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We present a comprehensive study on the magnetization reversal in the Fe/NiFe bilayer system by

alternating the order of the magnetic layers. All the samples show growth-induced uniaxial magnetic

anisotropy due to the oblique angle deposition technique. Strong interfacial exchange coupling between

the Fe and NiFe layers leads to single-phase hysteresis loops in the bilayer system. The strength of

coupling being dependent on the interface changes upon alternating the order of magnetic layers. The

magnetic parameters such as coercivity HC, and anisotropy field HK become almost doubled when

a NiFe layer is grown over the Fe layers. This enhancement in the magnetic parameters is primarily

dependent on the increase of the thickness and magnetic moment of the Fe–NiFe interfacial layer as

revealed from the polarized neutron reflectivity (PNR) data of the bilayer samples. The difference in the

thickness and magnetization of the Fe–NiFe interfacial layer indicates the modification of the

microstructure by alternating the order of the magnetic layers of the bilayers. The interfacial magnetic

moment increased by almost 18% when the NiFe layer was grown over the Fe layer. In spite of the

different values of anisotropy fields and modified interfacial exchange coupling, the Gilbert damping

constant values of the ferromagnetic bilayers remain similar to the single NiFe layer.

1 Introduction

In exchange-coupled so/hard bilayers, one can nd a high

energy product (BH)max value as the somagnetic layer provides

high saturation magnetization MS and the hard one provides

intermediate coercivity HC.
1 This so–hard combination of the

magnetic bilayers provides an excellent research opportunity

not just for their potential application in the eld of permanent

magnets1 but also for the sake of fundamental understanding of

various magnetization reversal processes. A hard magnetic layer

gives a largeHC due to its highmagnetic anisotropy which is not

desired in the application of the write head. Further, the

switching eld of the hard layer can be reduced by fabricating

so/hard magnetic bilayers which fullls the requirement of

write-head and simultaneously provides excellent temperature

stability.2,3 The interface plays a very important role in tuning

the HC of the bilayers by modifying the interfacial exchange

coupling. In literature, several techniques have been employed

for modications of the interfacial layer. Different deposition

techniques and subsequent post-deposition annealing at

different temperatures have been widely employed for modi-

cation of the interface.2–4 Varying the thickness of the so layer

and using the materials of different crystallographic structures

have also been considered to study the role of interfacial

exchange coupling in a so/hard bilayer system.1,2,5 The inter-

facial exchange coupling between the hard and so layers can

be enhanced by interdiffusion.6 Although there are several

reports on various techniques for modication of the interface,

there is still a continuous focus to understand the interface

properties.7,8

In order to account the role of interdiffusion on themagnetic

properties, several experiments and simulations have been

performed. Conversion electron Mössbauer spectroscopy has

been used to nd the presence of interdiffusion in hard (FePt)/

so (Fe or Co/Fe) bilayers.9 The presence of a graded interface

has been observed in SmCo/Fe system from synchrotron X-ray

scattering and electron microscopy elemental mapping

measurements.10 Transmission electron microscopy and

magnetic measurements show an enhanced epitaxy in the

postannealed Co/CoPt system.11 Depth and element resolved X-

ray resonant magnetic scattering (XRMS) measurements on

SmCo/Fe bilayer show the presence of diffused Co-atoms from

Sm–Co layer in Fe magnetic layer.12 Despite several experi-

mental techniques for studying the magnetic properties of the

individual layers, a quantitative knowledge about the interface

of a layered system always remains challenging due to the very
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complex nature of the interface.13 In this context, polarized

neutron reectivity (PNR) is a very promising tool for a quanti-

tative structural and magnetic information about the interface.

In addition to the above study, materials with lower Gilbert

damping constant a are being studied extensively for their

application in spin-transfer torque-based oscillators,14 and also

in spintronics devices.15 Intrinsic Gilbert damping in materials

has its origin on the spin–orbit coupling.16 Extrinsic contribu-

tions can enhance this damping. Several deposition method-

ologies such as different oblique angle of deposition,17

deposition pressure18 etc. have been employed for tuning of the

damping constant. It is desired to fabricate hard/so magnetic

bilayers where anisotropy gets enhanced keeping the damping

value of the same order as that of the reference so layer.

