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The synthesis of FeTiO3-Ni(Ni80Fe20) core-shell nanostructures by two step method (sol-gel and DC electrodeposition) has 

been demonstrated. XRD analysis proved the rhombohedral crystal structure of FeTiO3(FTO) with space group R3 ̅. 

Transmission electron microscopy clearly depicts better morphology of nanostructures with shell thickness of ~25nm. 

Room temperature magnetic measurements showed significant enhancement of magnetic anisotropy for permalloy 

(Ni80Fe20)-FTO over Ni-FTO core-shell nanostructures. Low temperature magnetic measurements of permalloy-FeTiO3 core-

shell structure proposed strong exchange bias mechanism with magnetic coercivity below antiferromagnetic Neel 

temperature (TN=59K).  The exchange bias is attributed to the alignment of magnetic moments in antiferromagnetic 

material at low temperature. Our scheme opens a path towards optimum automotive systems and wireless 

communications where broader bandwidths and smaller sizes are required. 

Introduction 

Magnetic nanostructures are of prime interest due to their 

fascinating and attractive properties as compared with their bulk 

counterparts. The size dependency of various nanostructures offers 

completely different and unexpected behaviour which highly allows 

their presence for innovative scientific research and potential 

industrial applications.
1-2

 One-dimensional (1D) nanostructures  are 

also stimulating incredible role as both functional units and 

interconnection for the fabrication of magnetic recording media,
3
 

magnetic memories,
4
 sensors,

5
 and microwave devices

6
 in 

nanotechnology industry. Among several magnetic properties 

exchange bias (EB) has important technological applications. It has 

been reported that nanostructures can exhibit EB in ferromagnetic 

(FM), anti-ferromagnetic (AFM) and ferrimagnetic systems 

depending on variable sizes.
7
 EB can also occur in zero-dimensional 

(core-shell nanoparticles),
8
 one-dimensional (core-shell 

nanowires/nanotubes),
9-10

 and two-dimensional (FM/AFM thin 

films)
11

 system. Non-volatility, high speed, and reduced power 

consumption are the essential elements for the development in 

spintronic devices.
12

 Exchange biased devices plays crucial role for 

this improvement in spin valves and magnetic tunnel junctions.
13

 

Temperature dependent EB has been studied extensively. 

Meanwhile, temperature dependent magnetic coercivity Hc can 

perform several magnetic mechanisms depending on induced 

magnetic anisotropy of AFM material.
14 

FeTiO3 is an 

antiferromagnetic material (Neel temperature of ~59 K and Curie 

temperature of 1000 K which can produce large anisotropy with 

band gap of 2.58-2.9 eV.
15-19

 The materials with wide band gap are 

suitable for electronic devices, spintronic applications, high 

temperature integrated circuits etc.
16

 Hence, FeTiO3 is a potential 

candidate for such applications. It has been reported that FeTiO3 is 

AFM material with rhombohedral crystal structure. The study about 

crystal structure of Ilmenite has ensured alternate Fe and Ti layers 

perpendicular to hexagonal c-axis with overriding oxygen layers. In 

each alternating layer Fe
2+

 ions are coupled ferromagnatically with 

their moments aligned parallel/antiparallel to hexagonal c-axis 

below its Neel breakdown.
20

 

In this study, Highly-ordered hybrid ferromagnetic–Ilmenite core–

shell nanostructures have been fabricated. Ferromagnetic Ni (NiFe) 

and FeTiO3 served as core and shell of hybrid core-shell 

nanostructures, respectively. We have investigated the 

microstructural and magnetic properties of these core–shell 

nanostructures. The purpose of this study is to explain exchange 

bias mechanism from the exchange coupling between 

antiferromagnetic shell and ferromagnetic core. The combined 

FM/AFM functionalities of current study are important for future 

devices.  

