which are typically used in various magnetoel ectronic devices is very much essential. Thisis
mainly due to the fact that magnetic properties such as Hc, magnetic anisotropy, and
magnetic interaction between the ferromagnetic layers in the multilayer films are strongly
affected by the growth conditions, which are altered at a surface or an interface. When
averaged over the entire volume of the film, these properties can therefore be expected to
depend strongly on the surface to volume ratio (film thickness). Among various soft magnetic
thin films, FeTaC alloy films depict excellent soft magnetic properties and low media noise
[TANA2002, PERU2009]. It was reported that the soft magnetic properties depend strongly
on the alloy composition and the composition of FegyTagCi> shows superior soft magnetic
properties [HASE1995, TANA2002, PERU2009]. However, a systematic investigation of
magnetic properties of FeTaC films as a function of thickness, different multilayer structures
and post deposition annealing temperatures to improve the magnetic properties is ill

missing.

1.3. Objective of the thesiswork:

a) To prepare amorphous FegyTagCio single layer films of different thicknesses (t = 20,
50, 100 and 200 nm) directly on oxidised Si substrate at ambient temperature using
magnetron sputtering technique.

b) To prepare multilayer structured [[FeTaC (y nm)/Ta (x nm)]/FeTaC (y nm)] films
directly on oxidised Si substrate at ambient temperature using magnetron sputtering
technique. Thickness of the individual ferromagnetic FeTaC layers (y) in multilayer
films will be controlled using the relation y = 200/(n+1), where 200 nm is total
thickness of FeTaC in multilayer films, n is number of repitation varying between 0
and 4, and x is the thickness of non-magnetic Ta spacer layer varying between 0 and

6 nm.
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c) To study the effect of film thickness on the room temperature and temperature
dependent magnetic properties of FeTaC (t) films over a wide range of
temperatures.

d) To understand effects of number of multilayers and thickness of the spacer layers on
the room temperature and temperature dependent magnetic properties in the
temperature range of 5 K to 500 K.

e) To investigate effect of post deposition annealing temperatures on the formation of
nanocrystalline microstructure and the resulting magnetic properties of single and
multilayer thin films and the correlation between them.

f) To understand the role of perpendicular anisotropy and temperature dependent
interlayer magnetic coupling in shaping the magnetic properties of multilayer thin
films with amorphous and nanocrystalline ferromagnetic FeTaC layers.

10
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2.1. Introduction:

Magnetism, the phenomenon by which materials avow an attractive or repulsive force, has
been known for thousands of years. The history of magnetism is coeval with the history of
science. However, the underlying principles and mechanisms that explain the magnetic
properties of the materials are still complex and elusive. It is well known that most of the
modern technological devices such as electrical power generators, transformer, electric
motors, sensors, computers, and components of sound and video reproduction system rely on
magnetism and magnetic materials. Recently, the tendency to miniaturize the dimensions of
electronic devices has created a demand for new materials and new methods for their
production. Therefore, the understanding of development of magnetic properties in new
materials and optimization of the magnetic properties for different applications are very much
essential. This chapter provides a brief description of origin of magnetism in solids, the
phenomenon of ferromagnetism and the various phenomena affecting the ferromagnetic

properties of materials.

Magnetic Magnetic
mioment mioment
A ),
. fEIE:[:lrc:n
_ il
| s ) Electron (
L A »]
Atomic R Direct;
nucleus Irecticn
of spin

(a) ®)

Figure 2.01: Demonstration of the magnetic moment associated with (a) an orbiting

electron and (b) a spinning electron.

2.2. Origin of magnetism:

The macroscopic magnetic properties of materials are a consequence of magnetic moments
associated with individua electrons [KITT2004, OHANZ2000]. Each electron in an atom has
magnetic moments originating from two different sources. (@) One is orbital motion of
electron around the nucleus, generating a small magnetic field and having magnetic moment
along the axis of rotation (see figure 2.01(a)) and (b) Other magnetic moment originates from

the electron spin, which is directed along the spin axis as shown in figure 2.01(b). This

12
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reveals that the each electron in an atom may be thought of as being a small magnet having
permanent orbital and spin magnetic moments. Furthermore, in an atom, electrons are
occupied according to the Pauli’s Exclusion Principle and Hund’s rule. The net magnetic
moment for an atom is the sum of the magnetic moments of the each of constituting
electrons, including both orbital and spin contributions and taking into the account of moment
cancellation. For an atom having completely filled electron shells or subshells, when all
electrons are considered, there is a total cancellation of both the moments. Thus, materias
composed of atoms having completely filled electron shells are not capable of being
permanently magnetized.

Based on number of unpaired electrons in atom, their orientation in the orbitals and
the spin-orbit interaction between the electron orbital angular momentum and spin angular
momentum and their response in the external applied field, materials are classified into
diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic and  ferrimagnetic
[KRONZ2003]. Diamagnetism is a manifestation of Lenz law, i.e., if one applies afield to a
system of moving charges, then their motions change in such a way that they create a
magneti zation that opposes the original applied field [OHAN2000]. Such effect is present in
all the materials, but is often obscured by other types of magnetism. For some solid materials,
each atom possesses a permanent dipole moment by virtue of incomplete cancellation of
electron spin and/or orbital magnetic moments. The orientations of these atomic magnetic
moments are random in the absence of an external magnetic field and result no net
macroscopic magnetization. However, these atomic dipoles are free to rotate and
paramagnetism occurs when they preferentially align, by rotation, with an external field
[KITT2004]. Both diamagnetic and paramagnetic materials are generally considered to be
non-magnetic because they exhibit magnetization only under the application of an external
field. On the other hand, certain materials possess a permanent magnetic moment resulting
from strong interaction between the magnetic moments even in the absence of an externa
field. This dominates over the thermal energy and reveals an alignment of magnetization in a
particular direction. Such behaviours are displayed by the transition metals and some of the
rare earth metals. In an antiferromagnetic material, moments of equal magnitude are aligned
in an antiparallel arrangement with zero net moment in the absence of external field at
temperatures below the ordering temperature called Néel temperature [KITT2004]. Some
ceramics exhibit a permanent magnetization, termed ferrimagnetism. When two

antiferromagnetically coupled sublattices in a material have unequal moments because of the
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different species on the different sites, the net moment is not zero. Such materials are called
ferrimagnets.

As the primary motivation of the thesis work is to study the ferromagnetic properties
of magnetic thin films, we focus only on the phenomenon of ferromagnetism and the various

phenomena affecting the ferromagnetic properties of materialsin the rest of this chapter.

2.3. Ferromagnetism:

The atomic moments in ferromagnetic materials exhibit very strong interactions, which are
produced by electronic exchange forces and result in either a paralel or an antiparallel
alignment of atomic moments. As a result, a large net magnetization even after removing the
external applied magnetic field exists in ferromagnetic materials. Therefore, there are two
distinct characteristics: (1) their spontaneous magnetization and (2) existence of magnetic
ordering temperature. Spontaneous magnetization is the net magnetization that exists inside a
uniformly magnetized microscopic volume even in the absence of external magnetic field.
The magnitude of this magnetization at absolute temperature depends on the spin magnetic
moments of electrons. Although electronic exchange forces in ferromagnets are very large,
thermal energy eventually overcomes the exchange energy and produces a randomizing effect
leading to paramagnetism, i.e., with increasing temperature, a transition from ferromagnetic
state to paramagnetic state occurs at a temperature called Curie temperature (Tc).

B Flux Density
—=a
-2 Satuaration
Retentivity .
"-'- b .
#
7
&
Coercwlty T
H
Magnetlzlng Force Magnetizing Force
in opposite direction
Saturanon Flux density
in opposite direction . in opposite direction

Figure 2.02: Magnetic hysteresis |loop of a ferromagnetic material.
All ferromagnetic materials exhibit magnetic hysteresis behaviour, i.e., the formation
of loop under the application of magnetic field (M-H loop) as displayed in figure 2.02. A

14
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great deal of information about the magnetic properties of a ferromagnetic material can be
acquired by studying its hysteresis loop. The loop is generated by measuring the magnetic
flux of a ferromagnetic material while the magnetizing field is changed continuoudly.
Ferromagnetic materials that have never been exposed to magnetic field or have been
thoroughly demagnetized follow the dashed line (starting from the origin ‘0’) as applied field
is increased and reach the point 'a’ where ailmost all of the magnetic domains are aligned to
field direction and an additional increase in the magnetizing field produces a very little or no
increase in magnetic flux. The magnetization obtained at this point is called saturation
magneti zation (Ms). When the field is reduced to zero, the curve moves from point ‘a’ to ‘b’.
At this point, some magnetic flux remains in the material even at zero magnetic field. Thisis
called as retentivity and indicates the remanence or level of residual magnetism in the
material. As the magnetic field is reversed, the curve moves to point ‘c’, where the
magnetization reaches to zero. This point is called as coercivity (Hc) or coercive force. On
further increasing the field in the negative direction, materials become magnetically saturated
but in the opposite direction (point ‘d’). Reducing the field to zero brings the curve to point
‘€. At this paint, the level of residual magnetism is almost equal to that achieved in the other
direction (point ‘b’). Increasing the field back in the positive direction returns the
magnetization to zero. Subsequently, the curve takes a different path from point 'f' back to the
saturation point (point ‘a’) where it completes the loop. From the M-H loop, the following
magnetic parameters can be determined: (i) Retentivity: a material's ability to retain a certain
amount of magnetization when the magnetizing field is removed after achieving saturation,
(i1) Residual magnetism or Residual flux: The magnetic flux density that remainsin a material
when the magnetic field is zero. Note that residual magnetism and retentivity are the same
when the material has been magnetized to the saturation point. However, the level of residual
magnetism may be lower than the retentivity value if the magnetic field did not reach the
saturation level, (iii) Coercivity: The magnitude of reverse magnetic field is required to make
the magnetization to zero; (iv) Permeability: A property of a material that describes the ease
with which a magnetic flux is established in the component. These hysteresis parameters are
not solely intrinsic properties but are dependent on various parameters such as grain size,
domain state, internal stresses and temperature. Since the hysteresis parameters are dependent
on grain size, they are useful for magnetic grain sizing of natural samples. The elements Fe,
Ni, and Co and their aloys are typical examples of ferromagnetic materials.

Ferromagnetic materials are mainly divided into two groups as shown in figure 2.03:

(a) hard ferromagnetic materials which exhibit very high Hc (> 1000 Oe). These materials are
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mainly used as permanent magnets and mediafor data storage and (b) soft magnetic materials
with low Hc (< 100 Oe) are used for transformer core, read head and magnetic sensor

applications.

M — M
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Figure 2.03: Typical magnetic hysteresis loops of soft and hard ferromagnetic materials.

2.4. Exchange I nteraction:
Weiss (1907) reported that in addition to any externally applied field H, there is an internal

molecular field or exchange field in aferromagnet proportional to its magnetization.

By = AM (2.01)

where, 1 is a constant independent of temperature. According to egn.(2.01), each spin sees
the average magnetization of all the other spins. This molecular field is not really a magnetic
field and therefore does not enter into the Maxwell equations. For example, there is no
current density  related to B, by V x H = 4mj/c. The magnitude of the molecular field may
be as high as 1000 Teda Now the question is what is the origin of such huge internal
molecular field? For instance, the magnetic field at distance r due to a magnetic dipole of

dipole moment mis[KITT2004],
a5 HOM —_— . —
dip = (W) [2cosBe; + sinfey] (2.02)

The order of magnitude of Baip (= MoHaip) iS poM /4mr3 and taking m = 1pg and r = 0.1 nm

provides Bgip = 1 Tesdla or 10 kG only. This reveals that the huge molecular field is not due to

the magnetic dipole interaction. This lingered as a mystery until Heisenberg introduced the
16
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concept of exchange interaction in 1928 [HEIS1928]. The origin of the Heisenberg exchange
interaction is electrostatic, but the explanation involves quantum mechanics. The charge
distribution of a system of two spins depends on whether the spins are parallel or antiparallél.
Pauli’s exclusion principle dismisses that no two identical electrons occupy the same
guantum state simultaneously. However, it does not exclude two electrons of opposite spin.
Therefore, the electrostatic energy of a system depends on the relative orientation of the
spins: the difference in energy defines the exchange energy. The energy of interaction
between the atoms i and j bearing electron spins S and § is defined from the Heisenberg
model as [OHAN2000],
Eexcn = =2 EfijSi-Sj (2.03)

i<j

where, J; is the exchange integral and is related to the overlap of the charge distribution of
the atoms i and j. Assuming that the exchange interaction is the same for each nearest-

neighbour pair, eqn.(2.03) turns out to be

nn
Eexch = —ZJZSLSJ (204)

i<j

For parallel orientation of the magnetization (ferromagnet), J should be positive and for
antiparallel alignment of spins, J should be negative. The variation of J with respect to inter-

atomic distance is shown in figure 2.04. This curveis also known as the Bethe-Slater curve.

A Co
J o Fe .
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Figure 2.04: Bethe-dater curve: Elements above (below) the horizontal axis are

ferromagnetic (antiferromagnetic).

It is clear from the figure 2.04 that the value of J and hence the short-range exchange

interaction depends strongly on the inter-atomic distance. The egn.(2.04) can further be
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simplified by considering the energy of a particular atom i interacting with its j nearest

neighbour:

eixch = —2JS; Z Sj (2.05)

while for the entire material,

1 .
Eexch = — EZ Boyen (2.06)
j

Thus, the discrete, pairwise interaction can be replaced by assuming that the magnetic
moment ul, = gugS; at site i interacts with a molecular field Her given by the net effect of

the z nearest neighbour spins:

Elvch = —polinHerr = —gHolpSiHesy (2.07)

where, g is the landé g-factor, pg is Bohr magneton (= 9.27x10% J.T1) and Wo is the
permeability of the free space (= 4nx107 H/m or 1.256x10°® H/m). Comparing eqn.(2.07)
with egn.(2.05) provides the effective field as,

2] g 2z]

Y11 = Ghots 22 Ghiots

gHotin 4 ($5) (2.08)

Here, the sum over z neighbouring spins has been replaced by z times the average spin value
(Sj). Using M = N, guz(S;), eqn.(2.08) gives,
2z]

R — 2.09
N, g?ug?ug (2.09)

Hery

From egn.(2.09), it can be seen that the Herr s the Weiss molecular field defined as Hnol = 4
M, provided
2z]

l=——" 2.10
N, g% 2o (210

Using the value of molecular field coefficient A as 102, Jis calculated to be 2x102t Jor 0.01

eV/atom. Exchange interactions are weaker than the Coulomb interactions that distinguish

18
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levels of different principal and orbital quantum numbers, but stronger than spin-orbit
interaction. Following the treatment of Weiss molecular field that Tc = AC, with C =

N2 uo/3kg, the expression for Tc can be obtained from egn.(2.10) as

2zJun?  2zJs(s + 1)
TC = =

= = 211
9*up?3kg 3kp ( ‘

where, u,, =./gugs(s+ 1). Another important relation between exchange energy and the
magnetization is defined as,

Lj 1 2 2
Boxan _ 9°0JNs (B =a (T (2.12)
|74 2 M M

where, a is the distance between the spins, A is called the exchange stiffness constant having
1-2x10* Jm for most ferromagnets, and N,, is number of nearest neighbour atoms per unit
volume. Therefore, it is clear from the above equations that the exchange energy or the
Heisenberg exchange interaction depends strongly on temperature due to the dependence of
interatomic distance on temperature. In particular, the disorder ferromagnetic system is the
subject of low Tc due to the low value of J.
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Figure 2.05: Schematic diagram of magnetization, applied field, and easy axis for a given

material.

2.5. Anisotropy:
When a physical property of any materials depends on the direction, that property is said to
exhibit anisotropy. In magnetism, the preference of magnetization to lie in a particular

direction of sample is called magnetic anisotropy. As anisotropy plays an important role in
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tuning the nature of M—H loop, it is much essentia to understand the various possible sources
of the magnetic anisotropy and its influence on the control of the magnetic properties. Figure
2.05 displays atypical situation where for zero applied field, the magnetization would point
along the easy axis shown (« = 0). When a field is applied, the magnetization is pulled
towards the field direction and approaches closer to the field direction with increasing the
applied fied. For any intermediate values of ¢, the magnetization is being attracted in
opposite directions, i.e., up by the field and down by the anisotropy.

Let us assume that al the magnetization is pointing in the same direction in a
magnetic material and the material exhibits an easy axis of magnetization. In such scenario,

we can describe the energy per unit volume of the magnetization of this material by

E = K sina (2.13)

where, K is called anisotropy constant with an unit of energy per unit volume (Jm?q). Hence,
the energy term, E, is also energy per unit volume. In general, the magnitude of uniaxial
anisotropy is described in terms of the anisotropy field, which is defined as the field needed

to saturate the magnetization of a uniaxial crystal in the hard axis direction, as given in

eqn.(2.14)
H, = i 2.14
In general, the energy of the magnetization is given by,
E = K sin*a — uoMH cos(f — a) (2.15)

where, the first term is anisotropy energy. The second term is due to the magnetic field and
the difference in the angle (4 - @) is the angle between H and M. In order to get equilibrium,
we required first derivative to be zero. Therefore, taking derivative of egn.(2.15) with respect
to the angle resuilts,

dE
Ta = 2K sina cos a — poMH sin(B —a) =0 (2.16)

Taking the value of £ as 90° for the equilibrium angle for the magnetization relative to the
easy axis and considering the egn.(2.14) gives>

20
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H
sina = H_k (2.17)

The above egn. indicates that when field is zero, the magnetization points along the easy axis
and when the field is equal to Hk, the magnetization points aong the direction of field. For
any intermediate value of the applied field, the magnetization points at a value of angle given
by eqn.(2.17) rotating smoothly between the easy axis and the applied field.

L E— [111]
'TE 1.2 (111 04 .\[110] o
100 '
% 0.8 (100] 1008
0.5
04T Fe Ni ' Co
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Field, HkA m™1)
Figure 2.06: Magnetization of single crystals of Iron, Nickel and Cobalt.

2.5.1. Magnetocr ystalline anisotr opy:

Figure 2.06 depicts initial magnetization curves of single crystals of different 3d
ferromagnetic elements. It is seen that the materials approach to saturation in different ways
when magnetized in different directions. For example, iron display a(100) as easy directions
and (111) as hard directions, while nickel exhibits (111) as easy axis and (100) as hard
directions. This behaviour can be understood by analyzing the development of anisotropy

energy in different symmetries as given below:

For Hexagonal:
E, = K, sin? 8 + K, sin* 6 + K5 sin® 8 + K3 sin® 0 sin 6¢ (2.18)
For Tetragonal:

E, = K, sin? 8 + K, sin* 0 + K sin* 6 cos 4¢ + K5 sin® 8

(2.19)
+ K3 sin® 6 sin 6¢

For Cubic:
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E, = Ki(afab + aja + aja) + Ky (afasal) (2.20)

where, o are the direction cosines of the magnetization. Kic term is equivalent to

K;.(sin? 8 cos? ¢ sin? ¢ + cos? O sin? 0). When, 8 = 0, ¢ = 0, this term reduces to

eqn.(2.13) [COEY 2010].
1

Figure 2.07: Schematic drawing of broadside and head-to-tail configurations for a pair of

ferromagnetically coupled magnetic moments.

Origin of magnetocrystalline anisotropy: There are two distinct sources of magnetocrystalline
anisotropy: (i) single-ion contributions and (ii) two-ion contributions. The first one is
essentially due to the electrostatic interaction of the orbitals containing the magnetic electrons
with the potential created at the atomic site by the rest of the crystal. This crystal field
interaction stabilizes a particular orbital and by spin-orbit interaction, the magnetic moment is
aligned in a particular crystallographic direction. For example, a uniaxial crystal having
2x10% ions/m?® described by a spin Hamiltonian DS with D/ks = 1 K and S = 2 will have
anisotropy constant K1 = nDS = 1.1x10° Jm?3. On the other hand, the later contribution
replicates the anisotropy of the dipole-dipole interaction. Considering the broadside and head-
to-tail configurations of two dipoles each with moment m, as shown in figure 2.07, the energy
of the head-to-tail configuration is lower by 3u,m?/(4nr3) and hence the magnets tend to
align head-to-tail. In non-cubic lattices, the dipole interaction is an appreciable source of

ferromagnetic anisotropy.

2.5.2. Shape anisotropy:

Shape anisotropy arising due to the asymmetric shape of the material is important for thin
films where one dimension is very short as compared to other dimensions. The
demagnetization field inside the material or the stray field outside the magnetic material
depends on the magnetization and shape of the material [JLE1997, OHANZ2000,
BLUN2001]. The magnetostatic energy of a ferromagnetic ellipsoid as shown in figure 2.08

with magnetization Msis given as
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---------------

Figure 2.08: Magnetization of a prolate ellipsoid of revolution with ¢ > a and no

magnetocrystalline anisotropy. c-axis is the easy direction of magnetization.

1
Em =5 HoVNM; (2.21)

The anisotropy energy is related to the difference in energy AE when the ellipsoid is
magnetized along its hard and easy directions. N is the demagnetization factor tensor for the
easy direction. N'=(1/2)(1-N) is the demagnetization factor tensor for the hard directions.

Hence,

1 1
AE,, = EMOVMSZ 5(1 —N) - N]

1
AE,, = 7 UoVMZ[1 — 3N]

1
Kon = 7HoME[1 — 3N] (222)

In addition, the demagnetization factor tensor that relates the demagnetization field with a
specimen magnetization as afunction of position is given by [NEAL1994]

N(@r) = —ﬁfﬂ‘ da3r'v’ <V’ (r _1 r’)) (2.23)

This tensor is given by an integral over the object volume and can be evaluated either inside

or exterior to the body. The value of tensor N significantly depends on the specimen shape,
which are difficult to obtain in closed-form. It may be calculated exactly for an ellipsoidal
shape only. In many symmetrical materials such as any ellipsoids of revolution, the

demagnetization factor tensor only has three principal components, i.e.,
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H, N, 0 0\ /M,
Hs 0 0 N3/ \M;

where, N1 + N2 + N3 = 1 (in SI) and N1 + N2 + N3 = 4n (Gaussian). The demagnetization
factors for the selected shapes are summarized in Table 2.01. A detailed calculation of
demagnetization factor for various objects can be found in [NEAL1994].

Table 2.01: Demagnetization factors (in Gaussian units) of selected shapes.

Shape N1 N2 N3
Sphere 4/3 47t/3 4r/3
Long Cylinder along z-axis 2n 2n 0
Infinite plate normal to z-axis 0 0 4r
Strip film normal to z-axis 0 8t/'W 47t

(with t —thickness, W—Width, L —Length; t <W<L)

The shape anisotropy is zero for a sphere, as N = 1/3. Shape anisotropy is fully effective in
samples which are so small that they do not break up into domains [COEY 2010].

M M
(a) ik b i
> > H
H
——
vt ALY £

Figure 2.09: Magnetization of a thin film with induced anisotropy created by annealing in
a magnetic field. The sheared (open) loop in a (b) is observed when the measuring field H
is applied perpendicular (parallel) to the annealing field direction.

2.5.3. Induced anisotropy:
In some materials, the magnetic anisotropy can be induced by many ways: (i) fabricate afilm
in the presence of a magnetic field, (ii) heat treat the materials in the presence of externa
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applied magnetic field and (iii) apply uniaxial stress. In the first two cases, after such
treatment, the material may exhibit an easy axis of magnetization that points in the direction
of the magnetic field. This induced anisotropy is certainly independent of any crystalline
anisotropy or any other form of anisotropy that might be present. Figure 2.09 shows the
typical example of inducing the anisotropy in ferromagnetic materials by field annealing.

In the last case, the uniaxial anisotropy isinduced by applying uniaxial stress (o) in a
ferromagnetic solid [KRON2003]. The magnitude of the stress-induced anisotropy is

3
Kug = 5025 (2.25)

where, As is the saturation magnetostriction. Both the single-ion and two-ion anisotropy
contribute to the stress induced anisotropy. The highest values of uniaxial anisotropy are

found in hexagonal and other uniaxial crystals. Smallest values are found in cubic aloys and

amorphous ferromagnets.
No stress
(_( € Easyaxis —_—
Tension (+)

—_ I Easy Axis P

Compression (-)

Figure 2.10: Schematic drawing of bars to demonstrate inducing an easy-axis in a material

with the positive magnetostriction.

2.5.4. M agnetostrictive anisotropy:

Another important form of anisotropy in magnetic materials is due to magnetostriction, a
change of volume of an isotropic crystal due to magnetic order. Magnetostriction relates the
stress in a magnetic material to an anisotropy created by that stress. Figure 2.10 shows
schematic views of bars with different applied stress conditions. If A is positive, then
application of a tensile stress to the bar creates an easy axis in the direction of the applied
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stress. If a compressive stress is applied, then the direction of the easy axis created will be
perpendicular to the stress direction. On the other hand, if the magnetostriction constant for
the material is negative, then the above phenomena would be reversed: a tensile stress will
create an easy axis perpendicular to the stress direction and a compressive stress will create

an easy axisin the direction of the applied stress.