In the present paper, we report tuning of the interfacial

exchange coupling by alternating the order of magnetic layers in

the hard/so Fe/NiFe bilayers. We show that by alternating the

order of layers the interface changes which results in tuning of

the magnetic properties of the bilayers. In order to quantify the

interface thickness and moment, we have performed polarized

neutron reectometry on the bilayer samples. We also made

a comparative study on the damping constants of the samples

through FMR analysis.

2 Experimental details

All the samples are deposited by combination of dc magnetron

sputtering and e-beam deposition in a high vacuum chamber

on naturally oxidized Si (100) substrate. The base pressure was

�6 � 10�8 mbar. Prior to the deposition, the substrates were

annealed for a period of 2 h at 150 �C. The samples were

prepared on to the Si-substrates kept at 150 �C at an Ar pressure

of �5 � 10�3 mbar. A capping layer of Au (3 nm) was further

deposited by e-beam evaporation to protect the samples from

oxidation. The rate of deposition of Fe, NiFe and Au were kept at

0.22, 0.17 and 0.1 Å s�1, respectively. Table 1 shows the list of

sample nomenclature, and structure.

We performed X-ray reectivity (XRR) measurements to

evaluate the thickness, density and roughness of each indi-

vidual layers by using X-ray diffractometer from Rigaku with

CuKa radiation (l ¼ 0.154 nm). We have performed PNR

measurements at room temperature at POLREF neutron

reectometer, at Rutherford Appleton Laboratory, UK. In the

PNR measurements, magnetic eld was applied along the easy

axis (EA) and experiments were performed at saturation and

near to coercive eld of the bilayer samples. POLREF is a white

beam instrument and we have used a pulse of length 2–15 Å's

with several varying angles. We plotted the experimental data of

reectivity vs. perpendicular scattering vector QZ ¼ 4p sin q/l

where QZ is the component of momentum transfer perpendic-

ular to the sample surface, thus, giving sample's layer-by-layer

information.19,20 We always applied positive saturation eld

and then reverse the eld to the measurement elds. The

guiding eld was �1 mT. Neutron reectivity can be spin ip-

ped or non-spin ipped. We measured two non-spin ipped

scattering cross sections namely R++ and R��.19,20 In R++, the rst

+ sign is for the incident neutron with up-spin polarization and

the second + sign is for the reected neutron with up-spin

polarization. Similarly, we can explain R�� (down–down). The

XRR and PNR data were tted using GenX soware.21 We have

performed longitudinal magneto-optic Kerr effect based

microscopy to simultaneously measure hysteresis loops and

image the magnetic domains. Magnetic dynamic properties

were studied using ferromagnetic resonance (FMR) setup

manufactured by NanoOsc.

3 Results and discussion
3.1 PNR analysis

We have evaluated the quantitative structural information such

as density, roughness and thickness of the samples from X-ray

reectivity (XRR) measurement (data are not shown). The layer

thickness and roughness obtained from XRR and PNR

measurements are similar for the bilayer samples.

In order to get quantitative information from the layers and

interfaces in the sample stack, we have performed polarized

neutron reectivity (PNR) measurement on the samples. PNR

has been proven to be an ideal technique for providing layer-by-

layer magnetization prole in a multilayer stack. Fig. 2(a) and

(b) show the PNR data along with the ts for sample S3

measured at the saturation eld of �50 mT and near to coer-

civity of �4 mT, respectively. Similarly, Fig. 3(a) and (b) show

the PNR data along with the ts for sample S4 measured at

saturation eld of �50 mT and near to coercivity of �1.2 mT,

respectively. We have tted the PNR data by considering

different interface models to nd the best gure of merit (FOM).

Considering all other interface models other than the three

interface model, we found less value of FOM and the tting is

Table 1 Details of sample name and structure for all the samples

Sample name Sample structure

S1 Si (100)/NiFe (10 nm)/Au (3 nm)
S2 Si (100)/Fe (5 nm)/Au (3 nm)

S3 Si (100)/Fe (5 nm)/NiFe (10 nm)/Au (3 nm)

S4 Si (100)/NiFe (10 nm)/Fe (5 nm)/Au (3 nm)

Fig. 1 Schematic of all the interfaces and thin film layers in samples (a)