Methods 

The chemical solution for FeTiO3 (FTO) shell was prepared by using 

iron nitrate (Fe(NO3)2 ; Alfa Aesar>98%), titanium butoxide 

(C16H36O4Ti ; Energy Chemical, 98%) and ethylene glycol monobutyl 

ether (C3H8O2 ; Sinopharm Chemical Reagent Beijing Co., Ltd., 

>99%). All chemicals were used without any further purification. 

The chemical precursors used for Ni metal and permalloy were iron 
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nitrate (Fe2(SO4)3 ; Alfa Aesar>98%), nickel sulfate (NiSO4
.
6H2O ; Alfa 

Aesar>98%) and boric acid (H3BO3  ; Alfa Aesar>98%). Highly 

ordered anodized aluminum oxide (AAO) nano-membranes with 

average diameter of 100nm, nominal thickness of 65μm and density 

of ~10
9 

pores/cm
2
 were synthesized by ordinary two-step 

electrochemical process. Whereas, templates with diameter of 

200nm were purchased from commercially available Whatman 

International Ltd. 

The FTO nanotubes were prepared by sol-gel method. Sol-gel 

generally evolves four step synthesis route starting from solution 

preparation, gelation, drying and accomplish at densification. The 

starting solution was optimized and prepared as follows: equimolar 

solution (0.4M) of high purity Iron nitrate and Titanium butoxide 

with pH value of 0.35 was dissolved in Ethylene glycol. To maintain 

pH of the solution HNO3 was added in the solution. Herein, it is also 

worth mentioning that HNO3 controls extra phases of the materials. 

Gelation of the solution was obtained after continuous stirring for 

1h at room temperature (RT). AAO templates with two different 

pore sizes: 200 nm and 100 nm were then dipped into the sol for 20 

min. The excess solution on the surface of template was wiped off. 

Later, densification of the gel-coated templates was performed at 

680�  for 1h followed by drying process. To avoid cracks or 

breakage in templates 10�/min heating and cooling temperature 

was set to attain required nanotubes in nano-channel of the AAO 

templates. 

The next step towards core-shell structure formation was the 

electrochemical deposition of Ni and permalloy. 100 nm diameter 

has been used for core-shell nanowires whereas 200 nm has been 

used for core-shell nanotubes synthesis. The complete 

electrodeposited synthesis route is well-explained in supplementary 

data. The detailed synthesis process of core-shell nanostructures is 

illustrated in Fig. 1. 

The structural analysis of the samples has been done by X-ray 

diffraction (XRD: RIGAKU-D/MAX-2400, Cu Kα, λ = 0.154056 nm). 

The morphology of nanostructures was collected by field emission 

scanning electron microscopy (FE-SEM: Hitachi S-4800) and 

transmission electron microscopy (TEM: JEOL 2011). Compositional 

analyses were performed with energy dispersive X-ray spectroscopy  

 

 
Fig. 1 Schematic for the synthesis procedure of FTO-Ni(permalloy) 

nanowires and nanotubes on alumina templates. 

 
Fig. 2 (Color online) Structural analyses for (a) FTO nanotubes and 

below are indexed peaks following (01-075-1211) diffraction card 

(b) Ni-FTO nanotubes (c) Ni-FTO nanowires (d) permalloy-FTO 

nanotubes (e) permalloy-FTO nanowires. For (b-e) the peaks are 

indexed following the fcc lattice diffraction pattern. 

 

(EDS) integrated with FE-SEM. RT magnetic properties were 

measured by vibrating sample magnetometer (VSM: Microsense 

EV-9). Whereas, low temperature magnetic measurements were 

carried out using physical property measurement system (PPMS-

model, 9T). 