2.5.5. Magnetic surface anisotr opy:

The direction of orientation of magnetic moments in the ultrathin film strongly affects the
magnetic properties and hence attracts enormous interest since past decades. It has been
reported that in ultrathin films, magnetic moment orients along perpendicular direction of the
film plane up to certain critical thickness. The preferred uniaxial direction of magnetization is
due to the magnetic surface anisotropy, which has the following origins: a) the lack of the
neighbours or reduced symmetry at the interface gives rise to magnetocrystalline surface
anisotropy [NEEL1954], b) strain at the interface due to the lattice mismatch between the
substrate and the film and c) the interface roughness. The direction of magnetization in the
ultrathin films is determined by the competition between shape (or dipolar anisotropy) and
the magnetic surface anisotropy, i.e., when the thickness of the films is below the critical
thickness, the surface anisotropy dominates over the shape anisotropy. On the other hand, the
shape anisotropy dominates over the surface anisotropy above critical thickness resulting in-
plane orientation of the magnetization [PESC1987, GARR2005, YI1LD20091, YILD20092,
HIND2011]. Critica thickness and the easy direction of uniaxial surface anisotropy depend
strongly on the deposition conditions, nature of substrate, temperature, materials and
microstructure of the film [BRUN1989]. For example, the magnetization of Ni [111] ultrathin
films deposited in Au/Ni/Au [111] multilayers always lies within the plane of films
[BRUN1989]. On the other hand, the easy axis of magnetic surface anisotropy of bcc Fe
[100] grown on Ag [100] is normal to the film plane [HEIN1987, KOON1987]. The critical
thickness below which the spontaneous magnetization becomes perpendicular is 2.4
monolayers. Similarly, the magnetic surface anisotropy of Fe [110] grown epitaxially on
GaAs and W[110] strongly differsfrom the previous result and the easy axis of magnetization
lies along film plane. In addition, Fe [110]/Ag [111] shows perpendicular magnetization for
thickness less than 2 ML. Furthermore, hexagona closed packed (HCP) Co deposited at
room temperature on atomically flat polycrystalline Au[111] and covered by Au exhibits
perpendicular magnetization for thickness lessthan 12 A (6 ML) [CHAP1988].
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Figure 2.11: Comparison of domain wall energies for a (a) Bloch, (b) Néel and (c) Cross-
tie wall for a permalloy film as function of film thickness [PRUT1964] and illustrative

diagrams of the respective domain wall spin configuration.

2.6. Magnetic domains and domain walls:

Magnetic domains are the regions inside a ferromagnetic material that are magnetized in
different directions so that the net magnetization is nearly zero. The surfaces or the walls
separating one domain from another are called as domain walls. The main cause of formation
of magnetic domains and domain walls is to reduce the magnetostatic energy of a finite and
uniformly magnetized sample. The size of the domain and domain wall, and orientation of
magneti zation within the domain and domain walls are determined by the minimization of the
total energy of the system. This energy includes exchange anisotropy, magnetocrystalline
anisotropy, magnetostatic energy, magnetoelastic energy and domain wall energy
[OHANZ2000]. The width of a domain wall is dependent upon the exchange energy which
prefers the magnetization to rotate slowly from one orientation to the other leading to wide
walls, whereas the anisotropy and demagnetizing energies prefer the magnetization to switch
immediately to the opposite direction and therefore results narrow walls. The thickness of the
domain wall is determined by the equilibrium between these energies. There are three types
of domain walls exist in thin films as shown in figure 2.11: Bloch wall, Néel wall, and Cross
tie wall. In Bloch wall, magnetization rotates about an axis perpendicular to the wall as
shown in figure 2.11(a). Hence, for thin films, the rotation of magnetization would be

perpendicular to the film plane resulting a high stray field on the surface. A Nédl wall is
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defined by the magnetization rotating in the plane of the film which reduces the
magnetostatic energy of the wall (see figure 2.11(b)), since the magnetization is not pointing
in an unfavorable directions (out of plane) as with aBloch wall. A cross-tie wall is defined by
amixture of spins pointing out and in the plane, and is identifiable by spike walls which form
to ensure flux closure (see figure 2.11(c)) [CRAI1965]. It is found that in thin films Néel
walls have lower magnetostatic energy than Bloch walls and are therefore more energetically
favorable. The variations of different types of wall energiesin permalloy film are shown as a
function of thickness in figure 2.11. The cross-tie walls appear in between the transition
region from Bloch wall to Néel wall. The widths of the domain walls also vary as a function
of film thickness where Bloch walls become narrower and Néel walls become wider with
decreasing film thickness [MIDD1963]. The typical length and energy scales related to
different types of domain walls are defined as [OHAN2000],

Wwall Type Length scale Energy Density
A
Bloch wall Spyw =TT % ogw = 4VAK
2 2A
HoMg

where K is anisotropy constant, A is exchange stiffness constant having 1-2x10'* J/m for
most ferromagnets and Ms is saturation magnetization. There are several types of domains
observed both in bulk materials and in thin films. (a) star like domain patterns observed in
FesoNisoP14Bs (metglass), (b) the laminar domain structure observed in the FesNioB2o aloys
and (c) the strip domain structure observed in thin films above certain critical thickness
[KRONZ2003]. The development of anisotropy perpendicular to the film plane arising due to
the stress accumulated during the deposition of the film aigns the magnetization
perpendicular to the film plane with strip domain patterns [MURA1966, PRAD1997,
CRAU2002]. The equation for the critical thickness above which the strip domain appears
was derived from the micromagnetic equation with appropriate approximations and the
boundary conditions [HUBE2009] and given by,

2t |A
teritical = ﬂOMSHSat\/7 1—S E (2-26)
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where, teitical 1S the critical thickness, Sis the dimensionless quantity, and Hsx is the critical
field beyond which the strip domains are unstable. These strip domains are periodical
oscillations of the magnetization within a laminar conventiona domain structure
[CRAU2002, KRON2003, AMOS2008, HUBE2009]. The advantage of such strip domain
structure along with the closer domains is the absence of stray field outside the specimen. The

approximation for formation of the closer domainsis given by [KRON2003],

2K
Q= YE «1 (2.27)
HoMg
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Figure 2.12: Relation between permeability (at 1 kHz) and saturation induction for soft
magnetic materials (a) [MAKI1995] and (b) [ YOSH19892] .

It is clear from egn.(2.27) that the formation of closer domains depends strongly on the
anisotropy present in the material and the values of Ms. Soft magnetic materials in genera
exhibit a low anisotropy and relatively high Ms. As a result, above approximation of
formation of closer domains are more suitable for soft magnetic materials. For small Q (<

0.1), the critical thickness for the formation of stripe domains is approximately t. iticar =
2rn,/A/K in zero applied field. When Q approaches one, the critical thickness vanishes, i.e.,

stripe domains are therefore expected even for ultrathin films and reported experimentally in
ultrathin cobalt films by Allenspach et a [ALLE1990]. In this case, the surface anisotropy
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adds to the perpendicular anisotropy for ultra-thin films so that the effective value of Q

becomes larger than unity.

2.7. Magnetic properties of amorphous and nanocrystalline materials:

Reducing the structural correlation length of solids to nanoscale results in dramatic changes
in their physica properties, which are usualy not predictable on the basis of their
macroscopic properties. In particular, the enhancement of soft magnetic properties in Fe
based nanostructures is one of the examples of such size effects. After the development of
Fer45Si135BoNbsCur by Yoshizawa et a [YOSH19882], the magnetic softening effect in
nanostructures has opened the possibility of promising exploration for material developments
in soft magnetic materials for magnetic cores for the purpose of magnetic flux multiplication.
It has been reported that amorphous materials exhibit low Hc [KOBL1978, INOU1997] and
high permeability. While the permeability of Co based amorphous materials is high as
compared to Fe based amorphous alloys, Ms of Co based aloys is considerably lower than
the Fe based amorphous alloys. In addition, the magnetostriction of Fe based amorphous
aloys is quite high [ITOS1980, INOU1997] as compared to Co based alloys [OHAN1987,
MCHE1999]. However, FeCo based amorphous alloys exhibit low value of permeability but
relativity high Ms as compared to any other Fe based or Co based alloys. Figure 2.12
summarizes the relation between the permeability and saturation induction for various soft
magnetic materials. Another advantage of amorphous materials is high electrical resistivity
due to absence of long rang atomic ordering and makes them suitable for high frequency
device applications. However, they exhibit low Tc due to absence of long range
ferromagnetic ordering and weak ferromagnetic exchange interaction. Therefore, they are not
suitable for high temperature applications.

Another class of materia exhibiting superior soft magnetic properties is
nanocrystalline materials having grain size in the range of 10-15 nm [YOSH19881,
YOSH19882, HERZ1992, PETZ2002]. These nanocrystalline materials are prepared by a
controlled annealing of the amorphous precursors and they exhibit two phase microstructure,
in which the fine nano-crystals are embedded in the residual amorphous matrix. When the
average size of the crystals is lower than the ferromagnetic exchange correlation length, it
exhibits not only excellent soft magnetic properties (high Bs and low Hc), but the
magnetocrystalline anisotropy is averaged out [HERZ1990, HERZ1995]. Furthermore, the
magnetostriction of nanocrystalline materials turns out be quite low as compared to
amorphous materials (see figure 2.13) [YANG2011]. In addition, the noise properties of the
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nanocrystalline materials are observed to be low [KIKU2000, KIKU2001] ensuing the
applicability of the nanocrystalline materials for high frequency applications. Strong
ferromagnetic inter-granular exchange interaction and long range ferromagnetic ordering in
nanocrystalline materials shift Tc to a high value [HERN1995, GORR1996]. Hence,
nanocrystalline materials are clearly the most advanced family of soft magnetic materials
with better thermal stability and suitability for high temperature applications.
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Figure 2.13: The relation between effective magnetostriction and annealing temperature

for nanocrystalline magnetic alloys [ YANG2011] .

2.7.1. Random anisotropy model:

In conventional polycrystalline materials, magnetization follows individual easy magnetic
directions of the structural units and the magnetization process is determined by the local
magnetocrystalline anisotropy constant K of the grains. However, this rule is applicable only
when the grain diameter is larger than the ferromagnetic exchange correlation length.
Otherwise, magnetocrystalline anisotropy of the grains is suppressed due to the smoothing
part of ferromagnetic exchange interaction. The situation resembles much in the case of
amorphous alloys where the atomic scale local anisotropy is randomly average out and hence
no anisotropy net-effect on the magnetization process [ALBE1978, HERZ1990].
Conseguently, in the nanocrystalline materials, the critical scale below which this averaging
mechanism takes place is given by [SELL2006],

A
Lo =90 [T (2.28)
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where, ¢o is a dimensionless parameter in the order of one and Lo is the basic correlation
length. For Fe-based alloys, this basic exchange correlation length is typically 30-50 nm
[SELL2006]. On the other hand, the relation between Hc and anisotropy is given as,

—ex (2.29)

where, Le is ferromagnetic exchange correlation length and Lk is wavelength of the
anisotropy fluctuation [HERZ1990]. The lower bound for Lk is given by Lexwhich isthe scale
below which the magnetic moments are aligned parallel due to exchange interaction. In this
case, egn.(2.29) simplifiesto,
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Figure 2.14: Variations of coercivity and permeability with grain size for different
nanocrystalline alloys [ HERZ2005] .

H AK
¢ HoMs

(2.30)

It is clear from above equation that Hc is directly proportional to the anisotropy and inversely
proportional to saturation magnetization. The average anisotropy constant of N coupled
grainsis given by

Ky = = (2.31)
- .
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Using above relations, G. Herzer [HERZ1989] find out a relation between anisotropy and
grain size as [ SELL2006],

6

(K) = K (L%) (2.32)

This reveals that anisotropy depends on 6" power of grain size with an approximation D < Lo,
Observed experimental results as shown in figure 2.14 also support the dependence of
coercivity on 6" power of grain size in the grain size range of 10 to 40 nm and vary on a

different order with the further increase in grain size above 40 nm.

2.7.2. Extended RAM:

The RAM model discussed above is valid for single phase system. However, in rea
materials, alarge number of structural phases with additional anisotropies has been observed.
Such long-range anisotropies eventually determine the soft magnetic properties of optimized
nanocrystalline alloys and the contribution from random anisotropies tends to be negligible.
Hence, the original model has to be extended accordingly [HERZ1995, SUZU19981,
SUZU19982, HERZ2005]. As a result, the average anisotropy constant <K> of a coupled
three dimensional multiphase system with anisotropies randomly oriented on a scale smaller
than a magnetic correlation length Lex can be described by

3

(K) = \/K2+va Kl,,( ) (2.33)

where, Ky denotes uniaxial anisotropy which is uniform on a scale much larger than Lec. The
random contributions are represented by the local anisotropy constant K, the grain size Dy
and the volume fraction xy of the individual structural phases labeled by the index v. The
parameter £, mainly involves conventions used for defining the anisotropy constants for
different symmetries [SELL2006]. In case of thin film, in which the smallest sample

dimension is comparable or less than the exchange length, eqn.(2.33) can be rewritten as,

n

(k) = JK& + ) wBEKE, (1) (234

14
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where, the value of n is taken as 2. Taking L., = @q+/A/(K), the value of <K> can be
defined as,

(K) = %(AK +JAK? + 41(3) (2.35)

with D, \’
AK = E Xy Py Kl,v I
> o,v

where, Lo, = @g /A/ |K1|- It may be noted that the eqn.(2.35) provide D? dependence for

AK and hence for Hc.

2.8. Two-layers model in amor phous single layer magnetic thin films:

The fabrication of magnetic thin films directly on the substrates causes possible inter
diffusion between the film and the substrate due to dynamics of film deposition and an
instantaneous increase of substrate temperature during film deposition [ZENGZ2005,
LIXW2007]. Therefore, there will be a mixed interface between the aloy film and the
substrate. Such interface is more obvious in fabricating amorphous magnetic thin films, as the
films are normally deposited at a significantly high deposition rate (> 3 nm/min) to achieve
amorphous structure. The formation of such mixed interface of about 2 nm thick is shown
evidently by Li et a LIXW2007] in CoZrNb amorphous films deposited directly on Si
substrate. It may be noted that the thickness of such mixed interface strongly depends on the
deposition rate of the film, nature of the elements in the film and the substrate. This reveals
that the actual film has a magnetic layer composed of two magnetic components, i.e., the
system can be viewed as two-layers model [HANDZ2005]. Based on this model, it is assumed
that the initial growth of the films directly on the substrate (bottom layer) results somewhat
hard magnetic properties with higher coercivity Hc: and moment M1 due to either the local
stress induced on the film by the substrate or the interface diffusion caused by the dynamics
of the film deposition [LIXW2007]. On the other hand, the remaining film (upper layer)
grown continuously on top of the bottom layer has soft magnetic properties with lower
coercivity Heo (< Her) and moment Mo, This two-layers structure is expected to show a
considerable shift in the M-H loop for the low thickness films (t < 50 nm) as the
magneti zation reversal of the soft upper layer is believed to be controlled by the hard bottom
layer. In addition, the loop shift and temperature dependent magnetization of the films are
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expected to be strongly dependent on the measurement temperature, as the temperature
dependent magnetic properties of both hard bottom layer and soft upper layer are rather
different. Therefore, the investigation of variation of temperature dependent magnetic

properties in such two-layers structured films would be quite interesting.

2.9. Interlayer coupling in multilayer thin films:

The study of magnetic properties of materials composed of alternating magnetic and non-
magnetic layers has recently attracted much attention, as the interplay between electron
transport properties and magnetic behaviour results in variety of fascinating phenomena
[VELU1988, DAHL1988]. These artificia structures are promising as potential memory
elements, magnetic sensors and magnetic tunneling junctions, etc. One of the technological
hurdles is to understand and control the interlayer magnetic coupling between the el ectrodes.
It has been shown that two separate effects such as magnetostatic coupling due to
uncompensated poles near the edges and the magnetostatic coupling between the stray fields
of domain walls, and Néel coupling due to interface roughness tend to produce extraneous
magnetic fields in the plane of the free layer. In addition, the interlayer coupling originates
from two different types of interactions such as short-range exchange interaction and long-

range exchange interaction.

2.9.1. Exchange coupling:

2.9.1.1. Direct exchange coupling:

Two magnetic layers separated by a thin non-magnetic insulating or metallic spacer layer are
directly coupled through pinholes present in the thin spacer layer, i.e., since the pinhole
appears mainly due to the formation of non-continuous spacer layer, number of pinholes,
which control the strength of the coupling depends on the thickness of the spacer layer,
growth conditions, atomic size of the elements present in the spacer and magnetic layers
[SAIT2002, STIL2005, PONG2008]. Multilayer films having the direct exchange coupling
through the pinholes exhibit strong temperature dependent magnetic properties due to the
temperature dependent magnetic properties of diffused magnetic atoms into the non-magnetic
layers [OLIV1999].

2.9.1.2. Indirect exchange coupling:
The increase in the spacer layer thickness between the magnetic layers results the interlayer

coupling between the ferromagnetic layers through conduction electrons of the non-magnetic
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metallic spacer layer. This is called as indirect exchange interaction or Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction. Theory of indirect exchange interaction was first
predicted by Ruderman and Kittel [RUDE1954] and later extended by Tadao Kasuya
[KASU1956] and Kei Yosida [YOSI1957]. RKKY interaction was implemented in the
multilayer structured thin films to understand the magnetization orientation and the giant
magnetoresistance of multilayer structured ultra-thin films. It was observed that RKKY
coupling aligns the magnetization of adjacent ferromagnetic layers to be either ferromagnetic
(parallel  aignment) or antiferromagnetic (antiparallel  alignment). Hence, the
magnetoresistance of the multilayer films exhibits a strong dependence on the spacer layer
thickness and shows an oscillating nature with spacer layer thickness. The amplitude of
oscillation decreases with increasing spacer layer thickness [BAIB1988, PARK1990,
BRUN1991, BRUN1992]. In addition, the coupling also depends on the roughness at the

interfaces.

2.9.2. Magnetostatic coupling:

2.9.2.1. Topological coupling:

The topological coupling also known as Néel’s orange peel coupling or the dipolar coupling
is the magnetostatic interaction induced by the magnetic poles at the interface. These
magnetic poles are generated by the interface roughness. Néel carried out the first calculation
of topological coupling for semi-infinite magnetic layers with a correlated sinusoidal
interface roughness [NEEL 1962]. Later, the model was extended by other researchers for the
roughness of arbitrary phase and finite magnetic film thickness [ZHAN19961, ZHAN19962,
KOOL1999]. The coupling strength depends on the thickness of magnetic layers and spacer
layers, magnetization of magnetic layers, roughness amplitude at the interface and
wavelength of the roughness profile. Néel coupling between two ferromagnetic layers is
defined as [ SCHR2000],

Hy = m (h_z) Msexp (— Znﬁt5> (2.36)

A

where, tr and ts are the thickness of the magnetic layer and spacer layers respectively, h and 4
are amplitude and wavelength of the roughness, respectively as shown in the figure 2.15(a).
The coupling field strongly depends not only on the spacer layer thickness, but also depends
on the ferromagnetic layer thickness (see figure 2.15(b)).
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Figure 2.15: (a) Schematic drawing of two dominant interlayer coupling mechanisms, and
(b) variations of Néel coupling with spacer layer thickness for different multilayer films
[ SCHR2000] .

2.9.2.2. Stray field coupling:

Another magnetostatic coupling arises due to the magnetic poles at the edges of the film is
stray field coupling. The stray field generated from the edges of the one magnetic layer
magnetostatically couples the other layers as shown in the figure 2.15(a). Since the coupling
is magnetostatic in nature, it depends strongly on the films' dimension and provides a
significant interlayer coupling for thicker films [ANGU2000]. The variation of stray field
coupling on the films' dimension can be described as [ANGU2000],

Hy = A~ (2.37)

where, W and L are the width and length of the sample in micron, respectively, A and « (=
0.22) are constants. The value of o varies with the sample dimension, i.e,, when the
separation between the free layers and the relevant pinned layer is much larger than its width,
o approaches to one, whereas in the opposite limit, the value of « should be nearly zero
[ANGU2000].

37
TH-1291_09612112



Chapter 2: Fundamental Aspects and Theoretical Modeling

2.9.2.3. Domain wall stray field coupling:

Stray fields emanating from domain walls of a given ferromagnetic layer magnetostatically
lock in with the stray fields from walls in adjacent layers as shown in figure 2.16.
[CHOP2000, CHOP2005]. The rotation of magnetization within a Néel wall is denoted by the
double arrows. The stray field emanating out of the Néel walls, denoted by curved arrows,
causes a magnetization fluctuation in the adjacent layers above and below it, giving rise to
quasi-Néel walls. This stray field emanating from each domain wall is able to close its flux

by magnetostatic locking-in with the stray fields from domain wall in adjacent layers. This

® /4-:» ®
r
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Figure 2.16: Schematic of Néel wall pair separating parallel domains. Superimposed Neel
walls are energetically favorable entities due to a more complete flux closure associated
with them [ CHOP2000] .

leads to an overall reduction in the wall energy and hence the coercivity. Magnetic thin films
reveal strong thickness dependent magnetic properties. Particularly, ultrathin films having in-
plane magnetic anisotropy exhibits in-plane magnetization with large sized domains and Néel
wall [OHANZ2000]. Similarly, the multilayer thin films with thin ferromagnetic layers aso
show in-plane magnetization with large sized domains and Néel wall, which results a
minimum or zero stray field coupling. On the other hand, the development of multidomain
patterns above the critical thickness depends on the net magnetization of the ferromagnetic
layers, anisotropy of the films, substrate nature, microstructure of the film and the growth
conditions of the thin films [FELD1971, OEPE1990, ALLE1994]. Therefore, at larger
thicknesses, the multidomain pattern with Bloch wall is energetically more favorable. This
reveals that the domain wall stray field provides a significant coupling among the
ferromagnetic layers ensuing a strong variation in the magnetic properties of the multilayer

structured films measured at different temperatures.
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In the course of the present investigations, several experimental techniques were used for the
preparation and characterization of single and multilayer thin films. This chapter provides a

brief description of those experimental techniques.

3.1. Techniques used for sample preparation:

3.1.1. Sputtering technique:

The ejection of atoms from the cathode surface by impinging of energetic positive ions of
noble gases such as helium, argon, neon and krypton, at a reduced gas pressure under high
direct current (DC) voltage gives rise to the sputtering [OHRI1992, WAGE1994,
SESH2002]. In 1852, Sir W. R. Grove discovered surface coatings generated in the valve
under a glow discharge. This phenomenon was called as spluttering by Sir W. Thomson and
soon it was adopted as sputtering. This process involves a momentum transfer between the
impinging positive ions and the cathode surface atoms as shown in figure 3.01 and as a result

of which a physical removal of atoms takes place.

Anode

Substrate

Figure 3.01: Schematic diagram of the sputtering process.

The sputtering yield is defined as ratio between the mean number of emitted atoms to
number of incident ions on the target surface.
4+ The sputtering yield increases with the a) energy, b) mass of the bombarding atoms
and c) decrease of angle of incidence to the target.
4+ A minimum energy is required to start the sputtering process.

4+ Sputter atoms have higher energy than those of the thermally evaporated atoms.

40
TH-1291 09612112



Chapter 3: Experimental Methods

+ The sputter atoms are ejected along the crystallographic directions of the cathode
metal lattices.

+ Sputtering yield decreases with larger increase of the ion-energy because of the
deeper penetration of ions inside the lattice.

+ Sputtering is also accompanied by the emission of secondary electrons from the
cathode surface.

+ The sputtering yield is insensitive to the cathode temperature.

+ If the sputtering process does not involve any of the chemical reaction between
bombarding gas ions and the cathode, it is known as physical sputtering.

+ If some reactions are involved then it is named as reactive sputtering.

The physical deposition process consists of three steps
1. Emission of the particles from a source,
2. Their transport to the substrate, and

3. Condensation on the substrate.

There are four different types of sputtering process (DC, Radio-frequency (RF),
Magnetron and Reactive sputtering) used for thin film deposition. We have used DC

magnetron sputtering for depositing the films of present investigation.

| _~ ftarget
) ~_vacuum-
Q chamber
/ gas inlet
=
100 - 3000V substrate

plasma

Figure 3.02: Schematic arrangement of DC sputtering technique.

3.1.1.1. DC sputtering technique:

Figure 3.02 depicts a typical arrangement used for DC sputtering. In this case, target and
substrate oppose each other in the vacuum chamber having a distance of few centimeters to
few tens of centimeters. The target is connected to a negative output of a DC power supply,

acting as the cathode whereas substrate and chamber walls act as anode. After the creation of
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argon atmosphere with a pressure of about 1 - 100 mTorr, the gas discharge is ignited by
applying a DC voltage. The created Ar’ ions are now accelerated toward the target and eject
atoms from the target. These atoms subsequently are deposited on the substrate. At low
pressures, the mean free path between collisions is large, the ionization efficiency is low and
self-sustained discharges cannot be maintained below few mTorr. As the pressure increases at
a fixed voltage, the electron mean free path is decreased, more ions are generated and large
current flow. If the pressure is too high, the sputtered atoms undergo increased collisional
scattering resulting a low deposition process. The deposition rate is proportional to (a) power
consumed, (b) square of current density and (c) 1/(electrode spacing). DC sputtering works
with all types of target materials which are conductive in nature.

However, DC sputtering suffers from two major drawbacks as compared to
conventional evaporation: (i) low deposition rates and (ii) high thermal load of the substrate
due to bombardment of secondary electrons. In order to increase the deposition rate and to
control the thermal load, magnetron sputtering as described below in figure 3.03 is utilized

for the fabrication of the films.