S3 and (b) S4 with the estimated thicknesses in nm obtained from PNR

fits are given in the bracket.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 34266–34275 | 34267
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not good. We found that best FOM is achieved by considering

a three interface model in samples S3 and S4. The interfaces are

named as NiFe–Au, Fe–NiFe and SiO2–Fe for sample S3. Simi-

larly the interfaces are named as Fe–Au, NiFe–Fe and SiO2–NiFe

for sample S4. The interfaces taken to t the neutron reectivity

data are shown in Fig. 1. FOMs of 4.60 � 10�2 and 5.04 � 10�2

are found in samples S3 and S4. Here, we have used LOG type of

FOM. Using this type of FOM, we tted the data more easily and

robustly. LOG type of FOM takes into account the average of the

difference between the logarithms of the data and the simula-

tion. Structural and magnetic parameters, obtained from PNR

t, are shown in Tables 2 and 3 for samples S3 and S4,

respectively. The magnetic moment of Fe and NiFe obtained

from the PNR data of the sample S3 are 1.57 mB per atom and 0.7

mB per atom, respectively. The observed deviation in the

magnetic moment of Fe and NiFe from their bulk value is due to

the transfer of magnetic moment to the interface caused by

interdiffusion. Similarly, the Fe–NiFe interface of sample S3 has

a magnetic moment of 0.90 mB per atom which is intermediate

between Fe and NiFe layers, and has a thickness of 2.3 nm. The

SiO2–Fe interface has lesser magnetic moment of 1.00 mB per

atom than Fe itself due to interdiffusion in sample S3.22 Inter-

face roughness of the order of 1 nm might also be a reason for

lesser magnetic moment at Fe–SiO2 interface.22 In contrast to

the SiO2–Fe interface, the NiFe–Au interface in the sample S3

has a relatively smaller values of magnetic moment (0.10 mB per

atom) and thickness (2.99 nm), indicating high amount of

interdiffusion. Thus, a dead layer is formed at the NiFe–Au

interface of sample S3. Our XRR data also suggests different

roughness values of Fe and NiFe which are in direct contact with

SiO2 and Au layers, respectively. Thus, we can conclude that

interface roughness might be a reason for the different values of

magnetic moment at SiO2–Fe and NiFe–Au interfaces than the

parent layers in sample S3. Interdiffusion and/or alloying at the

interfaces are the result of high temperature (150 �C) deposition

of the studied lms. The formation of a magnetic dead layer is

also reported in the case of Fe/Ge system when Fe is grown on

Ge at 150 �C.22 In contrast to the sample S3, the magnetic

moment of the Fe layer, NiFe layer and the NiFe–Fe interfacial

layer in the sample S4, are 1.26 mB per atom, 0.75 mB per atom,

and 0.76 mB per atom, respectively. This indicates that the

sample S3 has relatively higher magnetic moment values of its

constituent layers Fe, NiFe and Fe–NiFe interface as compared

to that of the S4. This is further conrmed from the SQUID data

of the samples where the S3 has a higher saturation magneti-

zation value (762 emu cc�1) in comparison to that of S4 (636

emu cc�1). We observed that all magnetic layers including SiO2–

Fe interface are reversed completely at �4 mT of magnetic eld

in sample S3. 88% of Fe–NiFe interface magnetic moments are

reversed from positive saturation state at�4 mT eld in sample

S3. Further, 92% of magnetic moments of Fe have reversed their

direction near to coercive eld (�1.2 mT) from positive satu-

ration state in sample S4. Again, 38% of the magnetic moment

at the Fe–Au interface has reversed direction in sample S4

whereas all other layers has reversed completely. Further, the

thicknesses of all the interdiffused interface layers of sample S3

are higher than that of sample S4. Thus, larger interdiffusion

might be a reason for the difference in magnetic properties of

samples S3 and S4. We found from Tables 2 and 3 that the

roughness of Fe in sample S3 is higher than sample S4 whereas

the magnetic moment of Fe is higher in sample S3. Similarly,

Fe–NiFe interface of sample S3 has higher roughness and

magnetic moment than sample S4. The thickness of NiFe

magnetic layer is higher in sample S4, and hence, higher

roughness in comparison to sample S3.