Results and Discussion 

Crystal structure information of FTO NTs determined by XRD is 

shown in Fig. 2a. FTO NTs demonstrated rhombohedral crystal 

structure with space group R3� . The peak positions at 2θ = 32.59, 

35.258 and 48.73 corresponds to (104), (110) and (116�) planes, 

respectively. It has been analyzed that XRD pattern of FTO NTs 

agrees well with standard pattern (JCPDS 01-075-1211) without any 

impurity phases. The Bragg peaks are broad which results due to 

relatively small crystallite size. Similar results have been reported in 

literature for the case of flowerlike nanostructure.
21

 It is worth to 

mention that annealing temperature strongly affect the crystal 

structure of Ilmenite. Amorphous pattern without any impurity 

peak has been reported in temperature range of 400-700 �.
22

   

 

Fig. 3 Morphology of FTO nanotubes with 100 nm diaometer (a) 

SEM (b) TEM. 
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Sharp and highly crystalline Ilmenite Bragg’s peaks were found as 

temperature increases from 400 to 700 � with no change in phase 

composition.
21-22

 SEM and TEM images of FTO NTs have been 

shown in Fig. 3(a) and 3(b), respectively. FTO NTs were synthesized 

within 100 nm (for core-shell NWs) and 200 nm (for core-shell NTs) 

diameter of nano-membranes. Densification of FTO NTs was 

occurred at 680 � because of two appropriate reasons (1) crystal 

structure maintain phase composition without any impurity phases 

(2) diffusion between membranes and electrodeposited core-

structure starts which effects on magnetic properties at higher 

temperature. Afterwards, Ni/permalloy NWs and NTs were 

electrodeposited within FTO sol-gel coated nano-channels for the 

investigation of magnetic properties. Fig. 2(a-c) depicts XRD 

patterns of Ni/permalloy NWs and NTs embedded in FTO nano-

channels. Bragg’s planes (111), (200) and (220) at 2θ = 44.3, 51.5 

and 78.3 corresponds to fcc structure of Ni NTs and NWs as shown 

in Fig. 2(a) and 2(b), respectively. In addition, due to the increase of 

Fe contents, for permalloy composition, there is a slight shift in Ni 

diffraction peaks towards low angle which is attributed to lattice 

expansion (Fig. S1). The behavior for Iron doping in permalloys 

similar with Ni1-xFex (x=0-1) thin films
23

 and permalloy NWs.
24, 25

 

where, growth of lattice parameters with Fe contents has been 

observed. However, small shift in lattice parameter in our case 

might be attributed to the larger ionic radius of Nickel than iron. 

The morphology of core-shell NWs and NTs characterized by SEM 

and TEM with different magnifications has been presented in Fig. 4 

and Fig. 5.  

The length and diameter of NTs were consistent with AAO 

membranes. Thickness of NTs for the case of core-shell 

nanostructure has strong effect on magnetic properties.
10

 In 

present case, shell with average thickness of ~25 nm was achieved 

which is good enough for magnetic response as shown in Fig. 3b. 

Compositional analysis has confirmed that Iron and Titanium are in 

1:1 ratio which is in good agreement with XRD as shown in Fig. S2.  

 

 
Fig. 4 (a) SEM micrograph for FTO-Ni core-shell nanowires (b) TEM 

image of single Ni-FTO core-shell nanowire with FTO wall thickness 

of 25nm (c) Ni-FTO core-shell nanotubes and (d) compositional 

analysis obtained from EDS. 

 
Fig. 5 (a) SEM micrograph for permalloy-FTO core-shell nanowires 

(b) TEM image of single permalloy-FTO core-shell nanowire with 

FTO wall thickness of 25nm (c) permalloy-FTO core-shell nanotubes, 

and (d)  compositional analysis obtained from EDS. 