Figure 3.03: Schematic presentation of magnetron sputtering gun assembly.

3.1.1.2. Magnetron sputtering technique:
In magnetron sputtering, electrons ideally don't even reach the anode but are trapped near the
target and thereby enhancing the ionization efficiency. This is accomplished by employing a

magnetic field oriented parallel to the target and perpendicular to the electric field.
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Practically, this is achieved by placing bar magnets behind the target as shown in figure 3.03.
The magnetic field lines emanate first normal to the target and then bend with a component
parallel to the target surface and finally return to magnet completing the magnetic circuit.
Electrons emitted from cathode are initially accelerated toward the anode, but executing a
helical motion when they encounter the region of the parallel magnetic field. Therefore, they
are bent in an orbit back to the target. The chief reasons of its success are (1) increased
sputtering rates (~ 5 - 10 times) due to high plasma density around target, (2) low discharge
voltages of 300 to 1000 V due to the reduced plasma impendence resulting from high plasma
density and (3) low thermal load of the substrate due to deflection of secondary electrons by

the magnetic field.

Figure 3.04: Photographic view of the magnetron sputtering system used in the present

work.

Figure 3.04 depicts the typical set up of magnetron sputtering used in the present
thesis work for fabricating single and multilayer structured thin films. The chamber is
equipped with four different guns for making multilayer films. The substrate was loaded on

the rotating substrate holder. Subsequently, the chamber was pumped to high vacuum (< 10
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Torr) using diffusion pump and rotary pump combination. The argon gas of fixed pressure
was permitted into chamber continuously using mass flow controller (MFC) and the argon
gas pressure in the chamber was maintained by adjusting the MFC and high vacuum valve.
The optimized sputtering Ar gas pressures for FeTaC and Ta films were fixed at 1 mTorr and
10 mTorr, respectively. After stabilizing the constant argon gas pressure in the chamber, a
constant DC power was applied to commence the sputtering process. The deposition of the
films was carried out after stabilizing the plasma and completing the pre-sputtering process.
The nominal thickness of the films is controlled by sputtering time ranging between 1 nm and
6 nm for Ta spacer layer and from 20 nm to 200 nm for FeTaC film. The deposition rate for
FeTaC and Ta films was calibrated by using an ex-situ surface profilometer (Vecco, Dektak-

150) as described in the next section.

Figure 3.05: Photographic view of Vecco-Dektak 150 surface profilometer.

3.1.2. Deposition rate calibration:

In order to monitor the properties of the films at different thicknesses, it is very much
essential to control the thickness of the film deposited under optimized sputtering conditions.
Deposition rate of the films studied in the present investigations was calibrated with surface
profilometer (Vecco, Dektak-150), as illustrated in figure 3.05. Stylus profilers are versatile
measurement tools for studying surface topography. Their primary function is to measure

film thickness by scanning step heights and trench depths. The stylus profilers rely on a
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small-diameter stylus moving along a surface either by movement of the stylus or movement
of the surface of interest. A true stylus profiler moves linearly to obtain the measurement. As
the stylus encounters surface features, the stylus moves vertically to measure various surface
features, such as deposited film and irregularities. The stylus profiler used in the present work
was sponsored by Defence Research & Development Organisation (DRDO), New Delhi
under the project scheme of ERIP/ER/0900363/M/01/1185 Dated 16 November 2009. To
monitor the thickness of the deposited films, a proper marking using permanent marker was
made on top of the cleaned substrate. Subsequently, the deposition was done under controlled
sputtering environment (constant Ar gas pressure, DC power and target to substrate distance,
etc.) for a given time at ambient temperature. After the completion of the deposition, the film
was cleaned through sonication in acetone. As a result, the film deposited on the substrate
reveals a clear step. The step size was evaluated using surface profiler as displayed in figure
3.06 and the average deposition rate was eventually calculated by dividing the average
thickness measured at various locations on the substrate with deposition time. In order to
confirm the reproducibility, more films were made under the same sputtering conditions and
analyzed using surface profilometer. Similar procedures were followed for all the films

prepared under different sputtering conditions.

[

] it A e MWW

Figure 3.06: A typical scan profile of the surface profilometer.

3.1.3. Post deposition annealing at elevated temperatures:

All the films were deposited at a high deposition rate directly on thermally oxidized Si
substrate at ambient temperature for producing amorphous structure. Hence, these films
exhibit considerable stress in the as-deposited state and reveal thickness dependent magnetic

properties. In order to release the stress accumulated during film deposition and to produce
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nanocrystalline microstructure, all the as-deposited films were annealed in a separate custom-
made high vacuum chamber at different annealing temperatures (200 °C, 300 °C and 400 °C)
for 30 minutes annealing time. The annealing temperature and annealing time were optimized
based on the development of nanocrystalline microstructure and magnetic properties of the
films. In the annealing process, the substrate with film was kept on a filament heater and
attached close to a thermocouple (Chromel-Alumel) to avoid any temperature lag between
heater, sample and thermocouple. The chamber was pumped to high vacuum (< 10 Torr)
using diffusion pump and rotary pump combinations. After reaching the desired vacuum,
temperature was raised constantly at a rate of 10 °C/min to the annealing temperature. The
sample was annealed at a given annealing temperature within the temperature stability of +2
°C accuracy. After the completion of heat treatment at a particular temperature, the heater
was switched off and the sample was allowed to cool down naturally to room temperature in

presence of vacuum.
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Figure 3.07: (a) Photographic view of Rigaku TTRAX III 18 kW X-ray diffractometer and
(b) Bragg-Brentano diffraction geometry of a powder X-ray diffractometer.
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Figure 3.08: Schematic ray diagram of diffraction of X-rays by a crystal.

3.2. Structural property characterization:

3.2.1. X-ray diffraction:

Two different X-ray diffractometers viz. Rigaku RINT 2500 and Rigaku TTRAX III 18 kW
(shown in figure 3.07a) were used in the thesis work depending upon their availability. Cu-K,,
X-ray radiation with wavelength 1.54056 A was used in all the cases. The theta-theta (8-6)
goniometer was used in the reflection (Bragg-Brentano) geometry (see figure 3.07b)
[CULL2001]. X-ray diffraction (XRD) technique is useful to identify the existence of various
phases, degree of crystalline order and quantitative analysis of secondary phases present in a
two-phase system. An ideal crystal has a periodic arrangement of atoms. Diffraction of X-
rays occurs through constructive interference of X-rays scattered from atoms of a set of
parallel planes in crystal lattice at particular angular positions of the incident wave known as
Bragg angles. This condition for obtaining constructive interference is known as Bragg’s law

and given by the relation

Zdhkl sinf = ni (301)

where, dj; 1s inter-planer spacing, 6 is glancing angle, 4 is wavelength of the X-ray and 7 is
order of diffraction. A sequence of these angles can be used to determine the Miller indices
(hkl) values and the crystal structure can be identified from the systematic behaviour of these
indices. Figure 3.08 shows the diffraction of X-rays from crystal lattice planes illustrating
Bragg’s law. The structural parameters such as the average size of the crystallites, d-spacing,
lattice constant and strain present inside the crystallites, efc can be determined by a careful

analysis of the XRD patterns using various models [CULL2001].
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3.2.2. Transmission electron microscope:

Transmission electron microscopy (TEM, TECNAI G* F30; JEOL 2100) was used to study
the nanocrystalline microstructure of the samples depending on its availability. Figure 3.09
depicts the cut view of TEM (figure 3.09(a)) and schematic ray diagrams for imaging (figure
3.09(b)) and diffraction (figure 3.09(c)) modes. Electrons thermionically emitted from the
gun, made of tungsten or LaBg, are accelerated to 200 keV or higher and first projected onto a
thin specimen by means of the condenser lens system. The scattering processes experienced
by electrons during their passage through the specimen determine the kind of information
obtained. Elastic scattering, involving no energy loss when electrons interact with the
potential field of the ion cores, gives rise to diffraction patterns. Inelastic interactions
between beam and matrix electrons at heterogeneities such as grain boundaries, dislocations,
second-phase particles, defects, density variations, etc., cause complex absorption and
scattering effects, leading to a spatial variation in the intensity of the transmitted beam. The
transmitted beams are further magnified by a set of intermediate lens and projector lens and
finally projected on a fluorescent screen.

Microstructural images are obtained in number of ways. The bright-field image is
obtained by intentionally excluding all the diffracted beams and only allowing the central
beam passing through the specimen. This is done by placing suitably sized apertures in the
back focal plane of the objective lens. Dark-field images are also formed by magnifying a
single beam of one of the diffracted beams by means of an aperture that blocks the central
beam and the other diffracted beams. In a third method of imaging, the primary transmitted
and one or more of the diffracted beams are made to recombine, thus preserving both their
amplitudes and phases. This is the technique employed in high-resolution lattice imaging,
enabling diffracting planes and arrays of individual atoms to be distinguished. From the high-
resolution TEM (HR-TEM) micrograph, average grain size and dislocations can be evaluated.
On the other hand, the selected area electron diffraction is done by intentionally excluding the
central beam by beam blocker and collecting all the diffracted beams to form the diffraction
patterns. The composition analysis of the samples can also be analyzed using X-ray energy
dispersive analysis interfaced to TEM. Electrons emitted from the filament (cathode) are
accelerated to high energies where they strike the specimen target (anode). In the process, X-
rays characteristic of atoms in the irradiated area are emitted. The atoms can be identified by
analyzing their energies and the concentration of atoms in the specimen can be determined by

counting the number of X-rays emitted.
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Figure 3.09: (a) Cut view of transmission electron microscope, (b) Schematic ray diagrams

of image mode and (c) diffraction mode of TEM.

In the present study, as-deposited films and post deposition annealed films were
polished mechanically from substrate side using Gatan Disc grinder to reduce the thickness
down to 10 um and subsequently thinned down using precision ion polishing system (PIPS)

to suitable thickness for the TEM observation [REIM 1993, BRAN2008].

3.3. Magnetic property characterization:

Magnetic properties of the magnetic materials can be characterized with various experimental
techniques such as magnetic property measurement system (MPMS) equipped with
superconducting quantum interference device (SQUID) magnetometer and vibrating sample
magnetometer (VSM). These techniques are based on the induction methods and have
sensitivity of at least 10 emu. Similarly, the magnetic domain structure of the materials can
be imaged using magnetic Kerr microscope. In this section, a brief description of the
principle involved in various magnetic measurement and domain imaging techniques

employed in the present work is outlined.
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Figure 3.10: Photographic view of MPMS XL 7 system.

3.3.1. Magnetic property measurement system:

MPMS system (see figure 3.10) equipped with SQUID magnetometer (MPMS XL 7, USA)
was used to characterize magnetic properties in the temperature range of 5 K — 300 K. The
fundamental property of superconducting rings is that they can enclose magnetic flux only in
multiples of a universal constant called flux quantum, ¢, i.e., an external magnetic field can

penetrate a superconductive loop if and only if the magnetic field is an integer multiple of ¢
[ANTO1992]:

h
$o =5 =2X 10~ Wb (3.02)

where, /4 is the plank constant and e is the charge of electron. Since the flux quantum is the
smallest quantity of the magnetic flux, SQUID has an extraordinarily sensitive magnetic
detector. SQUIDs actually function as magnetic flux-to-voltage transducers by converting
magnetic flux into corresponding voltage. SQUID mainly consists of two Josephson

junctions, i.e., two superconducting metals separated by a thin insulating layer, which is
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typically a metal oxide [ANTO1992]. As a result, the tunneling super current across the
junction has a phase which depends strongly on the magnetic field applied perpendicularly to
junction. Furthermore, each junction has a maximum value of the current that can flow
without voltage drop across and above which normal electrons need to flow and a finite
voltage drop appears. This finite voltage drop causes the supercurrent to cease. In particular,
in a superconducting ring interrupted by two Josephson junctions, the application of a
magnetic field normal to the ring causes an induced supercurrent to screen the magnetic field.
When induced supercurrent exceeds the critical value, it allows the magnetic flux to enter the
hollow portion of the ring, in multiples of one quantum unit as discussed earlier. The process
repeats for an increasing external applied magnetic field and the flux increases each time by
one quantum unit. A pick-up coil, located coaxially to the ring, enables the measurement of
the magnetic field by counting the pulses of emf induced each time of the magnetic flux
changes.

In the present study, the sample was fixed in the suitable sample holder and
temperature dependent magnetization measurements were carried out under zero-field-cooled
(ZFC) and field-cooled (FC) conditions by applying the field along the film plane and by
setting the program. The sample was cooled down to 5 K without applying any field and the
magnetization was measured during the warming process under a constant applied, known as
ZFC process. Subsequently, the sample was cooled down to 5 K under the same constant
field and the magnetization was measured during warming process, called as FC process. The
temperature during measurements was controlled using suitable temperature controller

(Quantum Design) from 5 K to room temperature.

3.3.2. Vibrating sample magnetometer :
VSM (Lakeshore 7410, USA) was used to characterize room temperature and temperature
dependent magnetic properties in the temperature range 20 K — 300 K and 300 K — 1100 K.
VSM measures net dipole moment when material is exposed to magnetic field [JANS2004,
HORS2006]. The magnetic moment of the material can be obtained either as a function of
field called magnetic hysteresis (M-H) loop to investigate the evolution of magnetic
properties with field or as a function of temperature (M-T) to understand the magnetic phase
transition of the material. Figures 3.11 and 3.12 display schematic diagram of VSM and a
photographic view of VSM used in the present study, respectively.

When a sample is placed in a uniform magnetic field, a dipole moment proportional to

the product of the sample susceptibility and the applied field is induced in the sample. If the
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sample is made to undergo sinusoidal motion, an electrical signal can be induced in suitably
located stationary pickup coils (see figure.3.11). This signal has amplitude proportional to the
magnetic moment of the sample, the vibrating amplitude and the vibration frequency.
Through the use of lock-in-amplifier and feedback techniques, only that portion of the signal
arising from the magnetic moment is picked up and is converted into direct read-out in the
unit of magnetization (e.g. emu) on a digital panel meter. VSM consists of the following
major parts: a) Vibration exciter and sample holder, b) Water cooled electromagnet and
power supply, c¢) Hall probe, d) pick-up coils, ) Amplifier, f) Control panel system, g) Lock-

in amplifier and h) Computer interface.

Function
(Gencrator
Vibrator
Pick-up Coils Reference
L Signal
Hall Probe Generator
Electromagnet |~ Sample
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Motor
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Figure 3.11: Schematic diagram of a vibrating sample magnetometer.

The thin film sample was fixed at the lower end of the sample rod aligning either in-
plane or out of plane direction with respect to applied field. Prior to the magnetic
measurements, the calibration procedure was carried out using standard Ni sphere sample.
The measurement sequence is programmed as per the users choice using the software
(IDEASVSM) provided with the instrument such that the program starts either from the
maximum field or from the zero applied field. The sequence is made to collect more number

of data, which helps to extract the magnetic parameters (saturation magnetization, remenance
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magnetization, coercivity, etc.) more accurately. The exciter is vibrated at a frequency of 72
Hz (Lakeshore model 7410) and the signal received from the hall probe and the pick-up coils
is converted into the magnetic moment of the sample. The magnetic field is increased
automatically in user-defined steps for measuring M-H loops. Similarly, for high temperature
M-T measurements, a high temperature oven attachment capable of providing a controlled
heating/cooling of the sample from room temperature to 1223 K was used. For M-T
measurements, the film was loaded on a high temperature sustainable holder (ceramic holder
or quartz rod) after the calibration using standard Ni sample. The oven was purged with
nitrogen gas to avoid oxidization of the sample at high temperature. Magnetization was
recorded at different temperatures at a constant in-plane applied magnetic field. The heating

rate and M—T sequences were programmed using the IDEASVSM software.

i i
Figure 3.12: Photographic view of vibrating sample magnetometer (Model: Lakeshore
7410, USA) used in the present investigation.

3.4. Magnetic domain structure analysis:
The magneto-optical Kerr effect (MOKE) represents a change in the intensity or polarization

state of the light reflected from a magnetic material. Figure 3.13 depicts a schematic view of
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conventional MOKE set up. The light beam from a laser is polarized using a linear polarizer,
while a photo elastic modulator (PEM) superimposes periodic quarter-wave retardation (£4/4)
to this beam before it reaches the sample. After the beam is reflected from the sample, the
light beam is again made to pass through a linear analyzer and then the signal is collected at
the detector. In principle there are three different optical and magnetic geometries of the Kerr
effect: (a) Longitudinal MOKE provides a signal proportional to the component of
magnetization that is parallel to the film plane and the plane of incidence of the light. (b) In
transverse MOKE, the signal is proportional to the component of magnetization that is
parallel to the film plane but perpendicular to the plane of incidence of the light. (c¢) Polar
MOKE, in which a signal proportional to the component of magnetization that is
perpendicular to the film plane is measured and often performed at normal incidence. There
are three important properties to be noted that (i) the Kerr signal is a linear function of the
Kerr amplitude K and therefore of the respective magnetization components, (ii) the Kerr
signal can be enhanced by increasing the analyzer angle allowing to increase the signal-to-
noise ratio and to adjust to the sensitivity of the detector and (iii) the visibility of domains is

determined by the Kerr amplitude and not by the Kerr rotation.

Laser  pojarizer, 45°

Magnet
Detector
Sample
r Analyzer, 0°
Lock-in
amplifier

l—) Computer

Figure 3.13: Schematic drawing of MOKE set up.

To produce a Lorentz movement that leads to detectable Kerr rotation, an appropriate
direction of light incidence and polarization has to be selected for a given magnetization
direction. As a simple rule, the Kerr rotation is proportional to the magnetization component
parallel to the reflected beam of light. This rule implies that domains that are magnetized

parallel to the sample surface require oblique light incidence and that for maximum rotation
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the plane of incidence must be parallel to the axis of magnetization with the polarizer set
either parallel or orthogonal to the incidence plane (longitudinal Kerr effect, 9 #0). The Kerr
amplitude is then proportional to the sine of the angle of incidence 3, and therefore disappears
for perpendicular incidence. In this case, maximum rotation is exhibited by domains that are
magnetized perpendicularly to the sample surface (polar Kerr effect, 3 = 0), while in-plane
domains do not cause a Kerr amplitude. At oblique incidence, both in-plane and out-of-plane
magnetization components generate a superimposed Kerr contrast. The separation of the two
components is possible by proper difference images that are obtained at different microscope
settings. Also, the transverse Kerr effect leads to in-plane magnetization sensitivity. Here, the
in-plane m vector is normal to the plane of (oblique) incidence. Light with E parallel to this
plane generates Kerr amplitude, but its polarization direction is the same as that of the
normally reflected beam. The transverse Kerr effect thus causes an amplitude variation,
which can be used for measuring purposes. A rotation that is detectable by an analyzer is
obtained when the incident light is polarized at 45° to the plane of incidence. Here, the E
component perpendicular to the incidence plane is not affected, while the parallel component
i1s modulated in its amplitude on reflection, leading to polarization rotation by superposition

[SCHA2007, HUBE2009].
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Figure 3.14: Schematic drawing of Kerr microscope.

Kerr microscopy alloys the imaging of magnetic domain and magnetization processes
in an optical polarization microscope. This is also based on the MOKE, but only with the
difference that the domains are directly imaged. A schematic picture of the setup is shown in
figure 3.14. In this set up, the light from a source passes through a polarizer which transmits

only plane polarized light. This polarized light is then allowed to fall on the sample. The
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resulting light in the image plan strongly depends on the magnetization of the sample. For
example, let us consider a simplest case of two domain states which are antiparallel to each
other as indicated by arrows in figure 3.14. After reflection from the sample, the plane of
polarization of beam 1 is rotated one way by certain angle —@ and that of beam 2 is rotated by
angle +6, as they encountered oppositely magnetized domains. The light then passes through
an analyzer and into a camera to make images. Here, the analyzer is rotated until it is crossed
with respect to the reflected beam 1 and the beam is therefore extinguished and the lower
domain appears dark. At the same time, the analyzer is not crossed with respect to beam 2
and thus beam 2 is not extinguished resulting the upper domain as light one. This is the

mechanism to find a contrast between two different domains.

Figure 3.15: Photographic view of the Kerr microscope (Evico Magnetics Ltd. Germany)

used in the present study.

In the present study, magnetic domain images and Kerr loops were obtained using a
MOKE microscope (Evico Magnetics Ltd., Germany) as shown in figure 3.15. Imaging was
performed using linearly polarized light with Xenon lamp 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 and hard axes).
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This chapter primarily focuses on the preparation and characterization of FeTaC single layer
films deposited directly on thermally oxidized Si substrate at ambient temperature using
magnetron sputtering technique and the results of experimental studies carried out on these

films with different thicknesses.

4.1. Experimental details:

Amorphous FegoTasCi2 (FeTaC) single layer films with different thicknesses t = 20, 50, 100,
and 200 nm were deposited on thermally oxidized Si substrates using DC magnetron
sputtering technique at ambient temperature. The choice of FeTaC composition was dictated
by the fact that this alloy composition exhibits good soft magnetic properties [TANA2002,
PERU2009]. The base pressure of the sputtering chamber was better than 10° Torr. The
sputtering Ar gas pressure for FeTaC films was fixed at 1 mTorr and the nominal thickness of
FeTaC films was varied by varying the sputtering time during sample preparation. The
deposition rate was calibrated by using ex-situ surface profilometer (Vecco, Dektak-150) as
discussed in section 3.1.2. Amorphous nature of the film was confirmed by X-ray diffraction
(XRD) using a high power (18 kW) and high-resolution Rigaku X-ray diffractometer
(TTRAX III) with Cu-Kg radiation (4 = 1.54056 A) and transmission electron microscopy

FeTaC (f Film
—— =20 nm
—— =50 nm
—— =100 nm
—— =200 nm

Intensity (arb. units)

20 (degree)

Figure 4.01: Room temperature XRD patterns of FeTaC (t) films with different thicknesses.
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(TEM, JEOL 2100 and TECNAI G? F30) techniques. Temperature dependent magnetic
properties of the films (magnetic hysteresis loops (M-H) at different temperatures and
thermo-magnetization (M-T) data at different constant applied fields) in the temperature
range 5 K to 300 K and 20 K to 500 K were investigated by using magnetic property
measurement system (MPMS, XL 7, Quantum design) with superconducting quantum
interference device (SQUID) magnetometer and vibrating sample magnetometer (VSM,
LakeShore Model 7410), respectively. Magnetic domain images and Kerr loops were
obtained using magneto-optical Kerr effect (MOKE) microscope (Evico Magnetics Ltd.,
Germany). Imaging was performed using linearly polarized light with Xenon lamp as source.
Magnetic domain imaging was performed in both branches of hysteresis cycle in longitudinal
MOKE mode. Hysteresis accompanied by simultaneous imaging has been performed for

fields applied both along easy and hard axes (along the film plane), respectively.

Figure 4.02: Bright-field TEM micrographs and selected area e ectron diffraction patterns
of as-deposited FeTaC (t) films (t = 20 (a) and 200 nm (b)).

4.2. Structural properties.

Figure 4.01 displays the XRD patterns of FeTaC (t) films with different thicknesses. All films
exhibit broad humps around 26 = 43° without any sharp peaks characteristic to crystalline
phases. This indicates that the films exhibit amorphous structure. It is also to be noted that the
crystalline peaks observed at 26 = 33.03° and 26 = 69.19° represent Si (200) and Si (400)
reflections, respectively, resulting from the thermally oxidized Si substrate [WUYM1998,

CHOM2001]. In order to further confirm the local microstructure, all the films were
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investigated by TEM technique and the micrographs are depicted in figure 4.02. While the
bright-field TEM micrographs reveal the characteristic amorphous microstructure devoid of
any local lattice fringes, the selected area electron diffraction patterns display halo diffraction
rings corresponding to the amorphous structure. The above results clearly establish that all

the as-deposited FeTaC films exhibit amorphous structure.
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Figure 4.03: Room temperature M—H loops of amorphous FeTaC (t) films.

4.3. Magnetic properties:

4.3.1. Room temper atur e magnetic properties:

Figure 4.03 displays room temperature normalized in-plane M-H loops for FeTaC (t) films
with different thicknesses. It is observed that FeTaC (20 nm) film exhibits rectangular shaped
loop shifted considerably to negative X-axis. In addition, the loop has a remanence ratio of
around 90% and saturates at low applied magnetic fields. With increasing t to 50 nm, the loop
shape is changed from rectangular to flat loop characterized by a central range of constant

slope combined with a low remanence and a tiny loop around the origin. Interestingly, this
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flat loop also saturates at low applied magnetic field. These results suggest that FeTaC (20
nm) film exhibits in-plane anisotropy parallel to the in-plane axis resulting in domains with
magnetization parallel to in-plane. The in-plane anisotropy is mainly caused by the formation
of aligned ferromagnetic atom pairs due to their strong magnetic exchange coupling during
deposition process. The change of the loop shape from rectangular to flat loop may be
attributed to the development of magnetic easy axis transverse to the measurement direction
which leads to a highly symmetrical structure of transverse domains in the plane. Under the
application of external magnetic field, the magnetization vector rotates out of the direction of

easy axis, which results in a linear increase of magnetization with field.
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Figure 4.04: Room temperature M—H loops and magnetic domain images of amorphous
FeTaC (50 nm) film obtained using (a) VM and (b) Kerr microscope along two different

in-plane directions.