The high roughness observed here is probably due to the

growth conditions which we have observed for other thin lms

grown in the same sample.19 The roughness values extracted

Table 2 Structural and magnetic parameters obtained after fitting the PNR experimental data using GenX software for sample S3

Layer description

Thickness

(nm)

Roughness

(nm)

Magnetic moment

(mB per atom) at �50 mT

Magnetic moment

(mB per atom) at �4 mT

Au 3.79 1.99 — —

NiFe–Au 2.99 0.94 �0.10 �0.003

NiFe 8.39 1.09 �0.79 0.78
Fe–NiFe 2.31 1.20 �0.90 0.8

Fe 2.48 1.56 �1.57 1.57

SiO2–Fe 1.99 0.99 �1.00 0.99

Table 3 Structural and magnetic parameters obtained after fitting the PNR experimental data using GenX software for sample S4

Layer description

Thickness

(nm)

Roughness

(nm)

Magnetic moment

(mB per atom) at �50 mT

Magnetic moment

(mB per atom) at �1.2 mT

Au 3.00 1.37 — —

Fe–Au 2.66 1.19 �0.52 0.20

Fe 3.24 0.85 �1.26 1.17
NiFe–Fe 1.79 1.10 �0.76 0.76

NiFe 8.99 1.29 �0.75 0.75

SiO2–NiFe 1.66 0.9 �0.75 0.75
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from the PNR analysis are comparable to the XRR data analysis.

Unfortunately, AFM is not very useful in this case as it is

a surface sensitive technique and our samples have a 3 nm thick

Au capping layer.

From the PNR data analysis, we found the thickness of

interface between Fe–NiFe (S3) and NiFe–Fe (S4) are 2.31 and

1.79 nm, respectively. The magnetic moments evaluated from

the PNR t at saturation for the interfaces Fe–NiFe (S3) and

NiFe–Fe (S4) are 0.90 and 0.76 mB per atom, respectively. It is

also observed that a dead layer is created at the NiFe–Au inter-

face in sample S3 whereas no dead layer is formed in the Fe–Au

interface in sample S4. These observations indicate that the

order of Fe and NiFe layers has noticeable effect on the HC and

HK. Further, the presence of high exchange coupling may be

a possible reason for the higher value of coercivity and anisot-

ropy eld HK in sample S3 than S4 (see Table 4).

The nuclear scattering length density (NSLD) is found to be

of 0.2 fm Å�3 near to SiO2–Fe interface whereas zero NSLD is

found above NiFe–Au interface in sample S3. However, we

found zero magnetic scattering length density (MSLD) near to

SiO2–Fe and NiFe–Au interfaces of sample S3. Similar trends of

NSLD and MSLD is found near to the interfaces SiO2–NiFe and

Fe–Au. Also, we found the similar trend of the NSLD and MSLD

proles near to saturation andHC eld values for the samples S3

and S4. Comparing the SLD proles of samples S3 and S4, we

found a sharp drop in NSLD for Fe magnetic layer of sample S4

whereas SLD is almost constant for Fe and NiFe layers of sample

S3. Also, we found the change in sign of the MSLD's for the

samples S3 and S4 near to the coercive eldHC and this is due to

magnetic eld history. We can not say that depolarisation is

responsible for the sign change of MSLD because the PNR

measurement elds (shown in the Fig. 6(c) and (d) with green

coloured square symbols) and guide eld are along the same

direction.

We can calculate the MSLD from the MS obtained from

SQUID using the relation MSLD ¼ C.MS, where C ¼ 2.853 �

10�9 (Å�2) (cm3 emu�1). We found MSLD of 0.22 and 0.18 fm

Å�3 for the samples S3 and S4. These MSLD values obtained

from SQUID match well with the values found from PNR (see

Fig. 4 and 5).

Every material possess nuclear and magnetic potentials with

respect to the neutrons. If the magnetic moment of the neutron

Fig. 3 Polarized neutron reflectivity (PNR) data for sample S4 at room temperaturemeasured at saturationmagnetic field of�50mT (a) and�1.2

mT of magnetic field near to coercivity (b), along EA. The open circles are the experimental data points and the solid lines are fitted data for the

non-spin flip (NSF) reflectivities R++ (red colour), R�� (blue colour), respectively.

Fig. 2 Polarized neutron reflectivity (PNR) data for sample S3 at room temperature with saturation magnetic field of �50 mT (a) and �4 mT of

magnetic field which is near to coercivity (b) are applied along EA. The open circles are the experimental data points and the solid lines are fitted

data for the non-spin flip (NSF) reflectivities R++ (red colour), R�� (blue colour), respectively.