 

Fig. 4 and 5 illustrates SEM and TEM images of Ni/permalloy 

deposited FTO cores-shell NWs and NTs. It can be seen that 

morphology of nanostructures is clean and homogeneous as shown 

in Fig. 4a and 5a. The growth of NWs was uniform with good density 

as shown in Fig. S3. Pore diameter of 100 nm and 200 nm was used 

for the synthesis of NWs and NTs, respectively. In case of FTO-

Ni(permalloy) core-shell NWs the average wall-thickness of FTO 

tubes is ~25 nm which is in contrast with diameter of core structure 

as shown in Fig. 4b and Fig 5b. This was the reason for the selection 

of AAO nano-membranes with 200 nm diameter for the synthesis of 

FTO-Ni(permalloy) core-shell NTs. EDS gives the information of 

electrodeposited Ni in FTO tube as shown in Fig. 4d. There is slight 

difference of Iron and Titanium contents in compositional analysis 

of FTO-permalloy NWs and NTs which defines iron doping for the 

formation of permalloy (Fig. 5d). Therefore, EDS is another tool 

which supports XRD results about permalloy NWs and NTs. It is 

necessary to mention that to get highly oriented, fine and smooth 

morphology of NWs and NTs, etching solution with appropriate 

molar ratio, etching environment and sample cleaning is very 

important. The detailed process for sample preparation has been 

explained in supplementary data.  

Multiferroic materials have attracted interest due to their potential 

applications in sensors and storage devices because of their 

instantaneous ferroelectric and ferromagnetic properties. Until 

now, there are few materials which have been reported because of 

their multiferroic response. Varga et al. have reported about multi-

ferroic nature of FTO at and below room temperature.
26 

In present 

work, we have measured ferroelectric properties of FTO embedded 

in AAO membrane. The P-E loop indicates that there is small 

spontaneous polarization with remnant polarization of 12.5 µCcm
-2

 

and coercive field of 40kVcm
-1

. The presence of spontaneous 

polarization depicts that FTO must be ferroelectric at room 

temperature (Fig. 6). 
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Fig. 6: P-E loop of FTO nanotubes at room temperature 

 
Antiferromagnetic response of FTO has been reported at Neel 

temperature of ~59K.
15-16 

Temperature dependent magnetization 

has been shown in Fig. 7, where zero field cooling (ZFC) and field 

cooling (FC) effect was measured under the field of 100Oe. It can be 

seen that magnetic moments of both ZFC and FC curve were 

enhanced with decrease in temperature. A sharp peak occurred at a 

temperature of 59K where bifurcation between FC and ZFC 

occurred. Below Neel temperature magnetic moments of both FC 

and ZFC curve were decreased. A plot between inverse of magnetic 

susceptibility and temperature has been shown in the inset of Fig. 6 

where data was compatible with Curie-Weiss law with equation:  

1 �� � 	

 � �


 

where, �  is magnetic susceptibility, �  and   are Currie-Weiss 

temperature and constant respectively.  

Fitting result is marked with green line with  � = � 51K and  = 

3.102. The antiferromagnetic nature of FTO is indicated by negative 

value of �.  

The experimental value of magnetic moment is generated with 

μ���
� � 	

3��

��μ�
�  

Where, 	��  is Boltzmann’s constant (1.38 x 10
-16 

erg/K), 	��  is 

Avogadro’s number (6.02 x 10
23

 mole
-1

) and μ� is Bohr magnetron 

(9.27 x 10
-21

 erg/Oe). The estimated value of μ��� was 4.979 μ� 

 
Fig. 7 Temperature dependent magnetization of FTO Shell under 

the field of 100 Oe. Inset of figure depicts a graph between 

magnetic susceptibility across temperature with Neel temperature 

of 59K 

which is slightly higher than theoretical magnetic moment of FTO 

(4.899 μ�). This is evidence that only FTO without any impurity 

phases is deposited in AAO membrane which supports the XRD 

results. 

Magnetic hysteresis loops measured for Ni and permalloy deposited 

FTO core-shell NWs and NTs at room temperature and 5K are 

shown in Fig. 8. For FTO-Ni(permalloy) NWs, magnetic moment at 

saturation field is 4.2 m.emu and 16.7 m.emu respectively and 

magnetic coercivity is Hc(ǁ)=581Oe, Hc(⊥)=79Oe (Ni-FTO NWs) and 

Hc(ǁ)=795Oe, Hc(⊥)=360Oe (Ni80Fe20-FTO NWs) as shown in table 1 

and Fig. 8(a,c). The addition of iron contents in core leads to 

enhance overall magnetic properties of Ni-FTO core-shell structure. 