To further investigate the change in the loop shape with increasing the film thickness,
M-H loops were measured both along length and width directions of the films using VSM
and Kerr microscope. While we did not notice any change in the shape of the loops for
FeTaC (20 nm) film, FeTaC (50 nm) film exhibited different hysteresis loops as shown in
figure 4.04 depending on the measurement direction. As seen in figure 4.04, the loop
measured along the length of the film (H = 0 degree) displays a rectangular shaped loop,
which changed to flat loop when measured along the width of the film (H = 90 degree). This

could be attributed to the magnetic shape anisotropy instigating uniaxial in-plane anisotropy
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in the film and hence the change in the shape of the loop from rectangular to flat one might
have been caused by the rotation of magnetization vector out of the easy axis direction. This
was further confirmed from the Kerr loops and magnetic domain structures obtained using
magnetic Kerr microscope as depicted in figure 4.04(b). It is evident from the figure that
FeTaC (50 nm) exhibits a clear square loop with low coercivity (Hc) of 1.29 Oe in one
direction and a linear variation of magnetization in another direction of the film plane. Also,
the domain images show a rapid switching of large sized domains with the applied field.

These results confirm the existence of uniaxial in-plane anisotropy in FeTaC (50 nm) film.
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Figure 4.05. Room temperature M—H loop and magnetic domain images of amorphous

FeTaC (200 nm) film obtained using VSV and Kerr microscope, respectively.

On the other hand, FeTaC films with thickness above 50 nm exhibit different types of
hysteresis loops, which are constituted by two distinct magnetization phases: (i) an in-plane
magnetic component accounting for about half of total magnetization, which reverses quickly
at fields close to coercive field, and (ii) a linear approach to saturation, whose magnetization
rotates progressively under the application of magnetic field in the film plane. The linear
region at which the magnetization increases linearly increases with increasing film thickness.

The presence of two magnetic phases requires considerably a large applied field (> 100 Oe
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for 100 nm and > 250 Oe for 200 nm films) to saturate the films’ magnetization as compared
to the lower thickness FeTaC (t < 50) films. This loop shape is often referred as transcritical
loop [CHAN2002, CRAU2002, HUBE2009]. The domain structure, obtained using Kerr
microscope and shown in figure 4.05 for 200 nm thick FeTaC film, displays a dense stripe

domain structure, which is typical for a material having perpendicular anisotropy component
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Figure 4.06: The variations of Hc and Hsat with the thickness of amorphous FeTaC (t)

films. The line connecting the data points in the figure is guide to the eye only.

[HUBE2009]. Thus, the above results reveal a transition from in-plane orientations of the
magnetization to a magnetic stripe domain structure with increasing film thickness above 50
nm. The extracted values of Hc and the field necessary to saturate the magnetization of the
films along their plane (Hsa) from the M—H loops are summarized in figure 4.06. It is
observed that Hc remains almost constant for film thicknesses between 20 and 50 nm
followed by a rapid increase to 26 Oe for 100 nm thick film. On further increasing the film
thickness to 200 nm, Hc decreases slightly to 20 Oe. The observed variation of Hc with the
thickness of the presently investigated films is somewhat similar to the results reported in
FeAlSi alloy films [NAKA2001], but contradicts the results reported in CoNbFe
[MAPP1991], HITPERM alloy [HUAN2001] and nanocrystalline Fe-Cu-Nb-Si-B alloys
[NAOE1998], where the 100 nm thick film had a lowest Hc value, and increasing and/or
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decreasing the film thickness away from 100 nm resulted a large change in Hc value.
Nevertheless, the observed results suggest that the room temperature magnetic properties of
FeTaC (t = 100) films are degraded drastically. Craus et al [CRAU2002] observed similar
behaviour of M-H loops and dense strip magnetic domain patterns in FeZrN films. In
addition, Youssef et al [YOUS2004] and Liu et al [LIUZ2006] reported similar magnetic
properties in FeNi and FeTaN films, respectively. Coisson et al [COIS2008] and Sharma et al
[SHAR2006] reported that the transcritical loops are more pronounced in the films deposited
at ambient temperature as compared to the films deposited at elevated substrate temperatures.
This may be originating from the difficulty of the magnetization reversal by the presence of
perpendicular magnetic anisotropy [SAIT1964] induced by the stress [MURA1966,
NAKA1997, PRAD2004, SHAR2006, COIS2008, COIS2009] or due to the formation of
stripe domain structure depending on the saturation magnetization (Ms) and the perpendicular

anisotropy constant (K1) [MURA1966, PRAD1997, CRAU2002].

Substrate

(b)

Figure 4.07: Schematic representation of (a) microstructure and (b) magnetic domain

structure for amorphous FeTaC (t > 100) films.

In order to interpret the observed results more qualitatively, we consider that FeTaC
films fabricated directly on the oxidized Si substrate has a magnetic layer composed of two
layers with different magnetic components, i.e., two-layers model [HAND2005, LIXW2007].
Based on this model, we assume that the initial growth of the films directly on the substrate
(bottom layer) results somewhat hard magnetic properties with higher coercivity Hci and
moment M1 due to either the local stress induced on the film by the substrate or the interface
diffusion caused by the dynamics of the film deposition and an instantaneous increase of
substrate temperature during film deposition [LIXW2007]. On the other hand, the remaining

film (upper layer) grown continuously on top of the bottom layer has soft magnetic properties
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with lower coercivity Hcz (< Hci) and moment Ma. This two-layers structure provides a
considerable shift in the M-H loop for the low thickness films (t < 50 nm) as the
magnetization reversal of the upper layer is significantly controlled by the bottom layer. The
observation of M-H loop shift in the presently investigated films is in good agreement with
the earlier reported results on similar soft magnetic amorphous films [DIAZ2002,
LIXW2007]. Note that the relative shift of the M-H loop to the negative X-axis decreases by
increasing film thickness from 20 to 50 nm. On further increasing the film thickness to 100
and 200 nm, the role of the bottom layer on the magnetization reversal of the upper layer is
not realized noticeably due to larger volume fraction between the upper and bottom layers.
On the other hand, the transcritical loops observed in FeTaC (t = 100) films are
correlated to the development of perpendicular anisotropy component resulting from stress
quenched in during the film deposition or atomic relaxation. As it is known that the
orientation of magnetization in disordered system, as schematically shown in figure 4.07(a),
is determined mainly by the magnetoelastic and shape anisotropy terms, and the
magnetoelastic term is coupled to the interplay among the stress and magnetization, the
formation of stripe domain pattern beyond critical thickness is mainly controlled by the
stress. Among the several possible domain structures [HUBE2009], the observed domain
structure for FeTaC (200 nm) film can be attributed to weak dense stripe domains in which
the neighbouring stripes have aligned along in-plane direction, but their perpendicular
components alternate up and down as demonstrated in figure 4.07(b). This can be well
interpreted by using the model proposed by Craus et al [CRAU2002] following the model
demonstrated by Murayama [MURA1966] and Alvarez-Prado et al [PRAD1997,
PRAD2004]. This procedure allows one to ultimately determine the values of K. and
optimum domain wall width (w). According to the Craus et al’s model [CRAU2002], the
spins in the bulk domains make an angle & with the surface and the closure domain spins on
the surface make an angle 6 with the long axis of the stripes (see figure 4.07(b)). The values
of @1 can be calculated either from Mdssbauer 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 & = m/2. The
values of @, playing a crucial role on the magnetic properties of the thicker films, can vary
between 0 and 90° depending on the values of fractional change in the remanence (Mr)
magnetization with respect to saturation magnetization (Ms) [CRAU2003]. Moreover, there

exists a critical thickness, as given in eqn.(4.01) [PRAD1997, COIS2009, HUBE2009],
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above which the existence of stripe domains is strongly depend on the values of Ms and K1

[MURA1966, PRAD1997].

t

_ 21 A 21 A 401
critical — 1 UoMgHsyy K_J_ ( ) 3 ( . )
2K

where, teritical 1S critical thickness above which the stripe domain appears, A is exchange
stiffness constant taken as 1x10"!! J/m, Sis the dimensionless quantity, and o is absolute
permeability. It may be noted that the values of Hsit and Ms can be obtained 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. were determined by substituting the values of
Hsat, Ms A and the total thickness of FeTaC film (t) in eqn.(4.01). Similarly, the domain wall

width (W) is calculated by assuming a Landau domain structure [STIL2005], which is

compatible when the sample thickness is larger than \/A/K , as in the present case, using

’A
=2 |2t [— (4.02)
w KJ_

The determined values of @, K1 and w are found to be 24°, 2.62x10* J/m3 and 128 nm, and
50°, 2.19x10* J/m* and 185 nm for 100 and 200 nm thick films, respectively. The obtained
values of K1 and w are in close agreement with those values (KL = 2.18%x10* J/m® and w =
179 nm) reported for the FeSiB (230 nm) alloy thin film [COIS2008]. While the determined
values of KL are almost similar for both 100 nm and 200 nm thick FeTaC films at room
temperature, the values of Hsat depend strongly on film thickness. This can be attributed to

the large variation in bulk domain angle (6;) with increasing film thickness.

4.3.2. Low temperature magnetic properties:

To understand the thickness dependent magnetic nature of FeTaC films in more details, we
measured M-H loops at different temperatures in the temperature range 20 K to 300 K using
VSM and the M-T data under zero-field-cooled (ZFC) and field-cooled (FC) conditions in the
temperature range 5 K to 300 K using MPMS. Figure 4.08 illustrates the expanded view of
temperature dependent M-H loops measured along the film plane for FeTaC (t) films. While

the nature of the loops does not change with the temperature for a particular film, the values
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of Hc and Hsa increase with decreasing temperature. Interestingly, the shifting of the M-H
loops with respect to temperature is more significant for FeTaC (20 nm) film. This could be
understood based on the two-layers model [HAND2005] as discussed earlier in this chapter.
The observation of M-H loop shift in the presently investigated films is in good agreement
with the earlier reports on similar soft magnetic amorphous films [DIAZ2002, LIXW2007].
These results suggest that the temperature dependent magnetic properties of the hard layer at
the interface between the substrate and film play a significant role on the resulting magnetic
properties of the thinner films. However, the role of the bottom layer is not realized
noticeably for the films at larger thicknesses.
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Figure 4.08: M—H loops measured at different temperatures (20 K — 300 K) for amorphous
FeTaC (t) films.

Figure 4.09 displays the extracted values of Hc and Ms from the M-H loops at
different temperatures. As expected for typical ferromagnetic materials, the values of Hc and
Ms increase with decreasing temperature from 300 K to 20 K. However, the relative variation
of the magnetic parameters with temperature depends strongly on the thickness of the films.
For example, Hc(T) of 20 nm thick film displays a slow variation with temperature down to

100 K from 300 K, but exhibits a large increase in Hc below 100 K. This could be correlated
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to the enhanced hard magnetic properties of bottom layer at lower temperatures. As the
nature of the M-H loops of FeTaC films with thickness larger than 100 nm does not change
with temperature, the values of K. were determined at different temperatures following the
eqn.(4.01) and extracting the values of Hsat and Ms from M-H loops measured at different
temperatures. Figure 4.10 depicts the variations of K. and Hsa for the FeTaC (t = 100) films.
It is observed that even though the room temperature values of K. are almost similar for 100
and 200 nm thick films, their temperature dependence strongly depends on the thickness of
the films. This is mainly due to the strong temperature dependent variation in Hsxt values with
thickness resulting from the large variation in the angle between the bulk and surface

domains as demonstrated in figure 4.07(b).
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Figure 4.09: Temperature dependent (a) Hc and (b) Ms for amorphous FeTaC (t) films.

68
TH-1291_09612112



Chapter 4: Thickness dependent properties of FeTaC magnetic thin films

1 a —m— (=100 nm
6.0 4 —A— =200 nm
e 45
-
ve i
X 3.0
(a)
1'5_'"'|'"'|""|""1"'*|""|'
i A —0O0— =100 nm
- \ﬁ\ —A— t=200 nm
M) il
04'5
N‘c_ -
73304
AN ]
1.5 4
| (b)
LI B L I ) T E Y LT O S ) L T A

0 50 100 150 200 250 300
T (K)
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Hsa for amorphous FeTaC (t >100) films.

Figure 4.11 shows normalized M-T data measured at 100 Oe applied field under ZFC
and FC conditions. In these measurements, the sample was initially cooled down to 5 K under
zero-field condition. Magnetization was then recorded as the sample was heated to room
temperature under a constant field applied (100 Oe) along the film plane (ZFC process).
Subsequently, the sample was again cooled under the same constant applied field of 100 Oe
to 5 K and then the magnetization was recorded as the sample was heated under the same in-

plane applied field to room temperature (FC process). M-T curves depicted in figure 4.11
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reveal the following features: (1) For the FeTaC (20 nm) film, the magnetization data
measured under ZFC and FC conditions increase gradually with decreasing temperature from
300 K and a very minor bifurcation between the ZFC and FC data was observed below 10 K.
(2) A similar behaviour was observed for FeTaC (50 nm) film, but the bifurcation between
ZFC and FC data was not observed within the experimental accuracy even down to 5 K. (3)

With increasing the film thickness more than 50 nm, both ZFC and FC curves show different
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Figure 4.11: Temperature dependent magnetization data measured at an applied field of
100 Oe under ZFC and FC conditions for amorphous FeTaC (t) films. The magnetization
data is normalized with respect to room temperature magnetization for each film to show

the relative variation of magnetization with temperature.
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behaviours, i.e., for FeTaC (100 nm) film, a sharp increase in magnetization down to 290 K
followed by a gradual increase in magnetization up to 70 K was observed. On further
lowering the temperature, the magnetization decreases leaving a maximum around 60 K.
Interestingly, the bifurcation between the ZFC and FC curves was initiated around 250 K and
both the curves deviate away from each other down to 5 K. The amount of deviation between
the ZFC and FC curves increases with decreasing the temperature, and (4) For FeTaC (200
nm) film, the bifurcation was observed below 270 K and the amount of deviation between the
ZFC and FC curves increased largely as compared to FeTaC (100 nm) film. These
observations indicate that the existence of in-plane anisotropy with magnetization parallel to
the film plane in FeTaC (20 nm) film results good soft magnetic properties. Therefore, the
application of 100 Oe external magnetic field is sufficient to saturate the film’s magnetization
both in ZFC and FC cycles and hence no difference in magnetization data obtained under the
ZFC and FC conditions was observed. Also, FeTaC (50 nm) film exhibits a transverse
domain structure in the film plane, which could be easily saturated at low applied magnetic
field (< 50 Oe) even at low temperature as demonstrated earlier from the temperature
dependent M-H loops (see figure 4.08). Therefore, as shown in figure 4.11(b), the
magnetization data obtained under ZFC and FC conditions did not show any bifurcation
between them. On the other hand, when film thickness increased above 50 nm, the
perpendicular magnetic anisotropy in the films is enhanced due to the quenched in stress and
the large variation in the angle between the bulk and surface domains resulting random (non-
collinear) arrangement of spins in the films. This increases the magnetic disorder in the film
and needs relatively large applied magnetic field (> 100 Oe) to obtain the saturation (see
figure 4.08). Therefore, the ZFC and FC curves obtained under low applied magnetic fields
of 100 Oe show significant variations in their magnetization behaviours with decreasing
temperature and resulting bifurcation between them. Hence, the presence of bifurcation
between the ZFC and FC data can be attributed to the existence of magnetic disorder either
due to the non-collinear spin arrangements in Fe rich FeTaC films [HANS1991, CAST19972,
HERN2002] or due to the existence of magnetic anisotropy in the system. The observed
results suggest that the magnetic disorder is significantly low or almost negligible in the films
with thickness up to 50 nm due to the formation of in-plane magnetization structure, but
increases with increasing the film thickness more than 50 nm. Thus, the existence of
magnetic disorder in larger thickness films also plays a significant role on controlling the

magnetic properties.
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4.3.3. High temper atur e magnetic properties:

To study the magnetic properties of the films up to critical temperatures, high temperature M-
T data were measured at a constant applied field of 500 Oe for all the films using VSM
magnetometer. Figure 4.12 illustrates M-T data above room temperature, thermal derivative
of magnetization (inset 4.12(a)) and inverse susceptibility (inset 4.12(b)) above Curie
temperature (Tc) for FeTaC (1) films. In order to compare all the magnetization data in a
single graph, M-T data were normalized with respect to the room temperature magnetization
data of that particular sample. It could be clearly seen from the Figure 4.12 that (a) FeTaC
(200 nm) film shows an incessant decrease in magnetization up to 410 K. The rate of
decrease of magnetization decreases with the further increase in temperature. (2) A similar

behaviour was observed for FeTaC (100 nm) film but with a slight shift in the magnetization
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Figure 4.12: M-T data measured at an applied field of 500 Oe for amorphous FeTaC (t)
films. Inset: (a) thermal derivative of magnetization as a function of temperature and (b)
inver se susceptibility above Curie temperature as a function of reduced temperature range,

7. The solid line passing through the data pointsis the best fit obtained using egn.(4.03).
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curve towards high temperature region around Tc. (3) With decreasing the film thickness to
50 nm, the magnetization curve shifted considerably towards higher temperature along with a
non-zero magnetization up to 500 K. (4) On further lowering the thickness to 20 nm, the
magnetization decreases very slowly with temperature as compared to other films. (5) The
values of Tc were obtained from the thermal derivative of the magnetization data as depicted
in inset (a) of Figure 4.12 and listed in Table 4.01. Interestingly, the values of Tc of FeTaC
films increase marginally with decreasing film thickness. The above results clearly intimate
that the magnetization data obtained at 500 Oe applied field for 200 nm and 100 nm thick
FeTaC films exhibit a clear magnetic phase transition from ferromagnetic state to
paramagnetic state above 380 K. As a result, the magnetization data above Tc approaches to
almost zero values. On the other hand, FeTaC films with 50 and 20 nm thicknesses exhibit a
magnetization value (at 500 K) of about 8% and 20%, respectively, with respect to their room
temperature magnetization. This suggests that in low thickness films, the magnetic phase
transition from the ferromagnetic to paramagnetic state is not completed entirely and depends
strongly on the film thickness. This could be explained using the two-layers model as
discussed earlier. According to this model, the magnetic contribution from the bottom hard
layer on the magnetization reversal of the upper soft layer is more significant only for the low
thickness films (< 50 nm). This reveals that with increasing the temperature above 300 K, the
magnetization of the upper layer is reversed dominantly resulting a large drop in the
magnetization value between 350 K and 450 K. The rate of decrease in magnetization with
increasing temperature decreases with decreasing the film thickness from 50 to 20 nm. This
could be attributed to the slow reversal behaviour of the bottom layer, which is rather
imperceptible to the temperature due to either the interface diffusion [LIXW2007] or the
local stresses [GORR2009]. The rough estimation of the bottom layer thickness, by using the
relative magnetization value at 500 K and assuming that the magnetization at that
temperature is only due to the bottom layer, turns out to be around 2 - 4 nm. This is
reasonably in good agreement with the results of cross sectional TEM analysis at the interface
between the substrate and film reported on similar amorphous alloy films [LIXW2007].

To understand the effect of film thickness on the magnetic phase transition behaviour,
the inverse susceptibility data in the critical region just above Tc were analyzed using simple

power law analysis as described below,

x5t =Cnlr n>0 (4.03)
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where 77 [=(T-Tc)/Tc] is reduced temperature range, yis critical exponent for the magnetic
susceptibility and C is critical amplitude. Inset (b) of figure 4.12 demonstrates the inverse
susceptibility data as a function of reduced temperature for all the films and the applicability
of the fit is represented by solid lines passing through the data points using eqn.(4.03) on the
susceptibility data. The resulting parameters from the fit analysis are summarized in Table
4.01 along with the predicted values of critical exponents for the theoretical models of mean
field, 3D Heisenberg model and 3D Ising model and other experimental data on similar
amorphous systems for comparison. The critical exponent values obtained for the films with
thickness between 50 and 200 nm are in good agreement with the value predicted by 3D Ising
model and the experimental values reported on similar systems [YAMA1975, KYPR1996].
On the other hand, for the 20 nm thick film, the observed exponent value is close to the 3D
Heisenberg model. We have tried to examine the possible explanation for such thickness
dependent critical exponents in the presently investigated films. It is well known that the
values of critical exponents depend not only on the lattice dimensionality of the spin system
and number of components of order parameter, but also depend on the range of microscopic
interactions responsible for the phase transition and the transition region considered for the
analysis of critical exponents. The effect of dimensionality on the critical behaviour is not
expected in the presently investigated samples as the thicknesses of the films are larger in
size and do not fall into dimensionality cross over [DUNL2004]. Although the effect of range
of microscopic interactions [KARM?2006] and the presence of defects [BACK1995] are
expected to alter the magnetic phase transition behaviour, their contribution in the presently
investigated samples may be discarded as the correlation length is much larger. Therefore, the
deviation of critical exponent from the 3D Heisenberg to 3D Ising model could mainly be
attributed to the development of perpendicular anisotropy causing a cross over effect

[KIMD2002].

Table 4.01: Curie temperature, the values of fit parameters obtained from power law analysis
and the comparison of critical exponents with different theoretical models and earlier reports

on similar systems.

Sample thickness C (cc-Oe/lemu) y Tc (K)
(nm)
200 141.3 1.248 388
100 130.5 1.254 393
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50 47.9 1.291 399
20 22.0 1.347 ~410
Mean Field theory - 1.000 -
[PAPO2006]
3D Heisenberg - 1.336 -
3D Ising - 1.240 -
[PAPO2006]
Fe-P-C - 1.300 -
[YAMA1975]
Fe-Cr-B-Si - 1.286 -
[KYPR1996]
4.4, Summary:

The structural and magnetic properties of FeTaC (t) films with different thicknesses prepared

directly on thermally oxidized Si substrates at ambient temperature using DC magnetron

sputtering technique were systematically carried out in this chapter. The salient features of

FeTaC films from the current investigations are as follows:

+

TH-1291_09612112

Amorphous FeTaC films with different thicknesses (t =20 — 200) could be prepared
directly on thermally oxidized Si substrate at ambient temperature using DC
magnetron sputtering technique.

Amorphous nature of all the as-deposited FeTaC films was confirmed through XRD
and TEM studies.

FeTaC (t < 50) films exhibit soft magnetic nature due to the in plane orientation of
the magnetization.

Increasing the film thickness above 50 nm degraded the soft magnetic properties
due to the transition from in-plane magnetization to stipe domain magnetic structure
caused by the growth of the perpendicular anisotropy.

The shift in the temperature dependent M-H loops of the FeTaC (t < 50) films is
discussed using two-layers model.

Although the room temperature value of K. is almost similar for 100 and 200 nm
thick films, their temperature dependence strongly depends on the thickness of the

films.
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+ Low temperature thermo-magnetization data reveal that the magnetic disorder

increases with increasing the film thickness above the critical value.

=

Curie temperature of FeTaC (t) films increases marginally and the magnetic
susceptibility critical exponent displays a cross over from 3D Ising model to 3D
Heisenberg model values with decreasing the FeTaC thickness.

+ The observed results were discussed on the basis of the development of
perpendicular anisotropy, magnetic disorder and transition from in-plane

magnetization to stripe domain structure with increasing FeTaC film thickness.
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The thickness dependent magnetic properties of FeTaC single layer films discussed in chapter
4 revealed that soft magnetic properties depend strongly on the film thickness and degrade in
films of larger (r = 100 nm) thicknesses. This is mainly due to the growth of perpendicular
anisotropy, which results in the formation of dense strip domain structure. As a result, the
orientation of magnetization is randomized by the effective anisotropy with a negative
influence on the soft magnetic properties. It is well known that the soft magnetic thin films
with low H¢ and high relative permeability are required in applications such as magnetic
recording [KHIZ20041, KHIZ20042, PIRA2007], communication devices [SHIR1990] and
automotive industry. In these applications, the ferromagnetic thin film is used either as a
magnetic flux guide or as magnetic flux amplifier at high frequency applications, provided
these films have a simple magnetic domain structure with the magnetization oriented at a
particular direction [RIET1997, KAZI2013]. Therefore, the control of domain structure,
orientation of magnetization in a particular direction and the understanding of the resulting
magnetic properties are very much important in the process of optimizing the performance of
such films for device applications. In this chapter, we shall demonstrate that the degradation
of in-plane soft magnetic properties observed in FeTaC (¢ = 100) single layer films can be
systematically controlled by fabricating stacks of thin FeTaC films decoupled by suitable
non-magnetic (Ta) spacer layers. This chapter will cover the structural and magnetic
properties of multilayer structured [[FeTaC (y nm)/Ta (x nm)],/FeTaC (y nm)] films in two
sections: While the first section describes the effect of number of multilayers (z = 0 — 4) on

the magnetic properties by fixing the space layer thickness at 1 nm, the second section

FeTaC (y nm)
FETaC (V nm) e ——|

FeTaC (y nm) I FeTaC (y nm)

FeTaC (y nm) FeTaC (y nm)

Substrate Substrate Substrate

Figure 5.01: Schematics of multilayer [[FeTaC (v nm)/Ta (1 nm)]/FeTaC (y nm)] films
withn =0, 1 and 2.
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focuses on the spacer layer thickness variation and temperature driven magnetic properties in

multilayer structured thin films with n = 3.