Table 4 HC along EA and HA and HK for all the samples

Sample name

HC (EA)

(mT)

HC (HA)

(mT) HK (mT)

S1 0.80 0.38 4.28
S2 0.74 0.32 2.44

S3 5.10 1.47 7.10

S4 1.45 0.79 4.00

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 34266–34275 | 34269
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is parallel or antiparallel with the magnetic moment of the

sample, the refractive index can be written as;

nðQ0Þ ¼ 1�
2p

ħ
ðVn � VmÞ (1)

where, Vm is the magnetic potential Vn is the nuclear potential

of the given material. From the GenX tting, we can extract the

nuclear and magnetic scattering length densities as a function

of the depth of the sample.

Fig. 4 Nuclear andmagnetic scattering length densities (NSLD and MSLD) vs. layer thickness (z) of the sample S3 at saturation field of�50mT (a)

and near to HC at �4 mT (b).

Fig. 5 Nuclear andmagnetic scattering length densities (NSLD andMSLD) vs. layer thickness (z) of the sample S4 at saturation field of�50mT (a)

and near to HC at �1.2 mT (b).

Fig. 6 (a)–(d) Hysteresis loops measured by LMOKE at room temperature along f ¼ 0�, 30�, 60�, and 90� for samples S1–S4.

34270 | RSC Adv., 2020, 10, 34266–34275 This journal is © The Royal Society of Chemistry 2020
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3.2 Kerr microscopy and magnetometry analysis

Hysteresis loops were measured using longitudinal magneto

optic Kerr effect (LMOKE) based magnetometry at room

temperature along f ¼ 0� (EA), 30�, 60�, 90� wrt EA for all the

samples, which are shown in Fig. 6. We rst saturated the

sample with a eld of 10 mT. Then we have reversed the eld

towards negative saturation and measured the hysteresis loop.

Simultaneously at each eld point we have recorded the domain

images. We found that no domains present at H ¼ 0 i.e. rema-

nent magnetization state. However during the reversal we have

observed domains nucleating and domain wall propagation at

elds close to the coercive value. Also, it should be noted that

the linearly polarized light and the external magnetic eld H

were also aligned to the direction with f angle.

We observed square-shaped loops along EA and s-shaped

loops along HA for all the samples. This indicates, magnetiza-

tion reversal is occurring via domain wall motion along EA and

coherent rotation along HA. From the hysteresis loops, it is also

concluded that the samples exhibit uniaxial magnetic anisot-

ropy due to oblique angle of deposition. It is reported in the

literature that anisotropic samples give high energy product

value (BH)max than the isotropic samples.23 This is because

sample with magnetocrystalline anisotropy gives high coercivity

with square shaped loop, and thus, high (BH)max value.

Although the thickness of sample S1 is twice of S2, we found

similar coercivity and different anisotropy eld values in

samples S1 and S2. We found the enhancement of coercivity in

magnetic bilayers than the reference single magnetic layers.

Interfacial exchange coupling might be a reason for this

enhancement of coercivity. Also, we found the tuning of coer-

civity by alternating the order of magnetic layers. This indicates

the presence of different interfacial exchange coupling strength

in the samples S3 and S4. The magnetization reversal behaviour

of samples S3 and S4 is like a rigid magnetic system because the

so and hard phases reverse with a single coercive eld.

Magnetic domain images of samples S1 ((a)–(d)), S2 ((e)–(h)),

S3 ((i)–(l)) and S4 ((m)–(p)) along f ¼ 0� (EA), 30�, 60� and 90�

(HA) are shown in Fig. 7. We found big branch domains along

EA for all the samples. Further, magnetization reversal is

occurring via 180� domain wall motion. We found the nucle-

ation and propagation of domain walls in all the samples.

Magnetization reversal of samples S1, S2 and S4 away from EA

occurs via big domains indicating the presence of anisotropy

inhomogeneity.24 However, magnetization reversal of sample S3

occurs via small domains indicating strong uniaxial anisotropy

in this sample. The absence of magnetic domains is found

along HA in all the samples, thus, the magnetization reversal

occurs via coherent rotation.

Fig. 7 Magnetic domain images of samples S1 ((a)–(d)), S2 ((e)–(h)), S3 ((i)–(l)), and S4 ((m)–(p)) along f¼ 0� (EA), 30�, 60� and 90� (HA) recorded

in LMOKE based microscopy at room temperature.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 34266–34275 | 34271
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3.3 FMR analysis

In order to understand the anisotropy symmetry, we have per-

formed in-plane angle (f) dependent FMR measurements at an

interval of 10�.

We can write the magnetic free energy density as the equa-

tion given below;24,25

E ¼ HMS[sin qH sin q cos(f � fH) + cos qH cos q]

� 2p(MS)
2(sin q)2 + KP(sin q)2

+ Kin(sin q)2(sin(f � f0)
2 (2)

where, perpendicular uniaxial anisotropy and in-plane two-fold

uniaxial anisotropy constants are dened as KP and Kin,

respectively. The angles of applied magnetic eld H and satu-

ration magnetization MS wrt z-axis are denoted as qH and q,

respectively. fH is the angle of projection of MS in x–y plane wrt

x-axis. f is the angle of the projection ofH in the x–y plane wrt x-

axis. f0 is the two-fold EA direction wrt the x-axis. The directions

of MS, H and the two fold EA f0 can be found in our previous

work by Mallick et al.24

It should be noted that the magnetic eld was applied in the

lm plane. Therefore we have used the following dispersion

relation to t the angle dependent Hres in order to nd the

values of HK and hu.
24

�

u

g

�2

¼
h

Hres cosðf� fHÞ � hu þHKðsinðf� f0ÞÞ
2
i

�
h

Hres cosðf� fHÞ þHK þ 2HKðsinðf� f0ÞÞ
2
i

(3)

where, hu ¼
2KP

MS
� 4pMS and HK ¼

2Kin

MS
.

In-plane angle dependent FMR measurements are per-

formed at a xed frequency of 9 GHz. FMR measurement

conrms the presence of uniaxial magnetic anisotropy in all the

samples. Fig. 8 shows the plot of in-plane angle dependent Hres.

The solid scattered data points are the experimental data

whereas the solid continuous line is the tted data using eqn

(2). We could not nd the ferromagnetic resonance signal of

sample S2, therefore the plot of Hres vs. f of this sample has not

been shown. HK values of 0.0036 T, 0.0082 T and 0.0041 T are

evaluated for samples S1, S3 and S4, respectively, by tting the

experimental data (Fig. 8) using eqn (2). Fig. 9 shows the FMR

frequency (fFMR) vs. Hres and line width (DH), respectively. The

effective demagnetization eld (4pMeff), effective anisotropy

eld (HKeff) and the gyromagnetic ratio g ¼
gmB

ħ
values have

been extracted by tting experimental data (Fig. 9(a)) using the

following Kittel equation:26,27

fFMR ¼
g

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�

4pMeff þHres þHKeff

��

Hres þHKeff

�

q

(4)

Similarly, the Gilbert damping constant value a is obtained

by tting the line width (DH) vs. fFMR (Fig. 9(b)) using the

following equation;27,28

DH ¼ DH0 þ
4pafFMR

g
(5)

Fig. 8 (a)–(c) The plot of resonance magnetic field (Hres) vs. in-plane angle f for samples S1, S3 and S4, respectively. Solid symbols are the

experimental data while solid lines are the best fit using eqn (2).

Fig. 9 (a) Hres, (b) DH versus fFMR plot and their fits using eqn (3) and (4) for the samples S1, S2, S3 and S4.
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where, DH0 is the inhomogeneous linewidth broadening.

The thickness and crystalline structure of Fe affects the

ferromagnetic resonance spectra. We have experienced with our

FMR setup (NanoOsc) that if the thickness of polycrystalline Fe

lm is less than 10 nm then the data becomes very noisy.

Nevertheless we have remeasured the sample with more data

averaging for the sample S2 which is shown as a new Fig. R1 in

ESI.† It is theoretically reported that line width value depends

on anisotropy eld HK and the interlayer exchange coupling of

two ferromagnetic layers separated by a non-magnetic layer.29

We found different values ofHK in the bilayer samples S3 and S4

from Kerr microscopy measurements. This result indicates

different interfacial exchange coupling strength from the

ferromagnetic bilayers. The large increase in the linewidth value

of sample S3 in comparison to S4 may be due to the change in

interfacial exchange coupling of the bilayers. Also, little devia-

tion in the Hres value from all other samples is observed in

sample S4 and this may be due to modied exchange coupling

at the interface of the ferromagnetic layers. We reported earlier

that direct exchange coupling between magnetic layer leads to

the enhancement of the Gilbert damping constant a value.30 We

are getting simultaneously high coercivity and less a values in

sample S3 which is good for FMR applications. Omelchenko

et al., reported the tuning of damping by alternating the order of

Py/Fe bilayers deposited on Si substrate with Ta as seed layer.31

However, in this study, damping remains similar by alternating

the order of magnetic layers which is useful for potential

applications. Table 5 shows the list of values of g, 4pMeff, HKeff,

a, DH0, and KS of all the samples.