5.1. Experimental details:

Amorphous multilayer [[FeTaC (y nm)/Ta (x nm)]./FeTaC (y nm)] films were deposited
directly on thermally oxidized Si substrates at ambient temperature using DC magnetron
sputtering technique as schematically shown in figure 5.01 using targets of FeTaC and Ta
loaded in two separate magnetron guns. Here, x is the thickness of the Ta spacer layer varied
between 1 nm and 6 nm, and the individual FeTaC layer thickness (y) in multilayers was
controlled using the relation y = 200/(n+1), where n is number of Ta spacer layers inserted
between FeTaC layers and varied systematically between 0 and 4. The total thickness of
FeTaC layer in multilayer films is fixed at 200 nm. The substrate was loaded on the rotating
substrate holder and moved to the respective targets of FeTaC and Ta after making each layer
sequentially. The base pressure of the chamber was better than 10° Torr. The optimized
sputtering Ar gas pressures for FeTaC and Ta films were fixed at 1 mTorr and 10 mTorr,

respectively. The deposition rate of both FeTaC and Ta were calibrated by using ex-situ

(a) x=1

(b) n=3

I T T |

[ T -1

Intensity (arb. units)

|

T3 ISPy rsFErT [ errrr [ rerr e rr [ rrrrrrrrprrrerrrerrerret

30 35 40 45 50 55 35 40 45 50 55 60
20 (degee)

Figure 5.02: Room temperature XRD patterns of as-deposited multilayer [[FeTaC (y
nm)/Ta (x nm)]/FeTaC (y nm)] films with different (a) n and (b) x values.
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surface profilometer (Vecco, Dektak-150) as described in section 3.1.2. Amorphous nature of
the films was confirmed by X-ray diffraction (XRD) using a high power Rigaku TTRAX III
diffractometer with Cu-Kq radiation and transmission electron microscopy (TEM, JEOL 2100
and TECNAI G? F30) techniques. Temperature dependent magnetic properties of the films in
the temperature range 5 K to 500 K were investigated by using magnetic property
measurement system (MPMS XL 7, Quantum Design, USA) with superconducting quantum
interference device (SQUID) magnetometer and vibrating sample magnetometer (VSM,

LakeShore Model 7410, USA).

Figure 5.03: Bright-field TEM images and selected area electron diffraction patterns of as-
deposited multilayer [FeTaC (50 nm)/Ta (x nm)]3/FeTaC (50 nm)] films with (i) x = 0 and
(ii) 2.5.

5.2. Structural properties.

The structural properties of multilayer [[FeTaC (y nm)/Ta (x nm)].,/FeTaC (y nm)] films
characterized using XRD and microscopic techniques are depicted in figures 5.02 and figure
5.03, respectively. All the films exhibit broad humps around 26 = 43° without any sharp
peaks typical of crystalline phases. This indicates the existence of amorphous structure in all
the as-deposited films. The sharp XRD peak observed at 26 = 33.03° represents Si(200)
Bragg reflection resulting from thermally oxidized Si substrate [CHOM2001]. To further
confirm the local microstructure, all the films were investigated by TEM technique and the

micrographs are depicted in figure 5.03 for multilayer films with » = 3 and x = 0 and 2.5.
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While the bright-field TEM micrographs reveal the characteristic amorphous microstructure
devoid of any local lattice fringes, the selected area electron diffraction patterns display halo
diffraction rings corresponding to the amorphous structure. The above results clearly

establish that all the as-deposited multilayer films exhibit amorphous structure.

1.0— X=1nm

T T T T T

175 0 175 350

I
-350
H (Oe)
Figure 5.04: Room temperature normalized M-H loops measured along a film plane for as-

deposited multilayer [[FeTaC (v nm)/Ta (1 nm)]/FeTaC (y nm)] films with different n

values.

5.3. Magnetic properties:

The magnetic properties of multilayer films were investigated in two different aspects: (i)
effects of number of multilayers (n) and temperature on the magnetic properties by fixing the
Ta spacer layer thickness (x) and (ii) effects of spacer layer thickness and temperature on the
magnetic properties by fixing number of Ta spacer layers (n). The value of n was varied
between 0 and 4 by keeping x at 1 nm in the first case, while the later part had the »n value as

3 and varied the values of x between 0 and 6 nm.
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- 100

H_(Oe)
H,_ (Oe)

L 10

Figure 5.05: The variations of Hc and Hsa: with number of multilayers for as-deposited
multilayer [[FeTaC (y nm)/Ta (1 nm)]/FeTaC (y nm)] films.

5.3.1. Effect of multilayer structur e on the magnetic properties:

5.3.1.1. Room temperatur e magnetic properties.

Figure 5.04 displays the room temperature normalized M-H loops of multilayer films with
different n values. As discussed earlier in chapter 4, the single layer film (x = 0, n = 0)
exhibits the transcritical loop. The shape of the transcritical loop remains the same with
increasing the values of n up to 2 due to the existence of strip domain patterns, but the values
of coercivity (Hc) and the field required for saturating the M-H loops along the film plane
(Hsar) decrease significantly and the remanence values increase marginally with increasing »
values. On further increasing the »n values (= 3), the shape of the M-H loops changes from
transcritical to flat loop, which saturates at much smaller applied fields. This can be attributed
to the change in the domain structure of FeTaC films from strip domain patterns to in-plane
orientation of magnetization. In other words, for » > 3 films, the thickness of individual
FeTaC layers in multilayer films is less than 50 nm resulting in-plane orientation of
magnetization in each FeTaC layer as described in chapter 4. The extracted values of Hc and
Hsa from the M-H loops are plotted as a function of n in figure 5.05. It is observed that both

the values of Hc and Hs., decrease almost linearly at a rate of 7.9 Oe/n and 119 Oe/n for n
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values up to 2. On the other hand, Hc and Hs.r decrease rapidly to 0.23 Oe and 8 Oe for n =3
and reaches to 0.12 Oe and 6 Oe for n = 4 films. The linear variations of Hc and Hsa with
increasing n up to 2 can be attributed to the change in the size of the strip domain patterns
and the orientation of magnetization in the plane, while the large reduction in the Hc and Hsy
for n = 3 is due to the change in the domain structure from strip domain pattern to in-plane
orientation of magnetization. Huang et al [HUAN2001] reported a similar Hc¢ variation in
FeCoZrBCu/SiO2 multilayer films, i.e., Hc decreases largely from 25 Oe for a single layer
FeCoZrBCu (150 nm) film to 0.25 Oe for the multilayer film of [FeCoZrBCu(150 nm)/
SiO2(2 nm)]o/ FeCoZrBCu (150 nm)/glass substrate. Similarly, Naoe et al [NAOE1998]
reported a large decrease in Hc of FeCuNbSiB (140 nm) single layer film into multilayer
[[FeCuNbSiB (y nm)/Al(x nm)],/ FeCuNbSiB (y nm)] films. These results confirm that the
room temperature magnetic properties of multilayer FeTaC films are enhanced, as the

intervening Ta layers play a dominant role in reducing the Hc and Hsa values. This could be

1.0{ — = 20K
—4— 100K
05{ 200K
4 300K
0.0
0.5
—
5 1.0 oot (@) x=0;n=0||_ 5 (b) x=1; n=2
'@ '500 250 0 250 500 250 -125 O 126 250
E 1.0{ a 20k . 20K 1.0
o 35K —e— 35K
—&— 50 K —&— 50K
051 v 65K —v— 65K 0.5
& 100K — e 100K
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0-0_ 300K 0-0
0.5 --0.5
1.0 e (c) x=1; n=3 (d)x=1;n=4| 4,
225 450 75 0 75 150 225 -30 -5 0 15 30
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Figure 5.06: Temperature dependent normalized M-H loops for as-deposited multilayer
[[FeTaC (y nm)/Ta (I nm)]/FeTaC (y nm)] films.
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attributed to the fact that the appearance of the perpendicular anisotropy in ferromagnetic
FeTaC layers is suppressed by the insertion of Ta spacer layer and hence the soft magnetic
properties are improved because of the magnetostatic coupling between the ferromagnetic

layers [NAOE1998, TANA20032].
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Figure 5.07: The variations of (a) Hc, (b) Hsa (c) Ms and (d) perpendicular anisotropy

constant with temperature for as-deposited multilayer [[FeTaC (v nm)/Ta (I nm)]/FeTaC

(v nm)] films.

5.3.1.2. Low temperature magnetic properties.

Temperature dependent magnetic properties of FeTaC multilayer films were investigated by
recording M-H loops at different temperatures and temperature dependent magnetization
curves (M-T) under zero-field cooled (ZFC) and field-cooled (FC) conditions in the
temperature range 5 to 300 K using VSM and SQUID magnetometers. Figure 5.06 depicts
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temperature dependent normalized M-H loops measured in the temperature range 20 K to 300
K for single layer FeTaC (200 nm) film and multilayer films with different n values. As like
single layer films, the shape of the M-H loops is not changed with temperature for multilayer
films with n < 2. However, the values of Hc and Hss increase with decreasing temperature.

This is a typical behaviour observed in many soft magnetic materials. With increasing n = 3,
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Figure 5.08: Low temperature M-T data for as-deposited multilayer [[FeTaC (y nm)/Ta (1
nm)]/FeTaC (v nm)] films measured at 100 Oe applied field under ZFC and FC

conditions.
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the shape of the loops is changed from flat loop to transcritical one with decreasing
temperature and hence the values of Hc and Hs. increased largely. A detailed explanation
regarding this shape change is discussed in section 5.3.2.2. In addition, for the films with n >
3, the M-H loops exhibit a pronounced multistep magnetization reversal process at
temperatures below 70 K. The number of steps in the magnetization reversal behaviour
depends on number of multilayers. The observed results could be understood on the basis of
competition between the magnetostatic coupling between FeTaC ferromagnetic layers and the
interface roughness. With increasing the values of n, the average magnetization of the
individual ferromagnetic layer decreases and interface roughness increases. As a result, the
demagnetization field associated with the roughness increases and results in the domain
formation especially at the interfaces [NEEL1962, ZHAN19961, ZHAN19962, KOOL1999].
Hence, a sequential switching of the ferromagnetic layers in multilayer films is observed.
With increasing temperature above 70 K, thermal activation diminishes the topological
coupling, resulting smooth and narrow hysteresis curves caused by the magnetostatic
coupling. As a result, the values of Hc decrease with increasing temperature. To understand
the effective variations of the magnetic parameters with number of multilayers, the values of
Hc, Hsq: and saturation magnetization (Ms) from the temperature dependent M-H loops are
plotted in figure 5.07 against temperature. For single layer and multilayer films with n < 2,
Hc increases almost linearly in logarithmic scale with decreasing temperature. This is a
typical behaviour observed in many soft magnetic materials. In contrast, the multilayer film
with n = 3 exhibit a large increase in Hc¢ with decreasing temperature from 300 K to 150 K
followed by a linear increase at lower temperatures as observed for the other films. On the
other hand, for multilayer films with n = 4, the variation of Hc against temperature exhibits
two distinct slopes: Hc varies at a slow rate of 0.0028 Oe/K in the temperature range between
300 K and 100 K and a faster rate of 0.1187 Oe/K in the temperature range from 80 K to 20
K. The large variation in Hc for temperatures below 80 K is caused by the individual
switching of the ferromagnetic layers (see figure 5.06(d)) due to the enhanced interface
roughness with increasing the values of n. Hs«(7) exhibits almost the similar variations of
Hc(T) with temperature for each of multilayer films. The values of Ms decrease not only with
increasing temperature for all multilayer films, but also decrease significantly with increasing
the values of n. The decrease in magnetization with increasing number of interfaces is
reported by Saipriya et al [SAIP2012] in SnO2/Cu-Zn multilayer films and by Abid et al
[ABID1999] in Ni/V multilayer films and attributed to the presence of magnetically dead
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layer at the interface of non-magnetic/ferromagnetic layers due to the inter diffusion between
magnetic and non-magnetic layers. A similar behaviour is also expected for the currently
investigated multilayer films. Nevertheless, the observed results suggest that the temperature
dependent magnetic properties strongly depend on the multilayer structure. As multilayer
films with n up to 3 exhibit strip domain patterns, the calculation of perpendicular anisotropy
was extended at low temperatures using the procedure followed for single layer films in
chapter 4. Figure 5.07(d) displays the variations of perpendicular anisotropy constant (K1)
with temperature for different multilayer films. The values of K1 decrease not only with
increasing temperature for a given multilayer film, but also decrease with increasing number
of multilayers. This could be attributed to the suppression of perpendicular anisotropy in the
ferromagnetic FeTaC layer by the insertion of Ta spacer layer and the improvement of soft
magnetic properties by the magnetostatic coupling between the ferromagnetic layers
[NAOE1998, TANA20032].

Figure 5.08 depicts normalized M-T data measured at an applied field of 100 Oe
under ZFC and FC conditions in the temperature range of 5 K to 300 K for multilayer thin
films with different values of n. In these measurements, the sample was initially cooled to 5
K under zero-field condition. Magnetization was then recorded as the sample was heated to
room temperature under a constant field applied along the film plane (ZFC process).
Subsequently, the sample was cooled under the same constant applied field to 5 K and then
the magnetization was recorded as the sample was heated to room temperature (FC process).
M-T curves reveal the following features: (i) For single layer film, the magnetization
increases gradually with decreasing temperature and a bifurcation between the ZFC and FC
data was observed below 270 K, (ii) a sharp increase in magnetization down to 273 K from
300 K followed by a bifurcation at about 225 K was observed for the film with » = 1, (iii)
with increasing n up to 3, the temperature zone of sharp increase in magnetization shifts from
273 K for n =1 to 144 K for n = 3 along with the shift of bifurcation from 225 K to 73 K, and
(iv) for multilayer films with n» = 4, the bifurcation point almost disappeared and the
magnetization data obtained under ZFC and FC conditions are found to be nearly the same
within experimental accuracy. These observations indicate that the existence of in-plane
anisotropy with magnetization parallel to the film plane in multilayer films with n = 4 results
good soft magnetic properties. Therefore, the application of 100 Oe external magnetic field is
well enough to saturate the film’s magnetization (see figure 5.06(d)) both in ZFC and FC

cycles and hence no difference in magnetization data obtained under the ZFC and FC
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conditions was observed. However, with decreasing the »n values, the perpendicular
anisotropy in the films is not suppressed due to the large variation in the angle between the
bulk and surface domains resulting random (non-collinear) arrangement of spins in FeTaC
ferromagnetic layers with decreasing temperature. This increases the magnetic disorder in the
film. Moreover, the applied field required to saturate the films’ magnetization along the film
plane increases (> 200 Oe) with decreasing the n values (see figures 5.06 (a) — (c)).
Therefore, the ZFC and FC curves obtained under low applied magnetic fields (< 200 Oe)
show a variation in their magnetization behaviour with decreasing temperature resulting
bifurcation between them. Hence, the presence of bifurcation between the ZFC and FC data
can be attributed to the existence of magnetic disorder either due to the non-collinear spin
arrangements in Fe rich FeTaC films [HANS1991, CAST19972, HERN2002] or due to the
existence of random magnetic anisotropy in the system. These results reveal a dependence of
magnetic nature on number of multilayers at different temperatures. They also suggest that
the change in the domain structure of the individual ferromagnetic layers with decreasing

thickness and magnetostatic coupling between the ferromagnetic layers diminishes the
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Figure 5.09: High temperature M-T data measured at 500 Oe applied field for as-
deposited multilayer [[FeTaC (y nm)/Ta (1 nm)]/FeTaC (v nm)] films.
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magnetic disorder. This improves the magnetic properties of multilayer films. Also, it is
demonstrated that the amount of magnetic disorder exists in single layer film of larger

thickness at low temperatures can be fine-tuned with the multilayer structure.

5.3.1.3. High temper ature magnetic properties:

To understand the magnetic nature of multilayer films up to critical temperature, high
temperature M-T data were obtained for all the films under the field of 500 Oe applied in the
film plane. In order to compare the nature of all the M-T curves, the magnetization of each
curve is normalized with respect to their room temperature magnetization value and the plots
of temperature dependent normalized magnetization data are depicted in figure 5.09. It is
seen clearly that all the films show an incessant decrease in magnetization up to 400 K and
the rate of decrease of magnetization decreases with a further increase in temperature.
Interestingly, the magnetization of all the films varies almost similarly with temperature and
exhibits a clear magnetic phase transition from ferromagnetic state to paramagnetic state.
Curie temperature (7¢) was obtained from the thermal derivative of magnetization data as
displayed in inset of figure 5.09 and found to be about 390 K. 7¢ values are found to be

nearly the same for both single layer and multilayer films within the experimental accuracy.

FeTaC (50 nm)
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FeTaC (50 nm)
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Figure 5.10: Schematic representation of as-deposited multilayer [FeTaC (50 nm)/Ta (x
nm)]s/FeTaC (50 nm)] films taken for the study of spacer layers driven magnetic

89
TH-1291_09612112



Chapter 5: Structural and magnetic properties of multilayer FeTaC / Ta films

5004 =13
{ —®m—x=0;
—e—x=1;
250 { —A—x=2.5;
—e— x=4;
— | —*x—x=6
Q
s
= 0
&
[
E 4
-250
-500
T I T T T T L) T I T T L) T T T I T T L) T T L) I T T T T T T I L)
-300 -160 0 150 300

H (Oe)
Figure 5.11: Room temperature M-H loops measured along film plane for as-deposited

multilayer [[FeTaC (50 nm)/Ta (x nm)]3/FeTaC (50 nm)] films with different spacer layer

thicknesses.

*
10 5 _*_HSar 4100
' -, '
s o
S o
O i -~
T 13 83
- =
R e, £
.;ﬂ L

o
- ]
N
w
'S
2]
(=]

X (nm)

Figure 5.12: The variations of Hc and Hsa for as-deposited multilayer [[FeTaC (50 nm)/Ta
(x nm)]3/FeTaC (50 nm)] films with different spacer layer thicknesses.
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5.3.2. Spacer layer and temperature driven magnetic properties.
Since multilayer films with n = 3 display a strong temperature dependent magnetic properties
(see figures 5.06 and 5.07), we have taken this multilayer structure for further investigation

by varying the spacer layer thickness. Therefore, this section focuses on the magnetic
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Figure 5.13: M-H loops measured at different temperatures for as-deposited multilayer
[FeTaC (50 nm)/Ta (x nm)]3/FeTaC (50 nm)] films withx = 0, 1, 2.5, 4 and 6.

91
TH-1291_09612112



Chapter 5: Structural and magnetic properties of multilayer FeTaC / Ta films

properties of multilayer [[FeTaC (50 nm)/Ta (x nm)]3/FeTaC (50 nm)] films over a wide
range of temperatures. The spacer layer thickness (x) was varied systematically between 1

and 6 nm, as schematically shown in figure 5.10.

5.3.2.1. Room temperatur e magnetic proper ties:

Figure 5.11 depicts room temperature M-H loops measured along film plane for multilayer
films with different x values. It is observed that M-H loop of a single layer film (x = 0)
exhibits transcritical loop as discussed in chapter 4 [CHAN2002, CRAU2002, HUBE2009].
The introduction of thin Ta spacer layers (x = 1, n = 3) changes the shape of M-H loop from
transcritical to almost a flat loop, which saturates at quite low applied magnetic field (~ 10
Oe). On further increasing x up to 6 nm, the shape of the M-H loop did not change
significantly. In order to monitor the effect of spacer layer thickness on the magnetic
parameters of multilayer films, the values of Hc and Hs. are extracted from figure 5.11 and
depicted in figure 5.12 as a function of x. Hc decreases largely from 25 Oe for x = 0 film to
0.23 Oe for x = 1 film followed by a gradual reduction in Hc up to x =4 (Hc ~ 80 mOe) and
increases slightly for x = 6 film. Similarly, Hs., decreases rapidly from 280 Oe for x = 0 film
to around 10 Oe for x = 1 film and remains almost constant for films with x > 1. Huang et al
[HUAN2001] reported that the reduction in Hc not only depends on the ferromagnetic layer
thickness, but also vary with the spacer layer thickness. On the other hand, the results
obtained by Feng et al [FENG1994, FENG1995] for various type of interlayers such as Al,
Cr, Cu and Ag in CoCrTa films show that Hc reduces with increasing the spacer layer
thickness. Herndon et al [HERN2008] have also reported a similar nature of Hc¢ variation
with Al2O3 spacer thickness. The above results confirm that the room temperature magnetic
properties of single layer FeTaC (200 nm) films are enhanced by the multilayer structure, as

intervening Ta spacer layers play a dominant role in controlling the magnetic properties.

5.3.2.2. Low temperature magnetic properties:

To understand the effect of spacer layers’ thickness on magnetic nature of multilayer films,
temperature dependent magnetic properties were investigated by measuring M-H loops at
different temperatures in the temperature range 20 K to 300 K using the VSM and M-T data
in the temperature range 5 K to 300 K and 300 K to 500 K using the SQUID and the VSM
magnetometers, respectively. Figure 5.13 illustrates normalized M-H loops measured along
film plane for multilayer [[FeTaC (50 nm)/Ta (x nm)]s/FeTaC (50 nm)] films with x =0, 1,
2.5, 4, and 6 nm using VSM in the temperature range from 20 K to 300 K. For x = 0 film, the
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shape of the M-H loops is not changed with decreasing temperature, but the values of Hc and
Hs, are found to increase with decreasing temperature. This is a typical behaviour observed
in many soft magnetic materials [HUAN2001, HERN2008, BRAJ2010]. On the other hand,
as discussed earlier, the shape of the M-H loops of x = 1 film is found to be strongly
depending on the temperature: (i) M-H loop observed at 300 K depicts almost a flat loop
which saturates at very low applied magnetic field (~ 10 Oe). (ii) With decreasing
temperature below 300 K, the shape changes from flat loop to those observed for x = 0 film
and the values of Hc and Hsa increase largely. (iii) On further decreasing the temperature
below 80 K, the M-H loops display a step like magnetization reversal process with different
Hc values. With increasing the spacer layer thickness more than 1 nm, narrow M-H loops
were observed in the temperature range 80 K to 300 K. However, the film with x = 2.5
exhibits a clear multistep magnetization reversal behaviour below 80 K. Such multistep
reversal process shows an oscillatory behaviour with increasing x, i.e., with increasing the
values of x from 1 to 2.5, a clear stepped hysteresis was observed, which disappeared at x = 4
and reappeared again at x = 6 film. The above results suggest that while the multilayer film
with x = 1 exhibits a strong temperature dependent magnetic nature, the observation of
multistep magnetization reversal process in multilayer films is strongly depend on the Ta
spacer layer thickness.