In a crystalline material, due to symmetry in crystal lattice,

average value of orbital angular momentum is zero. But, the

orbital contribution of magnetic moment mL is non-zero leading

to the g-factor greater than 2 following the relation g x 2 (1 +

(mL/mS)).
32 As the surfaces and interfaces break inversion

symmetry, that leads to crystal eld no longer symmetric.

Therefore, g-factor is less than 2 and follows the relation gx 2

(1 � (mL/mS)).
32 We observed large value of the inhomogeneous

linewidth broadening DH0 in sample S3 and this value is higher

than sample S4.

We evaluated the volume anisotropy eld HK for all the

samples using Kerr measurements. However, using FMR spec-

troscopy, we can evaluate surface induced anisotropy known as

perpendicular surface anisotropy constant KS. The effective

demagnetization eld (4pMeff) and saturation magnetization

MS values follow the below relation;

4pMeff ¼ 4pMS þ
2KS

MStFM
(6)

We have not calculated the KS value of sample S2 as

unphysical value of 4pMeff is found in this sample.

We found MS value of 762 emu cc�1 in sample S3 which is

higher than sample S1 (639 emu cc�1). Thus, direct exchange

coupling between the magnetic layers results higher value of

MS. Also, we found MS value of 860 emu cc�1 in sample S2.

Again, samples S3 and S4 (636 emu cc�1) have dissimilar MS

values indicating the tailoring of the interfacial exchange

coupling by alternating the order of magnetic layers.

Therefore it is observed that in sample S3 i.e.when NiFe layer

is grown on top of Fe, the sample exhibits high coercive eld

and anisotropy. Further this sample also exhibits damping

value comparable to the reference single NiFe lm.

4 Conclusions

We have studied the role of interface modication on the

magnetization reversal of the Fe/NiFe bilayer system fabricated

by magnetron sputtering. Kerr Microscopy data showed single-

phase hysteresis loops, indicating strong interfacial exchange

coupling. Quantitative analysis of the Kerr loops revealed the

enhancement of the magnetic parameters such as coercive eld

HC and anisotropy eldHKwhich get almost doubled when NiFe

layer grows over the Fe layer. Further, this bilayer sample

showed smaller domains away from the EA, conrming the

presence of high uniaxial magnetic anisotropy in it. The pres-

ence of uniaxial magnetic anisotropy was also revealed from the

in-plane angle-dependent FMR study. By comparing the PNR

results of the bilayer samples, we observed the modication of

the Fe–NiFe interfacial layer upon changing the order of the

magnetic layers. The strength of the interfacial exchange

coupling was higher when the NiFe layer is grown over the Fe

layer. Despite different values of the anisotropy eld and

modied interfacial exchange coupling, the Gilbert damping

constant of the bilayer systems remains similar to single NiFe

layer. In summary, interchanging the order of magnetic layers

plays a key role in tuning the interfacial exchange coupling

through modication of interdiffusion layer thickness and

magnetic moment. In this respect PNR has been proven to be an

ideal technique to reveal the interface magnetic properties.

Tuning of fundamental magnetic properties is possible by this

methodology whereas the Gilbert damping constant remains

similar which is good for applications.

Table 5 List of values of the magnetic parameters g, 4pMeff, HKeff, a, DH0, and KS for all the samples

Sample name g m04pMeff (mT) m0HKeff (mT) a m0DH0 (mT) KS (erg cm�2)

S1 1.956 � 0.007 636.25 � 8.69 8.44 � 0.34 0.0160 � 0.0005 0.31 � 0.41 �0.042 � 0.002

S2 1.291 � 0.005 2962.56 � 23.58 9.48 � 0.74 0.0211 � 0.0003 4.89 � 3.33 —

S3 2.032 � 0.016 630.47 � 15.83 2.35 � 0.47 0.0150 � 0.0006 21.59 � 0.48 �0.148 � 0.007

S4 2.060 � 0.002 731.63 � 2.73 2.43 � 0.05 0.0180 � 0.0003 2.92 � 0.28 �0.025 � 0.001
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