In order to understand the observed results, the variations in microstructure and
magnetic domain structure of the films are presented schematically in figure 5.14. It may be
noted that the transcritical loop observed in x = 0 film is generally correlated to the
development of perpendicular anisotropy component resulting from stress quenched in during
the film deposition [MURA1966, PRAD2004, SHAR2006, COIS2008, COIS2009] as
discussed in chapter 4. As it is known that the orientation of magnetization in disordered
system (see figure 5.14(a)) is determined mainly by the magnetoelastic and shape anisotropy
terms, and the magnetoelastic is coupled to the interplay among the stress and magnetization,
the formation of stripe domain pattern beyond critical thickness is mainly controlled by the
stress. Among the several possible domain structures [HUBE2009], the observed domain
structure for x = 0 film can be attributed to weak dense stripe domains in which the
neighbouring stripes have aligned along in-plane direction, but their perpendicular
components alternate up and down as demonstrated in figure 5.14(b). On the other hand, the
introduction of thin spacer layers in multilayer films revealed a drastic change in loop shape
from transcritical to flat loop. This is caused mainly by partitioning of a single layer FeTaC

(200 nm) film into four equal FeTaC layers with each of 50 nm thickness (see figure 5.10)
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having an in-plane magnetic structure as depicted in figure 5.14(d) and demonstrated in
figure 4.04. This can be understood that FeTaC films having thicknesses below fcrisicar as
defined in eqn.(4.01) do not display any out-of-plane component even in the as-prepared
state, where the stresses quenched in during the deposition have not been relieved out

completely. This suggests that the stress induced perpendicular anisotropy in thin FeTaC
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Figure 5.14: Schematic of variations in microstructure ((a) x = 0, (¢c) x = 1, and (g) x =

2.5) and magnetic domain structure ((b) x = 0, (de)f) x = 1, and (h) x > 2.5) of as-
deposited multilayer [FeTaC (50 nm)/Ta (x nm)]s/FeTaC (50 nm)] films.
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films is not sufficient to overcome shape anisotropy. Consequently, the magnetization lies
mainly within the plane of the film [OHAN2000, PORR2002, HUBE2009]. Furthermore, the
uniaxial anisotropy may result from forming aligned ferromagnetic atom-pairs due to their
strong magnetic exchange coupling during film deposition process [HUAN2001]. Therefore,
the flat loop observed in x = 1 film at 300 K is mainly due to the magnetostatic coupling
between FeTaC ferromagnetic layers having in-plane anisotropy with magnetization parallel
to the film plane. However, with decreasing temperature below 300 K, the loop shape of x =1
film is again changed to those shapes observed for x = 0 film. This results a large increase in
Hc for temperature down to 100 K and varies almost linearly (in logarithmic scale) with a
further decrease in the temperature. This could be attributed to a nucleation of strip domain
structure across the interface of the films at 7 < 250 K due to the presence of possible
pinholes in the non-magnetic layer [STIL2005]. Note that 1 nm thick Ta spacer layer is
ideally expected to have a maximum of 3 to 4 atomic layers of Ta atoms between two
ferromagnetic layers. In order to prepare FeTaC films with amorphous structure, the films
were deposited at a significantly high deposition rate (> 4 nm/min). As a result, one would
expect a possible inter-diffusion at the interface between FeTaC and Ta layers, which may
alter the magnetic properties of multilayer films. Since FeTaC alloy films contain Fe, Ta and
C atoms, the diffusion of all these atoms into Ta layer during FeTaC layer deposition on top
of the Ta layers cannot be ruled out [BRAN1992]. However, the inter-diffusion of Ta and C
atoms into the Ta layers may not affect the magnetic properties of multilayer films due to the
non-magnetic nature of these elements. On the other hand, the probability of Fe atoms
diffusing into the Ta layers is quite high due to a higher Fe concentration in FeTaC alloy
films and its smaller size as compared to Ta atoms [BRAN1992]. This causes a significant
change in the magnetic properties of multilayer films. Although the interfacial profile cannot
be estimated quantitatively from the current investigation, the observed results support that
the pinhole, as depicted in figure 5.14(c), is referred to a possible inter-diffusion of Fe atoms
into the Ta layers. A similar scenario has been reported in different systems [CLAR1994,
OLIV1999]. Oliveria et al [OLIV1999] proposed that inter diffused Fe atoms form either as
isolated manner or as cluster nature. Therefore, the existence of Fe atoms in the Ta layers is
expected to show possible temperature dependent properties. It is understood from the M-H
loop of x = 1 film at 300 K that the inter-diffused Fe atoms may not contribute to the
magnetic properties possibly due to its paramagnetic state. In such scenario, the interaction

between the two ferromagnetic layers is mainly dominated by the magnetostatic coupling (see
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figure 5.14(d)) causing a flat loop with low Hc. However, with decreasing temperature below
250 K, the paramagnetic nature of Fe atoms transforms into ferromagnetic one and facilitates
a direct exchange interaction between the ferromagnetic layers through pinholes as pointed
out by arrows in figure 5.14(e). This feature permits the nucleation of stripe domains below
250 K (see figure 5.14(f)) and therefore, the M—H loop changes from flat loop to transcritical
one below 250 K. The development of perpendicular anisotropy was calculated using the
procedure described earlier and plotted in figure 5.07(d). A comparison of K. data between x
=0 and 1 films reveals that despite having the stripe domain like structure in x = 1 film, the
anisotropy is relatively smaller due to the interlayer exchange interaction between FeTaC

layers through pinhole coupling.
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Figure 5.16: Low temperature M-T data measured at an applied field of 100 Oe under ZFC
and FC conditions for as-deposited multilayer [FeTaC (50 nm)/Ta (x nm)]3/FeTaC (50

nm)] films.

On further increasing the Ta layer thickness (> 1 nm), number of Ta atomic layers

formed between the ferromagnetic layers increases, which conceivably limits the inter-
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diffusion of Fe atoms within top few layers. Therefore, the direct exchange coupling between
the ferromagnetic layers across the interface is faded out, as the ferromagnetic layers are well
separated by the Ta layers (see figure 5.14(g)). Therefore, the interaction between the
ferromagnetic layers can be related mainly to the magnetostatic coupling (see figure 5.14(h))
resulting a flat loop. With decreasing the temperature below 70 K, multilayer films with x >
2.5 exhibit multistep magnetization reversal process which is sensitive to the Ta spacer
thickness. This can be attributed to the dependence of magnetostatic coupling between the
ferromagnetic layers on the thickness of the spacer layers, which exhibits itself in a blocked
phenomenon resulting a sequential switching of the ferromagnetic layers and gives rise to a
stepped hysteresis. The formation of multistep magnetization reversal process in multilayer
films is also caused by an enhancement in the interface roughness [ZHAN19962], which
reduces the interaction between ferromagnetic layers and the demagnetization associated with
the interface roughness increases, resulting a sequential switching of FeTaC layer in
multilayer films. Similar variation of the steps in the M-H loops with spacer layer thickness is
reported by Huang et al [HUAN2001] for multilayer HITPERM/SiO> films. The steps in the
M-H loops are sensitive to the SiO; spacer layer thickness and for 2 nm of SiO; thickness, the
step is more prominent. The extracted values of Hc(7) and Ms(T) from the temperature
dependent M-H loops are plotted in the figure 5.15. For all multilayer films except for x = 1
film, the values of Hc increase progressively in logarithmic scale with decreasing
temperature. As the multilayer film with x = 1 has shown a strong temperature dependent
magnetic nature, Hc(7T) also exhibited two distinct regions: a large increase in Hc in the
temperature range 300 K to 150 K followed by a linear variation, as similar to the one
observed for x = 0 film in the temperature range 150 K to 20 K. On the other hand, the values
of Ms increase with decreasing temperature for all the films with different spacer layer
thicknesses. In addition, we observed a considerable decrease in magnetization with the
multilayer structure due to the magnetic dead layer as discussed earlier.

Figure 5.16 shows the M-T data taken under ZFC and FC conditions for multilayer
films with different values of x. M-T curves depicted in figure reveal that (i) For x = 0 film,
the magnetization increases gradually with decreasing temperature, but a bifurcation between
the ZFC and FC data was observed at temperatures below 270 K. (ii) Upon introducing thin
Ta spacer layers (x = 1), a sharp increase in magnetization down to 144 K from 300 K
followed by a bifurcation at about 73 K was observed. (iii)) On further increasing the Ta

spacer layer to 2.5 nm, the magnetization increases largely with decreasing temperature and
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the bifurcation point is shifted to a lower temperature of around 30 K, and (iv) disappeared
eventually for the films with x > 4, which confirms that the magnetization data obtained
under the ZFC and FC conditions are the same and hence no bifurcation was observed within
the experimental accuracy down to 5 K. These results reveal a dependence of magnetic nature
on the thickness of the spacer layers at different temperatures. This can be correlated to the
fact that the perpendicular magnetic anisotropy observed in x = 0 film produces random (non-
collinear) arrangement of spins [CAST19972, HANS1991, HERN2002, BRAJ2010], which
increases the magnetic disorder in the film. Therefore, this film needs a significantly large
applied magnetic field (> 500 Oe) to saturate the film’s magnetization. The ZFC and FC
magnetization data obtained under low applied magnetic fields (< Hsy) illustrate a difference
in their magnetization behaviour with decreasing temperature and exhibiting a bifurcation
between them. Upon introducing thin spacer layers of 1 nm, the film exhibits a similar
variation in magnetization with temperature both in ZFC and FC conditions down to 150 K.

On further decreasing temperature below 150 K, the bifurcation between ZFC and FC
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Figure 5.17: High temperature M-T data measured at an applied field of 500 Oe for as-
deposited multilayer [FeTaC (50 nm)/Ta (x nm)]s/FeTaC (50 nm)] films. Inset: thermal

derivative of magnetization as a function of temperature.
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appears mainly due to the nucleation of stripe domain structure resulting from pinhole
coupling. Thus, one needs considerably a larger applied magnetic field (> 100 Oe) to
destabilize the stripe domain magnetic structure at lower temperatures. On further increasing
the thickness of the spacer layers, the interaction between the ferromagnetic layers having in-
plane anisotropy is mainly directed by the magnetostatic coupling. Hence, the total system
behaves as a collective nature of all the individual magnetic properties of FeTaC layer and a
low value of applied field (< 50 Oe) is adequate to saturate the films’ magnetization. As a
result, the magnetization data obtained under ZFC and FC conditions with the applied field of
100 Oe do not display any difference between them, leading to no bifurcation between ZFC
and FC data.

5.3.2.3. High temper atur e magnetic properties:
Figure 5.17 depicts M-T data above room temperature measured at a constant applied field of
500 Oe using the VSM and the thermal derivative of magnetization data for all the films. To
compare all data in a single graph, M-T data were normalized with respect to room
temperature magnetization data of that particular sample. It is seen clearly that all the films
show an incessant decrease in magnetization up to 400 K and the rate of decrease of
magnetization decreases with a further increase in temperature. Interestingly, the
magnetization of all the films varies similarly with temperature and exhibits a clear magnetic
phase transition from ferromagnetic state to paramagnetic state. 7¢ obtained from the thermal
derivative of magnetization data (inset of figure 5.17) is determined to be about 390 K, which
does not change with the multilayer structure. This can be understood from the fact that the
applied magnetic field of 500 Oe is noble enough to obtain saturation in all multilayer films
with different spacer layer thicknesses. So, the variation of magnetization with temperature
follows a similar nature and exhibits a well-defined second order magnetic phase transition
from ferromagnetic state to paramagnetic state around 390 K. The observed results confirm
that the magnetic disorder observed in a single layer film with higher thickness is drastically
reduced in multilayer films due to the transition from magnetic stripe domain structure to in-
plane orientation of the magnetization.

Thus, multilayer films with an appropriate thickness of the spacer layers are very
much indispensable in controlling the soft magnetic properties of higher thickness magnetic
thin films. The observed results also suggest that the stacks of FeTaC films with in-plane

magnetization decoupled by suitable non-magnetic Ta spacer layers are promising for the
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application of soft magnetic underlayer in magnetic recording and magnetic flux amplifier in

high frequency device applications.

5.4. Summary:

The structural and magnetic properties of multilayer [[FeTaC (y nm)/Ta (x nm)],/FeTaC (y

nm)] films with different multilayers and the spacer layer thicknesses prepared directly on

thermally oxidized Si substrates were systematically carried out in this chapter. The salient

features of multilayer films from the current investigations are as follows:

-
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Amorphous multilayer [[FeTaC (y nm)/Ta (x nm)]./FeTaC (y nm)] films with
different multilayers (n = 0 — 4) and spacer layer thicknesses (x = 0 to 6 nm) could
be prepared using DC magnetron sputtering technique at ambient temperature.
Amorphous nature of the as-deposited multilayer films was confirmed through XRD
and TEM studies.

Room temperature coercivity and the field necessary to saturate the magnetization
decrease drastically with increasing number of multilayers, while they show weak
dependence on the spacer layer thickness for a given multilayer structure.

The improvement in the magnetic properties of multilayer films is due to the
transition from magnetic stripe domain structure causing a transcritical hysteresis
loop to the in-plane orientation of the magnetization parallel to the film plane.
Temperature dependent magnetic study reveals that the shape of the M-H loops
depend strongly on number of multilayers and spacer layer thickness. The
multilayer film with x = 1 showed a strong temperature dependent magnetic nature
induced by the direct exchange coupling through the pinholes.

Multilayer films exhibit pronounced multistep magnetization reversal process at
temperatures below 70 K and thermal activation results in smooth and narrow
hysteresis loops for temperatures above 70 K. The number of steps in the reversal
behaviour depends on number of multilayers and thickness of the spacer layers.

The magnetic disorder observed at low temperature in a single layer film decreases
and the bifurcation observed between ZFC and FC data shifts to lower temperature
and disappears eventually for multilayer films with increasing number of
multilayers and thickness of the spacer layers.

The magnetic parameters (coercivity, field necessary to saturate the magnetization

and perpendicular anisotropy constant) of multilayer films depend strongly on
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temperature and vary at different rates for different multilayers and spacer layer
thicknesses.

The saturation magnetization in multilayer films decreases significantly with
increasing number of multilayers due to increase in the magnetic dead layers with
increasing number of interfaces.

High temperature magnetic properties measured under saturated conditions and
Curie temperature of multilayer films are not influenced by the multilayer structure.

The observed results were discussed on the basis of change in the magnetic structure
from stripe domain structure to in-plane magnetization, effective reduction of
perpendicular anisotropy and magnetic disorder with increasing number of

multilayers, thickness of the spacer layers and measurement temperatures.
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Chapter 6
Effect of post deposition annealing on the structural and magnetic
properties of FeTaC single and multilayer films
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As demonstrated in the earlier chapters, the soft magnetic properties of FeTaC films depend
strongly on the film thickness in single layer films, and number of multilayers and thickness
of the spacer layers in multilayer films. In addition, most of the amorphous films exhibit a
strong temperature dependent saturation magnetization (Ms) and low Curie temperature (7¢).
Furthermore, the values of Ms decrease with increasing number of multilayers in multilayer
films. All the as-deposited multilayer films exhibit a pronounced multistep magnetization
reversal process only at temperatures below 80 K due to the interface roughness induced by
number of interfaces. Therefore, to improve the soft magnetic properties (high Ms, low
coercivity (Hc) and high T¢) in FeTaC films, the as-deposited amorphous precursors were
annealed ex-situ systematically at different temperatures (7). It is well-known that the
process of post deposition annealing not only develops two-phase microstructure in which the
fine-nanocrystals are embedded in the amorphous matrix [MCHE1999, SELL2006], but also
promotes the interface roughness due to the possible interlayer mixing in multilayer films. As
a result, the magnetic properties and the magnetization reversal process in multilayer films
are expected to show different properties as compared to amorphous precursors. However, no
systematic investigations of effect of post deposition annealing process and the measurement
temperature on the nature of the coupling between the ferromagnetic layers and the properties
of multilayer films could be found in the literature. Hence, we have annealed all the as-
deposited films systematically ex-situ at different temperatures and the resulting magnetic

properties are discussed in this chapter.

6.1. Experimental details:

All the as-deposited amorphous FeTaC (200 nm) film and multilayer [[FeTaC (y nm)/Ta (x
nm)],/FeTaC (y nm)] films with » =1 - 4 and x = 1 - 4 nm deposited at ambient temperature
directly on thermally oxidized Si substrates were annealed ex-situ in a separate home-made
high vacuum (< 10 Torr) annealing set-up at different 7 of 200 °C, 300 °C and 400 °C for
30 minutes duration. The annealing temperature and annealing time were optimized based on
the development of nanocrystalline microstructure and magnetic properties of films. In the
annealing process, the samples were kept on a filament heater and attached closely to a
thermocouple (Chromel-Alumel) to avoid any temperature lag between heater, sample and
thermocouple. The chamber was pumped to a high vacuum of better than 10 Torr using
diffusion pump and rotary pump combinations. After reaching the desired vacuum,
temperature was raised constantly at a rate of 10 °C/minute to 7,4. The samples were annealed

at a given T4 within the temperature stability of +2 °C accuracy. After the completion of the
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heat treatment at a particular 74, the heater was switched off and the samples were allowed to
cool down naturally to room temperature in the presence of vacuum. Crystal structure and
microstructure properties of annealed films were confirmed by X-ray diffraction (XRD) using
a Rigaku TTRAX III diffractometer with Cu-K¢ radiation (1 = 1.54056 A) and transmission
electron microscopy (TEM, JEOL 2100 and TECHNAI G? F30) techniques. Temperature
dependent magnetic properties in the temperature range 20 K to 1100 K were investigated by
using vibrating sample magnetometer (VSM, Lake Shore Model 7410).
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Figure 6.01: Room temperature XRD patterns of multilayer [[FeTaC (50 nm)/Ta (1
nm)]3/FeTaC (50 nm)] films annealed at different temperatures.

6.2. Structural properties.
Figure 6.01 depicts the typical room temperature XRD patterns of multilayer films with x =1
and n = 3 annealed at different 7. It is clearly seen from the figure that the films annealed at

temperatures below 200 °C exhibit only a broad peak around 26 = 43° indicating the
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existence of amorphous structure. On the other hand, the films annealed at 300 °C reveal a
decrease in the broadness of the peak along with a shift in the peak position to a higher angle.
This confirms the nucleation of ¢~Fe nanocrystals in the residual amorphous matrix. On
further increasing 74 to 400 °C, a clear diffraction peak was observed around 2 6= 44.44° and
its peak value approaches to orFe diffraction angle. This reveals the formation of well-
defined o~Fe nanocrystals in the residual amorphous matrix [HASE1990, PERU2009]. The
average crystallite size calculated from the XRD peak at 26 = 44.44° using the Scherer’s
formula for the films annealed at 400 °C is found to be around 10 nm in size. In order to
further confirm the formation of ¢+Fe nanocrystals in the residual amorphous matrix of all
the ferromagnetic layers, the cross sectional microstructural studies were carried out using

TEM. Figure 6.02 displays cross-section TEM images for single layer and multilayer films

Figure 6.02: Cross sectional TEM micrographs of (a) FeTaC (200 nm) single layer film
and multilayer [[FeTaC (y nm)/Ta (4 nm)]/FeTaC (y nm)] films with n = 1, 3 and 4
annealed at 400 °C.

with x =4 nm and for different n values. It is obvious from the figure that the formation of o~
Fe nanocrystals is randomly distributed in the amorphous matrix. The average size of the

crystallites calculated from the bright-field TEM image is also found to be around 10 nm in
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size. These results are in good agreement with XRD results. The above results also confirm

that the annealed films at 7 = 400 °C exhibit two phase microstructure.

1.0{(a) As-deposited 1) 7.=200°C
A

0.5 .

0.0

40 5 0 5 10
1) 7,=400°C

300 -150
1(e) 7,=300°C

0.5

0.0

-1.0
-120 -80 -40 0 40 80 120 -30 -15 0 15 30
H (Oe)

Figure 6.03: Room temperature M-H loops of (a) as-deposited and annealed single and
multilayer films at (b) 200 °C, (c) 300 °C and (d) 400 °C.

6.3. Magnetic properties:

As demonstrated in the chapter 5 for the as-deposited films, the magnetic properties of the
annealed multilayer films were also investigated in two different aspects: (i) the effect of
number of multilayers (n) and temperature on the magnetic properties by fixing the Ta spacer
layer thickness (x), and (ii) the effect of thickness of the spacer layers and temperature on the

magnetic properties by fixing number of Ta spacer layers (n). The value of n was varied
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between 0 and 4 by keeping x at 1 nm in the first case, while the later part had the »n value as

3 and varied the values of x between 0 and 4 nm.

6.3.1. Effect of multilayer structureon the magnetic properties.

6.3.1.1. Room temperatur e magnetic properties:

Figure 6.03 depicts room temperature normalized in-plane magnetic hysteresis (M-H) loops
of as-deposited and annealed single and multilayer films with different » values at 200 °C,
300 °C and 400 °C. As explained earlier in chapter 5, the shape of the M-H loops for the as-
deposited films changed from transcritical to flat loop with increasing » values above 2 (see
figure 6.03(a)). On the other hand, the single layer film and multilayer films with different n
values annealed at 200 °C exhibit narrow flat loops, which are considerably shifted to a
negative axis for all the films as shown in figure 6.03(b). Interestingly, these loops saturate at
low applied fields (< 10 Oe). This can be ascribed to the release of the stress in the as-
deposited films and thereby reducing the perpendicular anisotropy. This eventually fades out

the existence of strip domain structure in the annealed films [JICW2005, SHAR2006,
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Figure 6.04: The variations of Hc with (a) T4 and (b) n in as-deposited and annealed single
and multilayer films at (T4 =) 200 °C, 300 °C and 400 °C.
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SHAH2010] as compared to amorphous precursors and results in the in-plane orientation of
the magnetization for all the single layer and multilayer films, exhibiting narrow M-H loops.
The shift in the loop can be understood from the two-layers model as discussed in chapter 4.
In the presently investigated films, the hard magnetic properties of the layers around the
interface of the substrate and the rest of the upper soft magnetic layers can produce a
considerable shift in the hysteresis, as observed by Lai et al in FeTaCN films with hard
magnet bias [LAIC2003]. With increasing T4 above 200 °C, the shape of the M-H loops
changes completely as shown in the figures 6.03(c) and 6.03(d) and pronounced multistep
magnetization reversal behaviour was observed even at room temperature for multilayer films
with n > 1. In addition, number of steps in the reversal behaviour and its nature depend on the
values of n and T4. For multilayer films annealed at 400 °C, the position of the second
reversal process shifts from second quadrant to third quadrant with increasing the n values
from 2 to 4. Note that such magnetization reversal behaviour was observed at temperatures
only below 80 K for the as-deposited multilayer films. These results suggest that the interface
roughness is enhanced with increasing 74 and hence resulting multistep magnetization
reversal behaviour even at room temperature. The extracted values of Hc¢ from the M-H loops
are summarized as a function of 74 and » in figure 6.04. Hc not only decreases with
increasing number of multilayers in as-deposited films, but also decreases largely for the
films annealed at 200 °C and approaches to a minimum of around 0.02 Oe for n = 2
multilayer film. While the former one could be understood based on the transition from stripe
domain structure to in-plane orientation of magnetization with increasing n values
[MISH2011], the latter is dominated by the reduction in the stress of the films with moderate
annealing, which results the annihilation of the perpendicular anisotropy and the stripe
domain structure even in FeTaC (200 nm) single layer film [NAKA1997, CHOU2003,
JICW2005, SHAH2010]. On the other hand, Hc increases significantly not only with
increasing T4 to 300 °C, but also increases with increasing the n values. Hc reduces slightly
for all the films annealed at 400 °C as compared to the films annealed at 300 °C. Similarly,
the variations of Hc with n show that (i) Hc increases with increasing n for the 300 °C
annealed films and (ii) for the films annealed at 400 °C, Hc increases initially with increasing
n up to 2 and remains almost constant for » = 2. Although the development of random o+Fe
nanocrystals with size less than ferromagnetic exchange correlation length in FeTaC
amorphous matrix is expected to decrease Hc [HERZ1990, PERU2009] due to the presence

of random anisotropy in the nanocrystalline microstructure, the interface roughness
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developed at the interface between the ferromagnetic and the non-magnetic layers during the
annealing process controls the magnetization reversal process. As a result, a significant
increase in Hc was observed in multilayer films as compared to single layer film.
Furthermore, the variations of Hc with number of multilayers are mainly dominated by the

multilayer structure driven reversal process as seen from the M-H loops (see figure 6.03).
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Figure 6.05: Temperature dependent M-H loops of multilayer films annealed at 200 °C
with different values of n.

6.3.1.2. Low temperature magnetic properties.

To understand the magnetization reversal behaviour in details and its effect on the resulting
magnetic properties, temperature dependent M-H loops are measured using VSM from 300 K
to 20 K for all the multilayer films annealed at different 74. The properties are explained

separately for the films annealed at different 7.
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(a) Properties of the films annealed at (Ta =) 200 <C:

Figure 6.05 displays temperature dependent M-H loops of multilayer films annealed at 200
°C. It is observed that the shape of the loops was not changed with temperature for the films
with n = 1. However, the values of Hc¢ and the field necessary to saturate the films’
magnetization increase with decreasing temperature. This is a typical behaviour in many
ferromagnetic materials. On the other hand, for the films with n > 2, the M-H loops display
the multistep magnetization reversal behaviour at temperatures below 80 K. The
magnetization switching in the individual ferromagnetic layer depends on number of
multilayers. There is an additional step of magnetization reversal appearing in the third
quadrant of the M-H loops for temperatures below 80 K for all the films with n > 2. By
considering the relative variation of the magnetization of the films with respect to the
saturation magnetization, it can be understood that the additional step is mainly due to the
switching of the bottom most layer deposited directly on the substrate in each multilayer
films. In addition, the loops are shifted significantly towards the negative field axis. The
shifting of the loops increases with increasing # up to 3 and reduces slightly for » = 4 films.
The extracted values of Hc for all the films are plotted in figure 6.08(a). Hc of single layer
FeTaC film (n = 0) increases considerably with decreasing temperature down to 200 K and
varies almost linearly in logarithmic scale with decreasing temperature from 200 K to 20 K.
On the other hand, all the multilayer films show almost a linear variation of Hc with
temperature in logarithmic scale and the rate of increase in Hc depends strongly on number of
multilayers. The variations of Ms with temperature plotted in figure 6.09(b) reveal that the
values of Ms decrease not only with increasing temperature, but also decrease significantly
with increasing number of multilayers. This may be influenced by the inter-diffused layers,
which increases with increasing number of multilayers. However, the values of My are found

to be almost similar to the as-deposited films.

(b) Properties of the films annealed at (Ta =) 300 <C:

Figure 6.06 shows temperature dependent M-H loops of 300 °C annealed multilayer films.
The temperature dependent M-H loops reveal the following features: (1) For the films with n
=1, the shape of the M-H loops remains the same with decreasing temperature from 300 K to
20 K. (2) With increasing n > 2, the shape of the M-H loops depends strongly on the
temperature and exhibits multistep magnetization reversal behaviour. The number of steps, its

nature and position of the steps in the loops vary with the temperature and » values. For
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example, the multilayer film with n = 2 (see figure 6.06(b)) having three FeTaC (67 nm)
layers displays three steps in the magnetization reversal process at 300 K. This is due to the
individual switching of FeTaC layers upon the application of reverse field after its saturation
in the positive direction. With decreasing temperature down to 80 K, the size of the second
and third steps decreases gradually and disappears at temperatures below 80 K. This results

only two steps in the magnetization reversal process, which confirms that the top layer
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Figure 6.06: Temperature dependent M-H loops of multilayer films annealed at 300 °C
with different values of n. M-H loops at selected temperatures are shown to display the

variations clearly.

switches freely followed by the collective switching of the next two layers. A detailed
explanation regarding the magnetization reversal is discussed in the later part. With
increasing n > 2, the magnetization reversal changes significantly as compared to n = 2 films,

ie., at 300 K, the magnetization decreases gradually with increasing the reverse field
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resulting two steps in the magnetization reversal. However, the magnetization in the third
quadrant changes quickly with the applied field and with decreasing temperature. On further
reducing the temperature below 40 K, the third step of the reversal occurs due to the
individual switching of bottom most layer on the substrate in multilayer films. The
appearance of the third step is more noticeable for the films with n = 4 even at 80 K (see

figure 6.06(d)). However, the third step in #n = 4 films is due to the collective switching of the

1100 { 800
550 4 400 1
0 0
-550 400 -
o
- A -800 F '
‘s 1100
E -
700
é’— 600
350 4 300 4
0 0
-350 4 =300
- P (c) 1= 3| -600 il e (dyn=4
'700 T T T T T r T T T
-30 =13 0 13 30 -50 -25 0 2% 50
H(Oe)

Figure 6.07: Temperature dependent M-H loops of multilayer films annealed at 400 °C

with different values of n. M-H loops at selected temperatures are displayed to show the

variations clearly.

bottom two layers. The extracted values of Hc as displayed in figure 6.08(b) show unusual
and interesting features: (i) Hc of the single layer film (» = 0) annealed at 300 °C increases
almost linearly in logarithmic scale with decreasing temperature which is the typical nature of

a ferromagnetic material. (i) For n» = 1 multilayer film, Hc decreases up to 150 K and then
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increases significantly at lower temperatures leaving a broad minimum in the temperature
range between 200 K and 75 K. In addition, Hc at 21 K is lower than the H¢ at 300 K. (iii) A
similar behaviour of Hc with temperature is observed for n = 2 film, but the values of Hc at
low temperatures increase largely as compared #» = 1 film. (iv) On further increasing n > 3,
Hc decreases slightly at 250 K as compared to the value at 300 K, but increases almost
linearly with decreasing the temperature below 250 K. Nevertheless, the actual values of Hc
in multilayer films increase with increasing number of multilayers, which can be attributed to
number of interfaces hindering the collective switching of the FeTaC ferromagnetic layers.
Figure 6.09(c) depicts the variations of My with temperature for multilayer films with
different n values. Ms values increase considerably as compared to the as-deposited films and
films annealed at 200 °C. This could be correlated to the nucleation of o~Fe nanocrystals in
the amorphous matrix as discussed in the structural properties, which results an increase in
the magnetization. The variations of Ms with temperature reveal that the values of Mgy
decrease not only with increasing temperature, but also decrease significantly with increasing
number of multilayers. This may be influenced by the diffusion at the interfaces, which is

possibly increasing with increasing number of multilayers.

(c) Properties of the films annealed at (Ta =) 400 C:

Figure 6.07 displays temperature dependent M-H loops of the multilayer films annealed at
400 °C. The features obtained from the figure are: (1) For the films with n = 1, the shape of
the M-H loops measured at different temperatures remains the same, as observed for the films
annealed at 200 and 300 °C. (2) With increasing n > 1, M-H loops exhibit strong temperature
dependent magnetization reversal behaviour, i.e., the shape of the M-H loops is different at
different temperatures for different multilayer films. (3) For the films with » = 2 (having three
FeTaC layers), the M-H loop at 300 K exhibits two step reversal process due to the switching
of top FeTaC layer followed by the collective switching of the bottom two layers. This
behaviour remains unchanged with decreasing temperature down to 60 K, but the nature of
the steps in the second quadrant varies gradually with decreasing temperature due to the
change in the interlayer coupling. On further reducing the temperature below 60 K, the
bottom most layer in the film tries to switch individually due to the temperature dependent
interface roughness induced by the annealing process. As a result, the coupling between the
top two layers is enhanced resulting a collective switching of top two layers followed by the

individual gradual switching of the bottom most layer in the multilayer film. (4) With
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increasing n to 3, the M-H loop displays two switching processes at 300 K due to the
collective nature of the switching of the top two layers followed by the bottom two layers.
With decreasing temperature below 150 K, one more additional switching starts appearing
possibly due to the individual switching of the bottom most layer depending on the

temperature dependent interface roughness as seen in the film with » = 2. The size of the step
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Figure 6.08: Temperature dependent Hc of multilayer films annealed at (a) 200 °C, (b) 300
°C and (c) 400 °C with different values of n.
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increases significantly with decreasing temperature and therefore the field required to switch
the bottom most layer also increases from 24 Oe to 33 Oe with decreasing temperature from
60 K to 20 K. (5) On further increasing n to 4, the M-H loops exhibit different nature as
compared to n = 2 and 3 films. However, number of layers switching collectively with
respect to the top layer increases to 3. In addition, there exists an additional switching at low
temperature similar to the » = 2 and 3 films due to the individual switching of the bottom
most layer in the multilayer film. It is important to note that number of FeTaC layers switches
collectively with respect to the top free layer increases from 1 to 3 with increasing number of
multilayers from 2 to 4, respectively. In addition, the effect of bottom most layer switching in
all multilayer films is clearly pronounced with reducing the temperature. The variations of Hc

with temperature for different multilayer films annealed at 400 °C are depicted in figure
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6.08(c). Hc increases not only almost linearly with decreasing temperature down to 50 K for
all the multilayer films, but also increases with increasing number of multilayers. In order to
estimate the rate of increase in Hc with increasing n values, Hc(T) data were fitted to a linear
equation in the temperature range 250 K to 50 K. It is observed that the slope increases from
0.0065 Oe/K for n = 1 film to 0.0418 Oe/K for n = 4 film. Figure 6.09(d) depicts the
temperature dependent Ms for the multilayer films with different n values. The values of My
increase largely, as compared to the as-deposited films due to the existence of well-defined
o~Fe nanocrystals in the amorphous matrix. In addition, Ms values are found to be nearly the
same in the temperature range between 20 K and 300 K for each multilayer film except for n
=1 film. Nevertheless, Ms decreases significantly with increasing number of multilayers due

to the interface diffusion, which increases with increasing number of multilayers.
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Figure 6.10: Schematic drawing of (a) Néel’s orange peel coupling and (b) magnetostatic
coupling between the stray fields of domain walls in multilayer thin films [CHOP2000),
CHOP2005].

The above results clearly reveal that the magnetization reversal behaviour in the
presently investigated multilayer thin films is strongly depending on number of multilayers,
annealing temperature and the measurement temperature. This can be attributed to the change

in the interlayer coupling between the ferromagnetic layers in multilayer films with
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temperature and the values x and n. In general, the interlayer coupling to reverse the
magnetization in the multilayer films can have four different origins [YANG2009]: (1) direct
ferromagnetic coupling through pinholes in the thin spacer layer as demonstrated earlier in
chapter 5 [PONG2008], (2) indirect exchange coupling through Ruderman-Kittel-Kasuya-
Yosida (RKKY) interactions [NIST2010], (3) magnetostatic coupling through the stray fields
at the edges of the finite sized thin films [CHOP2000, THOM2000, CHOP2005, BALT2007,
STOB2009], (4) orange peel (Néel) coupling due to correlated interfacial roughness
[MORI2004, NEEL1954, ZHAN19961, ZHAN19962, SCHR2000, TEGE2001] and (5)
magnetostatic coupling between the stray fields of domains walls in different layers giving
rise to Néel walls [CHOP2000, CHOP2005]. The observed results in figures 6.06 and 6.07
and considering the large electrical resistivity of Ta (spacer layer) as compared to Cu and Ag,
the interlayer coupling due to the direct ferromagnetic coupling through pinhole and the
indirect exchange coupling through RKKY interaction is nearly negligible. The stray field
coupling is always present in magnetic multilayers, because each ferromagnetic layer is
placed in the demagnetization field of the others, which tends to align the magnetization of
adjacent layers antiparallel. However, the interlayer magnetostatic interaction through the
stray fields at the edges of the continuous film of larger dimensions is weak and any
contribution to the net coupling from stay fields is almost negligible [ANGU2000,
LIUX2012]. The Néel coupling is magnetostatic in nature and the model by Néel considers
two ferromagnetic layers with in-plane magnetization separated by a non-magnetic spacer. If
the surface of ferromagnetic layers has correlated roughness, dipoles are set up at
homologous protrusions and bumps at the interfaces as shown in figure 6.10(a). This tends to
ferromagnetically align the magnetization in the nearest magnetic layers. Therefore, the Néel
coupling caused by the correlated interface roughness as shown in figure 6.10(a) and
magnetostatic coupling between the stray fields of domain walls as demonstrated in figure
6.10(b) play a key role on the magnetization reversal process of the presently investigated

multilayer films. The magnitude of Néel coupling is given by [NEEL1962, SCHR2000],
w2 [ h? 22t

Hy=—|—|M — 6.01

=l e () 6o

where, / and A are the amplitude and wavelength of the interface roughness, My is saturation

magnetization of the free layer, and #r and # are the thicknesses of the top layer and spacer

layer, respectively. As the values of Ms change with temperature and number of multilayers,
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the magnitude of the Néel coupling is expected to vary accordingly [ZHAO1999,
CHOU2003, MARK2010, HUYM2011]. With increasing number of multilayers, the
thickness of the individual ferromagnetic layer decreases, resulting a transition from strip
domain patterns to in-plane magnetization. Therefore, the magnetostatic coupling between
the stray fields of the domain walls is also expected to vary with number of multilayers.
Furthermore, the temperature dependent interfacial strain arising from the different thermal
expansion coefficient of the materials at the interface [CHAE1999, CHEN20072,
WANG2014] can contribute a significant role in the coupling process.
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Figure 6.11: The variations of normalized coercivity with temperature for multilayer films

with different n values annealed at 300 °C.

For the multilayer films with » = 1 annealed at 300 °C and 400 °C, the M-H loops
exhibit only a single loop with rectangular shape for all the measurement temperatures (see
figures 6.06(a) and 6.07(a)). This suggests that FeTaC ferromagnetic layers are coupled
strongly as the stray fields emanating from the domain walls are able to close its flux by

magnetostatic locking-in with the stray fields from the domain walls in the adjacent layers, as
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shown in figure 6.10(b). However, Hc increases linearly with decreasing temperature for 400
°C annealed film, as expected for a typical ferromagnetic material, while the film annealed at
300 °C exhibits a broad minimum in Hc(7) versus T curve (see figure 6.11). This could be
explained based on the variations of Néel coupling and the magnetostatic coupling between
the stray fields of the domain walls. As discussed earlier, the multilayer film annealed at 300
°C exhibits a large temperature dependent Ms down to 80 K and hence the Néel coupling and
the magnetostatic coupling between the stray fields of domain walls increase with decreasing
temperature. This enhances the interlayer coupling between the ferromagnetic layers and
reduces switching field. Hence, a considerable reduction in Hc was observed. On further
decreasing the temperature below 80 K, Ms almost remains constant and hence the

contributions from the above two couplings do not reduce the switching field. On the other
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Figure 6.12: M-H loop measured at 21 K and the field derivative of magnetization for
multilayer film with n = 3 and x = 1 annealed at 400 °C.

hand, the contribution from the interface roughness increases with decreasing temperature.

Therefore, Hc increases with decreasing temperature below 80 K. On the other hand, the film

120
TH-1291_09612112



Chapter 6: Effect of post deposition annealing on the structural and magnetic . . .

with n = 1 annealed at 400 °C shows a weak temperature dependence of Ms. This results no
progressive change in the above couplings with reducing temperature. Hence, Hc vary almost
linearly with decreasing temperature. With increasing n > 2, number of ferromagnetic layers
and spacer layers increases resulting different interfaces as shown in figure 6.10(a), i.e., the
top ferromagnetic layer has only one interface with Ta layer, which increases to two for the
intermediate ferromagnetic layers and the bottom most ferromagnetic layer has two different
interfacial natures: one from Ta spacer layer and other from the substrate. This provides a
different magnitude of topological coupling for the top layer, intermediate layers and the
bottom layer. Therefore, the top layer switches first either separately with low values of
coercivity or collectively with the intermediate layers depending on the coupling between the
layers followed by the intermediate layers with increased coercivity. The bottom most layer
switches lastly either in coupling with the nearest intermediate layers or separately with
higher coercivity. For example, the multilayer film with » = 2 annealed at 300 °C exhibits
individual ferromagnetic layer switching at 300 K (see figure 6.06(b)) due to the enhanced
roughness amplitude, resulting a weak coupling between the ferromagnetic layers
[GUSE2011, MAJN1976, YANB1989]. With decreasing temperature, the values of Ms show
a strong dependent on temperature and following the eqn.(6.01), the Néel coupling field
increases with decreasing temperature. At the same time, the magnetostatic coupling between
the stray fields of domain walls also varies significantly with decreasing temperature. As a
result, the individual switching changes gradually with decreasing temperature and exhibits
eventually a collective switching between the intermediate and bottom layers. This would not
only reduce number of switching from 3 to 2, but also reduces Hc significantly (see figure
6.11) down to 150 K as observed for » = 1 film annealed at 300 °C. With increasing the
values of n > 2, the thickness of individual ferromagnetic layer reduces to 50 nm or below.
This exhibits a reduction in the values of My and an increase in the interface roughness of the
films with increasing number of multilayers. Therefore, number of domains in the
ferromagnetic layer is expected to decrease, resulting a reduction in the stray field coupling.
In addition, the strain induced by the substrate on the bottom layer of the films is more visible
with decreasing temperature. Therefore, the switching of the bottom layer is more
pronounced with decreasing temperature and with increasing number of multilayers.
Similarly, for the multilayer films annealed at 400 °C, the realization of the interface effect
between the substrate and the bottom layer is observed even for n = 2 films. Such effect is

enhanced with increasing number of multilayers. Furthermore, the values of Ms remain
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almost constant in the temperature range 20 K to 300 K for multilayer films annealed at 400

°C and hence the Néel coupling mainly depends on the roughness parameters.
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Figure 6.13: The variations of Hci or Hcij and 0Hcji or 0Hcrkij for multilayer films with

different n values annealed at 300 °C.

In order to understand the individual and/or collective switching behaviours of the
ferromagnetic FeTaC layers in detailed manner and to study the relative switching of the
ferromagnetic layers as a function of temperature, we have carefully analysed the coercivity
of the ferromagnetic layers by taking the derivative of the M-H loop as demonstrated in
figure 6.12 [LIUX2012]. Hc of the individual steps is defined as either H¢; or Hci; depending

on whether the switching occurs individually by a single layer or collectively between the
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ferromagnetic layers in multilayer films. The switching behaviour was determined based on
the relative variation of magnetization with respect to the saturation magnetization using the
schematic drawing illustrated in figure 6.12. The fundamental concept behind such

magnetization reversal is that when the interlayer coupling is strong enough as compared to
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Figure 6.14: The variations of Hci or Hcij and 0Hcji or 0Hcyij for multilayer films with

different n values annealed at 400 °C.

the coercivity of the individual ferromagnetic layers then they switch all together resulting a
single loop in the hysteresis [LIUX2011, LIUX2012] as observed for n = 1 film. Otherwise,
one would expect the individual switching of the ferromagnetic layers, which would result in
a stepped hysteresis [HUAN2001]. It may be noted that the multilayer film with » = 3 has

four number of FeTaC (50 nm) layers and hence it should have displayed four steps in the
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reversal process provided all the layers switch individually. However, the multilayer film
with n =3 and x = 1 annealed at 400 °C exhibits only three steps in the magnetization reversal
process. Therefore, it is assumed that the top two layers switch together as shown
schematically in figure 6.12 and the coercivity of such switching is defined as Hc;i->. This
situation provides almost zero magnetization in film, as observed in figure 6.12. On further
increasing the applied field in the reverse direction, two more steps were observed in the third
quadrant and related to the switching of third (Hcs) and fourth (Hcys, bottom most) layers,
respectively. Similarly, the relative switching of the ferromagnetic layers was analysed by
introducing another set of parameters d0Hc;i (= Hcg - Hci) and J0Hcri; (= Hcr - Hciy)
representing the difference in the coercivity of the two individual switching of the nearest
ferromagnetic layers and the difference in the coercivity of the one individual and collective
switching of the nearest ferromagnetic layers, respectively. For example, one can determine
O0Hcys (= Hes - Hes = 33.3 - 19.2 = 14.1 Oe) and 6Hcs,1-2 (= Hes - Heri2=19.2- 6.9 =123
Oe) from figure 6.12. Following the above procedures, the values of Hc; (or Hcij) and 0Hcji
(or 0Hcy,ij) obtained for the multilayer films annealed at 300 °C and 400 °C are summarized
as a function of temperature in figures 6.13 and 6.14, respectively. The variations of Hc¢; (or
Hcij) and 0Hg;i (or 6Hcyij) show a strong dependent on the temperature. A careful analysis of
the bottom layer switching with respect to the above layers reveals that with increasing 74
and number of multilayers, the rate of change of dHc;; (or dHcy i) increases largely in the low
temperature region (< 100 K) due to substrate induced strain on multilayer films. With
increasing temperature above 100 K, the values of dHcji (or dHckij) increase for the films
annealed at 300 °C due to the reduction in the coupling field between the ferromagnetic
layers. However, the films annealed at 400 °C do not show any significant variation in 0Hc;,i
(or 0Hcy,ij) values due to the weak temperature dependence of Ms, which further confirms a
weak temperature dependent Néel coupling and magnetostatic coupling between the stray

fields of the domain walls.

6.3.1.3. High temper atur e magnetic properties:

Figure 6.15 displays the high temperature thermo-magnetization (M-T) curves of as-deposited
and annealed (74 = 200 °C, 300 °C and 400 °C) multilayer films with different n (= 2, 3 and
4) values measured along the film plane under 500 Oe applied magnetic field. In order to
compare all the data of the films with a particular n value in a single graph, M(T) data are
normalized with respect to their room temperature magnetization. Figure 6.15 reveals the

following features: (i) as-deposited multilayer films and the multilayer films annealed 200 °C
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exhibit a complete transition from ferromagnetic state to paramagnetic state in the
temperature below 200 °C. (ii) On the other hand, the multilayer films annealed at 300 °C

display a large decrease in magnetization with increasing temperature up to 160 °C and
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Figure 6.15: High temperature M-T curves of as-deposited and annealed (T4 = 200 °C, 300
°C and 400 °C) multilayer films with different n (= 2 (a), 3 (b) and 4 (c)) values. All the
curves were measured along the film plane under 500 Oe applied magnetic field and
normalized with respect to their room temperature magnetization. Inset: M-T curve for the
multilayer film with x = 1 and n = 3 annealed at 300 °C. (d) The variations of Tc with n

values for the multilayers films annealed at different temperatures.

remains constant with the further increase in temperature up to 300 °C measurement
temperature. This confirms the existence of around 13 % magnetization even at 300 °C
measurement temperature. In order to understand this unusual behaviour, M-T measurement
was carried out up to 700 °C for n = 3 film as shown in inset of figure 6.15(b). It is observed

that the magnetization remains constant in the temperature range 160 °C to 350 °C and
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increases largely up to 480 °C. On further increasing the temperature, the magnetization
decreases rapidly and approaches to nearly zero around 630 °C. These results confirm that the
large decrease in the magnetization up to 160 °C is due to the magnetic phase transition of the
amorphous phase from ferromagnetic state to paramagnetic state and the existence of
considerable magnetization in the temperature range 160 °C to 350 °C is due to the presence
of the nucleated o~Fe nanocrystals as revealed from the structural investigations (see figure
6.01). These nanocrystals further grow in size with increasing temperature resulting a clear
magnetic phase transition of the o~Fe nanocrystals [HERZ1990, HERZ1995, MCHE1999].
(ii1) On further increasing T4 to 400 °C, the presence of well defined o~Fe nanocrystals in the
amorphous matrix as observed from the structural studies using XRD and TEM (see figures
6.01 and 6.02) results in the magnetic phase transitions from ferromagnetic state to
paramagnetic state of o~Fe around 600 °C. In order to monitor the effect of number of
multilayers on the possible variations of 7¢, the values of T¢ are determined from the thermal
derivative of M-T curves and depicted in figure 6.15(d). For a given multilayer structure
(fixed n), Tc decreases after annealing at 200 °C due to the release of quenched in stress
[GORR2009]. On the other hand, films annealed at 300 °C exhibit a slightly higher 7¢ values
due to the nucleation of nanocrystalline microstructure in the amorphous matrix. 7¢ values
are shifted largely to around 600 °C for the films annealed at 400 °C due to the strong
exchange interaction between the o~Fe nanocrystals in the residual amorphous matrix. A
careful observation of Tc reveals that 7c depends not only on the 7a but also depends
significantly on number of multilayers [PITC1993]. While as-deposited multilayer films
exhibit no change in 7Tc with number of multilayers, 7¢ of the films annealed at 200 °C and
300 °C shows a considerable decrease with increasing number of multilayers. This could be
attributed to the change in the interface nature and microstructure of FeTaC ferromagnetic

layers.

6.3.2. Effect of spacer layer thickness on the magnetic properties:

The effect of annealing and number of multilayers on the temperature dependent magnetic
properties of multilayer films revealed that the interlayer coupling resulting from Néel
coupling and magnetostatic coupling between the stray fields of domain walls plays a major
role in the magnetic properties and magnetization reversal process of the multilayer films
with a fixed spacer layer thickness. Since the interlayer coupling between the ferromagnetic

layers vary exponentially with the thickness of the spacer layers [ZHAN19961, LIUX2012],
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the effect of spacer layer thickness on the temperature dependent magnetic properties of the
multilayer films annealed at different temperatures was investigated by varying the spacer
layer thickness from 1 to 4 nm in multilayer [[FeTaC (50 nm)/Ta (x nm)]3/FeTaC (50 nm)]

films and discussed in the following sections.
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Figure 6.16: Room temperature M-H loops of as-deposited (a) and annealed (T4 = 200 °C
(b), 300 °C (c), 400 °C (d)) multilayer films with different spacer layer thicknesses (x = 1,
2.5 and 4 nm).

6.3.2.1. Room temper atur e magnetic properties:
Figure 6.16 shows room temperature M-H loops of as-deposited and annealed (74 = 200 °C,
300 °C, 400 °C) multilayer films with different spacer layer thicknesses (x = 1, 2.5 and 4 nm).
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All the loops were measured along the film plane. Figure 6.16 reveals the following features:
(1) as-deposited films and films annealed at 200 °C exhibit almost similar loops, except that
the loops for 200 °C annealed films are shifted considerably to the negative x-axis. As
discussed earlier, this is due to the control of switching of the soft ferromagnetic layers by the
significant hard magnetic layer caused by the interface diffusion of the bottom most
ferromagnetic layer on the substrate. Such effect is more significant only in the films
annealed at 200 °C. (2) When Ty is increased to 300 °C, the shape of the loops change
differently and the multistep magnetization reversal behaviour is observed at room
temperature. With increasing x values from 1 to 4 nm, the switching of the bottom most layer
(fourth layer from the top) is more pronounced and provides a substantial restriction on the
intermediate layers to switch at a relatively slower rate. Therefore, a large applied field (>

250 Oe) is required to saturate the films with x = 4 nm. Nevertheless, the top two layers
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Figure 6.17: The variations of Hc with T4 (a) and x (b) in as-deposited and annealed single
and multilayer films at 200 °C, 300 °C and 400 °C.

switch collectively for all the films. (3) On further increasing 74 to 400 °C, the restriction
from the fourth layer on the third layer enhances further and results a collective switching
between the third and fourth layers for all the films. Therefore, the switching process slows
down with increasing x. However, the field required for saturation is reduced considerably (<

150 Oe) as compared to the films annealed at 300 °C. This could be attributed to the
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enhanced coupling between the ferromagnetic layers by the increase in the saturation

magnetization due to the existence of o~Fe nanocrystals (as evidenced from figures 6.02).

1014 x=1; 7,=200°C

1 @

[M(H) /M
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Figure 6.18: Temperature dependent M-H loops for multilayer [[FeTaC (50 nm)/Ta (x
nm)]s/FeTaC (50 nm)] films annealed at 200 °C with different values of x.

The extracted values of Hc from the M-H loops are plotted in figure 6.17. Hc reduces
to a minimum value for 200 °C annealed films for all the x values followed by a large
increase in Hc for the films annealed at 300 °C depending on the x values. On further
increasing 74 to 400 °C, Hc decreases slightly for all the films with different x values. On the
other hand, the variations of Hc with x (see figure 6.17(b)) show that Hc reduces significantly
with increasing x for the as-deposited and films annealed at 200 °C and attains a minimum

value of 20 mOe. This could be attributed to the release of stress by annealing and the
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dependence of interlayer coupling on x values. On the other hand, the films annealed above
200 °C exhibit contradictory behaviour, i.e., Hc increases moderately with increasing the x
values. This could be ascribed to the enhanced interface roughness with increasing 74 and the

reduction in the coupling between the ferromagnetic layers with increasing x values.

1.01x=1; 7,= 300°C
(@)
0.5 —=— 20K
e 30K
A 40K
—v— 50K
0.0 TR
4 80K
»— 100 K
-0.51 e 150K
—x— 200 K
- * 250K
-1.0 +— 300K
40 -20 0 20 40
1.01 x=2.5; 7, = 300°C
(b)
0.5
%
=
~ 0.0
ﬂ
T
S -05;
-1.0
-200 -100 0 100 200
1.01x=4; 7,= 300°C
(c)
0.5-
0.0
-0.5-
-1.0
-200 -100 0 100 200

H (Oe)
Figure 6.19: Temperature dependent M-H loops for multilayer [[FeTaC (50 nm)/Ta (x
nm)]s/FeTaC (50 nm)] films annealed at 300 °C with different values of x.
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Figure 6.20: Temperature dependent M-H loops for multilayer [[FeTaC (50 nm)/Ta (x
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6.3.2.2. Low temperature magnetic properties.

In order to understand the effect of spacer layer thickness on the magnetic properties of
annealed multilayer films, temperature dependent M-H loops were recorded for all the films
with different x and 74 from 300 K to 20 K using VSM and the observed magnetic properties

are discussed in this section.

(a) Properties of the films annealed at (Ta =) 200 <C:

Figure 6.18 displays temperature dependent normalized M-H loops of the multilayer films
annealed at 200 °C for different x values. It is observed that the shape of the M-H loops is not
changed with decreasing temperature down to 80 K. With further reducing the temperature
below 80 K, M-H loops exhibit two step magnetization reversal behaviour due to the separate
switching of the bottom most layer with respect to field caused by the interface roughness at
the substrate and film interface. Similar phenomena were observed for all the films with
different x. Figure 6.21(b) shows the variations of Hc with temperature for multilayer films
with different x values annealed at 200 °C. Hc increases almost linearly at a rate of 7.8x104,
1.1x1073 and 1.8x10- Oe/K with decreasing temperature for multilayer films with x = 1, 2.5
and 4, respectively. The increase in the rate of Hc variation with temperature and x can be
related to the relative increase in the interfacial strain with reducing temperature and with

increasing x value.

(b) Properties of the films annealed at (Ta =) 300 <:

Figure 6.19 depicts temperature dependent normalized M-H loops of multilayer films with
different x values annealed at 300 °C. All the loops are normalized with respect to saturation
magnetization. It is observed that (1) M-H loop of the multilayer film with x = 1 at 300 K
shows that the magnetization decreases gradually with increasing the reverse field resulting
two steps in the magnetization reversal. However, the magnetization variation in the third
quadrant with the applied field changes quickly with decreasing temperature. On further
reducing the temperature below 40 K, the third step of reversal occurs due to the individual
switching of the bottom layer. (2) With increasing x = 2.5, the switching of the bottom most
layer (fourth layer from the top) is more pronounced and provides a substantial restriction on
the intermediate layers to switch at a relatively slower rate. Hence, the additional switching
for the third layer occurs at temperatures below 80 K. Nevertheless, the top two layers switch

collectively indicating that the interfacial roughness between the ferromagnetic and non-
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magnetic layers induced by the annealing process is relatively lower than the strain realized
from the substrate on the bottom layer. However, the field required to saturate the
magnetization decreases with decreasing temperatures. Figure 6.21(c) displays the variations
of Hc extracted from the M-H loops with temperature for different x values. Hc reduces
initially from 300 K to 250 K for x = 1 film and then increases linearly with decreasing

temperature down to 20 K. This provides a minimum in Hc(7) versus T curve. The point of
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Figure 6.21: Temperature dependent Hc of (a) as-deposited and annealed (T4 = 200 °C (b),
300 °C (c) and 400 °C (d)) multilayer [[FeTaC (50 nm)/Ta (x nm)]s/FeTaC (50 nm)] films
with different values of x.
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minimum in Hc is shifted to around 200 K and 80 K when x is increased to 2.5 and 4,
respectively. Furthermore, the values of Hc increase with increasing x values at a given
temperature. This is an unusual behaviour for a typical ferromagnetic material. Such
behaviours can be attributed to the variations in the interlayer couplings as given in
eqn.(6.01) with increasing x. According to eqn.(6.01), the interlayer coupling field decreases
exponentially with increasing the spacer layer thickness [ZHAN19961, SCHR2000,
LIUX2012]. In addition, the multilayer film with » = 3 has four number of FeTaC (50 nm)
ferromagnetic layers. Hence, they show large sized magnetic domains resulting the weak
magnetostatic coupling between the stray fields of domain walls, which is further decreased
with increasing x. Since the multilayer films with different x values annealed at 300 °C show
a large temperature dependent Ms, the interlayer coupling between the ferromagnetic layers is
reduced at 300 K. With decreasing temperature, the interlayer coupling for a given space
layer thickness increases due to the increase in Ms resulting an enhanced collective switching
with decreasing temperature. Hence, Hc and the field necessary to saturate the film decrease
with decreasing temperature. On further lowering the temperature below certain range, Hc
increases with decreasing temperature due to the additional strain realized from the substrate
on the magnetization reversal process. This provides a significant minimum in Hc(7), which
shifts to lower temperature with increasing x due to increasing separation between the
ferromagnetic layers. Nevertheless, large interfacial strain between substrate and bottom
ferromagnetic layer desists the bottom ferromagnetic layer from the interlayer coupling and

makes them to switch separately.

(c) Properties of the films annealed at (Ta =) 400 <C:

Figure 6.20 shows temperature dependent normalized M-H loops of multilayer films with
different x values annealed at 400 °C. It is observed that (1) M-H loop of the films with x = 1
displays two switching processes at 300 K due to the collective nature of the switching of the
top two layers followed by the bottom two layers. With decreasing temperature below 150 K,
one more additional switching starts appearing possibly due to the individual switching of the
bottom most layer depending on the temperature dependent interface roughness. The size of
the step increases significantly with decreasing temperature and therefore the field required to
switch the bottom most layer also increases from 24 Oe to 33 Oe with decreasing temperature
from 60 K to 20 K. (2) With increase x = 2.5, M-H loops show different behaviours with

respect to temperature, i.e., the switching of the bottom most layer is more pronounced even
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at room temperature and provides a substantial strain on the intermediate layers to switch at a
relatively slower rate. On lowering the temperature below 300 K, the bottom two layers
couple around 60 K due to the enhanced coupling between the bottom and intermediate
layers. This results a collective switching of third and fourth layers for temperature below 60
K. On the other hand, the top two layers switch always together from 300 K to 20 K. (3) On
further increasing the x value to 4 nm, the strain from the bottom layer is more visible at
room temperature and effect of the bottom layer on the intermediate layer increases with
decreasing temperature. Hence, the switching of the third layer is well separated from the top
two layers with decreasing temperature and fourth layer switches progressively with
increasing the field. As a result, the step appearing closed to Hc shifts to second quadrant
with decreasing temperature below 150 K. In all these films, the top two layers switch
collectively indicating that the interfacial roughness between the ferromagnetic and non-
magnetic layers induced by the annealing process is considerably weaker than the strain
realized from the substrate on the bottom layer. As discussed earlier, the values of Ms remain
almost constant in the temperature range 20 K to 300 K for the multilayer films due to the
existence of o~Fe nanocrystals in the amorphous matrix. To understand the effect of spacer
layer thickness on the temperature dependent Hc values, the values of Hc are extracted from
the M-H loops and depicted in figure 6.21(d). Hc decrease almost linearly with increasing
temperature for the films with x = 1 and 2.5 at a rate of 0.0158 Oe/K and 0.0327 Oe/K,
respectively. On the other hand, with increasing x to 4, there are two different variations in
Hc(T) versus T curve in the temperature range of 20 K to 300 K. While the linear behaviour
of Hc variation between 80 K and 300 K at a rate of 0.0351 Oe/K is similar to those observed
for the films with x =1 and 2.5, the large increase in Hc (0.1613 Oe/K) at temperatures below
80 K is mainly due to the individual switching of the third ferromagnetic layer (see figure
6.20(c)) influenced by the bottom most layer with decreasing temperature below 80 K. The
actual values of Hc increases with increasing spacer layer thickness and the rate of decrease
in Hc with increasing temperature increases with increasing the values of x. This confirms the
enhancement in the interlayer roughness by the annealing process with decreasing

temperature and causes a large Hc change with increasing x values.

6.3.2.3. High temper atur e magnetic properties:
Figure 6.22 depicts high temperature M-T curves of as-deposited and annealed (74 = 200 °C,
300 °C and 400 °C) multilayer films with different x (= 1, 2.5 and 4) values measured along
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the film plane under 500 Oe applied magnetic field. In order to compare all the data of the

films with a particular x value in a single graph, M(7) data are normalized with respect to
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Figure 6.22: High temperature M-T curves of as-deposited and annealed (T4 = 200 °C, 300
°C and 400 °C) multilayer films with different x (= 1 (a), 2.5 (b) and 4 (c)) values. All the
curves were measured along the film plane under 500 Oe applied magnetic field and
normalized with respect to their room temperature magnetization. Inset: M-T curve for the
multilayer film with x = 1 and n = 3 annealed at 300 °C. (d) The variations of Tc with x

values for the multilayers films annealed at different temperatures.
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their room temperature magnetization. The following features are observed from figure 6.22:
(1) as-deposited multilayer films and the multilayer films annealed 200 °C exhibit a complete
transition from ferromagnetic state to paramagnetic state in the temperature below 200 °C. (ii)
On the other hand, the films with different x values annealed at 300 °C display a large
decrease in magnetization with increasing temperature up to 160 °C and remains constant
with the further increase in temperature up to 300 °C measurement temperature. This
confirms the existence of constant magnetization even at 300 °C measurement temperature. A
careful observation of residual magnetization around 200 °C reveals that the amount of
magnetization increases from 13 % for x = 1 to 19 % and 25 % with increasing x values of
2.5 and 4, respectively. The spacer layer dependence of magnetization at 200 °C could be
correlated to the enhanced diffusion across the interface causing a non-reversal of
magnetization. This is further supported by the observation of almost linear variation of
magnetization switching in the M-H loops for the films with x = 2.5 and 4 (see figure 6.19).
These results confirm that the large decrease in the magnetization up to 160 °C is due to the
magnetic phase transition of the amorphous phase from ferromagnetic state to paramagnetic
state and the existence of considerable magnetization in the temperature range 160 °C to 350
°C is due to the presence of the nucleated o~Fe nanocrystals as revealed from the structural
investigations. In order to understand this unusual behaviour, M-T measurement was carried
out up to 700 °C for n = 3 film as shown in inset of figure 6.22(a). It is observed that the
magnetization remains constant in the temperature range 160 °C to 350 °C and increases
largely up to 480 °C. On further increasing the temperature, the magnetization decreases
largely and approaches to nearly zero around 630 °C. This confirms that the nanocrystals are
further grown in size with increasing the temperature resulting a clear magnetic phase
transition of the o~Fe nanocrystals [HERZ1990, HERZ1995, MCHE1999]. (iii) On further
increasing the 74 to 400 °C, the presence of well defined o~Fe nanocrystals in the amorphous
matrix as observed from the structural studies using XRD and TEM (see figures 6.01 and
6.02) results a magnetic phase transition of a~Fe nanocrystals from ferromagnetic state to
paramagnetic state around 600 °C. Interestingly, the transition temperature shifts to higher
values with increasing x. In addition, the manner in which M-T curves of 400 °C annealed
films decreases is not smooth. This might be due to the release of stress induced by the
interface diffusion with increasing temperature [GORR2009]. In order to monitor the effect
of spacer layer thickness on the possible variations of 7¢, the values of T¢ are determined

from the thermal derivative of M-T curves and depicted in figure 6.22(d). For a given spacer
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layer thickness (fixed x), Tc decreases after annealing at 200 °C due to the release of
quenched in stress [GORR2009]. On the other hand, the films annealed at 300 °C exhibit a
slightly higher T¢ values due to the nucleation of nanocrystalline microstructure in the
amorphous matrix. On further increasing the 74 to 400 °C, T¢ values are shifted more than
550 °C due to the strong exchange interaction between o+Fe nanocrystals in the residual
amorphous matrix. A careful observation of 7c reveals that 7c depends not only on the 7 but
also depends significantly on the spacer layer thickness [PITC1993]. While the as-deposited
multilayer films exhibit no considerable change in 7¢ with the spacer layer thickness, 7T¢ of
the films annealed at 200 °C and 300 °C show a significant decrease with increasing the
spacer layer thickness. This could be attributed to the change in the interface nature, which
modifies the interlayer coupling depending on the spacer layer thickness. As the interlayer
diffusion in the films annealed at 400 °C increases significantly, the thickness of the stressed
layer at the interface increases with increasing x values. Therefore, the magnetic phase
transition temperature is expected to increase significantly with an increase in the stress

induced in the ferromagnetic layers [GORR2009].

6.4. Summary:

A systematic study on the effect of post deposition annealing on the structural and magnetic
properties of multilayer [[FeTaC (y nm)/Ta (x nm)],/FeTaC (y nm)] films with different
multilayers and the spacer layer thicknesses was carried out in this chapter. The salient
features of annealed multilayer films from the current investigations are as follows:

#+ The annealing process of the amorphous multilayer [[FeTaC (y nm)/Ta (x
nm)],/FeTaC (y nm)] films under controlled heating conditions up to 400 °C shows
the following crystallization sequence of the amorphous films = amorphous (stress
released) (at 200 °C) = o~Fe (nucleated) + amorphous residue (at 300 °C) = o+Fe
(rich) + amorphous residue (at 400 °C).

#  All the multilayer films annealed at 200 °C exhibit narrow and shifted hysteresis
loops with a large reduction in coercivity. These are due to the release of stress
accumulated during the film deposition, which annihilates the existence of strip
domain patterns in higher thickness films.

# Temperature dependent M-H loops of multilayer films annealed at 200 °C exhibit
multistep magnetization reversal behaviour only at temperatures below 80 K. The

multistep reversal behaviour was, on the other hand, observed even at room
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temperature for multilayer films annealed at 74 = 300 °C due the enhanced interface
roughness and change in the microstructure of the films.

The nature of coupling between the ferromagnetic layers in the multilayer films
strongly depends on the annealing temperature, number of multilayers, spacer layer
thicknesses and measurement temperatures.

Temperature dependent coercivity of multilayer films annealed at 200 °C and 400
°C decrease with increasing temperature as observed for typical ferromagnetic
materials. However, multilayer films annealed at 300 °C show a broad minimum in
Hc(T) curves. Moreover, the temperature at which the minimum in Hc occurs
strongly depends on number of multilayers and the spacer layer thickness. This was
explained on the basis of change in the interlayer coupling caused by the Néel
coupling and magnetostatic coupling between the stray fields of domain walls with
temperature, number of multilayers and spacer layer thickness.

The switching behaviour of the bottom most layer and its effect on the subsequent
layers are strongly depending on the annealing temperature, number of multilayers,
spacer layer thickness and the measurement temperature.

High temperature thermo-magnetization data reveal that Curie temperature depends
on annealing temperature, number of multilayers and spacer layer thickness, as the
magnitude of interlayer diffusion changes considerably with annealing temperature,
number of multilayers and spacer layer thickness. All the multilayer films annealed
at 200 °C exhibit low Curie temperature in the range of 65 °C to 95 °C due to the
release of accumulated stress in the amorphous films, while the multilayer films
annealed at 400 °C exhibit high Curie temperature in the temperature range of 560

°C to 670 °C due to the formation of well-defined o~Fe nanocrystals.
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The overall summary of the salient results obtained on the structural and magnetic properties
of FeTaC (t) single layer films of different thicknesses and multilayer [[FeTaC (y nm)/Ta (x
nm)]/FeTaC (y nm)] films is listed in this chapter. Highlights of the current investigations

and the possibilities for future work are also summarized below:

7.1. Summary of theresults:

Amorphous FeTaC (t) films with different thicknesses (t = 20, 50, 100 and 200 nm) and the
multilayer [[FeTaC (y nm)/Ta (x nm)]/FeTaC (y nm)] filmswithn=0-4and x=0-6 nm
were prepared using DC magnetron sputtering technique at ambient temperature directly on
the thermally oxidized Si substrates. The thickness of the individual FeTaC layers in the
multilayer films was controlled using the relation y = 200/(n+1), where n is number of
multilayers and the total thickness of FeTaC films was maintained at 200 nm for all the
multilayer films. In order to form the nanocrystalline microstructure, al the as-deposited
amorphous FeTaC (200) film and multilayer [[FeTaC (y nm)/Ta (X nm)]«/FeTaC (y nm)]
filmswithn=1-4and x = 1 - 4 nm were annealed ex-situ in a home-made high vacuum (<
10 Torr) annealing set-up at different temperatures (Ta) of 200 °C, 300 °C and 400 °C for 30
minutes duration.

Structural investigations of all the as-deposited single layer and multilayer films using
X-ray diffraction and transmission electron microscopy techniques confirm their amorphous
nature. Similarly, the films annealed at 200 °C also exhibit the amorphous structure. With
increasing annealing temperature above 200 °C, the nucleation (at 300 °C) and subsequent
growth (at 400 °C) of o-Fe nanocrystals in the residual amorphous matrix were observed.

The magnetic properties of FeTaC (t) single layer films reveal strong thickness
dependent magnetic properties in the thickness range between 20 nm and 200 nm. FeTaC (t <
50 nm) films exhibit soft magnetic nature due to the in plane orientation of the magnetization.
Interestingly, FeTaC (50 nm) film exhibits in-plane uniaxial anisotropy with large sized
magnetic domains. However, soft magnetic properties of FeTaC (t > 100 nm) films are
degraded due to the transition from the in-plane magnetization to the dense stipe domain
magnetic structure caused by the growth of the perpendicular anisotropy. The development of
perpendicular anisotropy occurs due to the stress induced during the deposition of the
amorphous films. This results in a transcritical hysteresis loop. Therefore, the room
temperature coercivity (Hc) increases by an order of magnitude as the film thickness is

increased from 50 nm to 100 nm. The temperature dependent magnetic properties at low
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temperature region exhibit a considerable shift in the magnetic hysteresis (M-H) loops for
low thickness films, which is analyzed using the two-layers model. Although the room
temperature perpendicular anisotropy constant is almost constant for 100 and 200 nm thick
films, their temperature variation strongly depends on the thickness of the films. Low
temperature thermo-magnetization (M-T) data reveal that the magnetic disorder observed at
low temperature increases with increasing film thickness above 50 nm. The observed results
therefore suggest that the soft magnetic properties degrade in FeTaC (t > 100 nm) films.
Curie temperature (Tc) of the films obtained from the thermal derivative of M-T data
increases marginally with decreasing the films thickness. In addition, the magnetic
susceptibility critical exponent displays a cross over from 3D Ising model to 3D Heisenberg
values with decreasing FeTaC film thickness.

In order to control the development of perpendicular anisotropy and the soft magnetic
properties of FeTaC films at higher thicknesses, the multilayer structured [[FeTaC (y nm)/Ta
(x nm)]n/FeTaC (y nm)] films were fabricated with different n (= 0 - 4) and x (= 0 — 6 nm)
and then characterized. Room temperature Hc and the field necessary to saturate the
magneti zation (Hsa) decreased drastically with increasing number of multilayers, while they
show weak dependence on the spacer layer thickness for a given multilayer structure. The
improvement in the magnetic properties of multilayer films is due to the suppression of
perpendicular anisotropy in FeTaC ferromagnetic layers by the insertion of the Ta spacer
layers causing a transition from the magnetic stripe domain structure to the in-plane
orientation of the magnetization. Furthermore, temperature dependent magnetic study reveals
that the shape of the M-H loops depend strongly on number of multilayers and thickness of
the spacer layers. The multilayer film with x = 1 showed a strong temperature dependent
magnetic nature induced by the direct exchange coupling through the pinholes. In addition,
multilayer films exhibit pronounced multistep magnetization reversal process for the
temperature below 70 K and thermal activation results in smooth and narrow hysteresis loops
for temperatures above 70 K. The number of steps in the reversal behavior depends on
number of multilayers and thickness of the spacer layers. The magnetic disorder observed at
low temperature in a single layer film decreases and the bifurcation observed between ZFC
and FC data shifts to lower temperature and disappears eventually for the multilayer films
with increasing number of multilayers and thickness of the spacer layers. The magnetic
parameters (Hc, Hsat and perpendicular anisotropy constant) of the multilayer films depend

strongly on temperature and vary at different rates for different multilayers and spacer layer
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thicknesses. With increasing number of multilayers, the saturation magnetization of the
multilayer films decreases significantly due to an increase in the magnetic dead layers with
increasing number of interfaces.

In order to enhance the soft magnetic properties of FeTaC films further and to study
the interface effects in more details, al the multilayer films were annealed ex-situ at different
Ta of 200 °C, 300 °C and 400 °C in home-made high vacuum (< 10 Torr) chamber. All the
multilayer films annealed at 200 °C exhibit narrow but shifted hysteresis loops with a large
reduction in the values of Hc. Thisis due to the release of stresses accumulated during the
deposition of the films, which annihilates the existence of strip domain patterns in higher
thickness films. Temperature dependent M-H loops of multilayer films annealed at 200 °C
exhibit multistep magnetization reversal behavior only at temperatures below 80 K. However,
such magnetization reversal behavior was observed even at room temperature for the
multilayer films annealed at Ta > 300 °C due the enhanced interface roughness and change in
the microstructure of the films. The nature of coupling between the ferromagnetic layers in
multilayer films strongly depends on the annealing temperature, number of multilayers,
spacer layer thickness and measurement temperature. While the temperature dependent
coercivity of multilayer films annealed at 200 °C and 400 °C decrease with increasing
temperature as like typical ferromagnetic materials, multilayer films annealed at 300 °C show
a broad minimum in Hc(T) curves and the temperature at which the minimum in Hc occurs
strongly depends on number of multilayers and the spacer layer thickness. This is correlated
to the change in the interlayer coupling caused by the Néel coupling and magnetostatic
coupling between the stray fields of domain walls with temperature, number of multilayers
and spacer layer thickness. The switching behavior of the bottom most layer and its effect on
the subsequent layers are strongly depending on the annealing temperature, number of
multilayers, thickness of the spacer layers and the measurement temperature.

High temperature M-T data reveal that while Tc of al the as-deposited multilayer
films is not influenced significantly by the multilayer structures and the spacer layer
thickness, the annealed multilayer films exhibit a strong dependence of Tc on annealing
temperature, number of multilayers, and spacer layer thickness. This is mainly due to the
change in the microstructure of FeTaC films and the interlayer diffusion with Ta, n and x. All
the multilayer films annealed at 200 °C exhibit low Tc in the range of 65 °C to 95 °C due to

the release of stress in the amorphous films, while the multilayer films annealed at 400 °C

144
TH-1291_09612112



Chapter 7: Summary and scope for future work

exhibit high Tc in the temperature range of 560 °C to 670 °C due to the formation of o~Fe

nanocrystals.

7.2. Scope for future work:

The current investigations have brought out some new and interesting aspects and
characteristics of FeTaC single layer and multilayer structured films. These observations have
not only exposed the potential of this materia and multilayer structure for specific
applications in modern magnetoel ectronic devices but have also shown paths for future scope
of work in FeTaC single and multilayer structured films. Some of the possibilities are briefly
discussed below to serve as appropriate conclusion to the current thesis work.

Since the multilayer structured films exhibit the multistep magnetization reversal
behavior and the changeover in the magnetic domains from stripe domain patterns to in-plane
magnetization with increasing number of multilayers, it would be interesting to measure the
electrical transport properties in these multilayer films as a function of applied magnetic field
(magnetoresistance) and temperature. This would reveal a correlation between the magnetic
and transport properties, provided the transport properties are affected by the change in the
domain structure and number of multilayers. The nature of the interlayer coupling between
the ferromagnetic layers in the multilayer films depends strongly on the annealing
temperature, number of multilayers and the spacer layer thicknesses. In the current
investigation, we have kept the total thickness of FeTaC ferromagnetic films as 200 nm and
the individual thickness of FeTaC layer in the multilayer films was controlled using the
relation y = 200/(n+1). Such multilayer structure provides a different magnetostatic coupling
between the stay fields of the domain walls with increasing number of multilayers and their
dependence on the temperature. This is mainly due to the reduction in the thickness of the
ferromagnetic layers with increasing number of multilayers. On the other hand, Huang et al
[HUANZ2001] reported Hc variation in FeCoZrBCu/SIO2 multilayer films, i.e., Hc decreases
largely from 25 Oe for a single layer FeCoZrBCu (150 nm) film to 0.25 Oe for the multilayer
film of [FeCoZrBCu(150 nm)/ SiO2(2 nm)]2/ FeCoZrBCu (150 nm)/glass substrate. In this
case, the thickness of the individual FeCoZrBCu layer is kept same as the single layer films.
Therefore, the interlayer coupling between the ferromagnetic layers plays a major role on
deciding the resulting magnetic properties. Hence, a study on variation of interlayer coupling
at different temperatures in these types of multilayer structures would provide a new direction

for evaluating the magnetic properties of multilayer thin films. Similarly, if the individual
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thickness of the ferromagnetic layers in multilayer films is varied randomly, then the
magneti zation reversal behavior is expected to be strongly dependent on the thickness of the
individual ferromagnetic layers. As aresult, the variation of temperature dependent coercivity
could be mainly determined by the interlayer coupling between the ferromagnetic layers in
multilayer films. This would be completely different from the typical variation of coercivity
of a smple ferromagnetic material. Furthermore, as the room temperature saturation
magnetization of the amorphous films is considerably low and decreases further with
increasing number of multilayers, addition of Co in FeTaC amorphous and nanocrystalline
films is expected to not only enhance the saturation magnetization, but also enhances the Tc,
which would be useful for high temperature applications [DEBA2010].
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