The similar magnetic response is observed for Ni-FTO as well as for 

permalloy-FTO NTs. On the other hand, saturation magnetic 

moment and coercivity decreases for the cases of core-shell NTs 

compared with that of core-shell NWs.  

Furthermore, in case of core-shell NTs, easy direction of 

magnetization orients perpendicular to tubes long axis as shown in 

Fig. 8(b,d). There are several reports in literature which 

demonstrated perpendicular easy direction of magnetization for 

magnetic nanotubes.
27-28

 Easy direction of magnetization in FTO- 

Ni(permalloy) core-shell NWs is along wire axis as a result of strong 

magnetic shape anisotropy but strong magnetostatic interactions

 
Table 1. Experimental values of magnetic parameters of core-shell nanostructure.
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Fig. 8 Room temperature hysteresis loops of (a) Ni-FTO core-shell 

nanowires (b) Ni-FTO core-shell nanotubes (c) permalloy-FTO core-

shell nanowires (d) permalloy-FTO nanotubes for magnetic field 

applied longitudinal and transverse to wire long axis, whereas insets 

represent their corresponding hysteresis loops at 5K.  

 
induce easy axis perpendicular to nanotube axis. 

Magnetocrystalline anisotropy is meaningless because of 

polycrystalline nature of electrodeposited nanostructures. 

Magnetic anisotropy with coercivity Hc makes magnetic system 

interesting for applications in microwave filters and high density 

data storage.
29

 Magnetic anisotropic field for core-shell NWs and 

NTs can be calculated with hysteresis loops determining the area 

between perpendicular and parallel M-H loop by using, �� �

���⊥
�� � �ǁ�� /�#$%� , where �⊥��  and �ǁ��  are the 

magnetization when field was applied perpendicular and parallel to 

nanowire long axis, �& is ordinary used saturation magnetization 

quantity. Similar approach has been adopted by Nasirpouri et al. to 

find magnetic anisotropy for CoP nanowires.
30

 Magnetic anisotropic 

constant can thus be estimated with  ' � �#��/2. Calculations 

determined that magnetic anisotropic constant is greater for the 

case of permalloy nanowires than other geometries defined here. 

The numerical values of K are tabulated in table 1. This can be 

attributes to greater value of saturation magnetization. The 

estimated magnetic properties are mentioned in table 1. We 

suggested that permalloy-FTO core-shell nanostructures might 

represent optimal magnetic properties for industrial applications, 

for example, automotive systems and wireless communications 

where broader bandwidths and smaller sizes are required.
31

. 

Magnetic nanowire substrates made of embedded nanowires in 

AAO templates are most suitable candidates for such applications 

because of their applicable magnetic properties and opportunity to 

construct tuneable nanomagnetic devices.
32

 

In case of core-shell nanostructures exchange bias (EB) is another 

interesting mechanism which gives information about exchange 

interactions at FM/AFM interface. This phenomenon has been 

investigated in several magnetic systems, for example, FM/AFM 

layer in thin films and shell coated nanoparticles.
33

 Mostly, thin 

films have been focused to study the EB due to good control of 

thickness and textures.
34-36

 There are a few studies which have 

been reported to explain this mechanism in 1D nanostructures. 

Theory of EB is still in developing phase but it is strong believe that 

there are several parameters which can affect it, such as thickness 

of AFM, interface roughness, spin configuration, and grain sizes. 

The EB systems are characterized by their Neel temperature (TN) 

which is responsible for the ordering of magnetic moments in 

antiferromagnetic materials. There are three further possibilities 

depending on anisotropy of antiferromagnetic material. If magnetic 

anisotropy of AFM material is large then EB mechanism occurs at 

AFM/FM interface while in other case only coercivity Hc of the 

system increases. Both effects are also observed simultaneously as 

a result of AFM anisotropy. It has been reported that strong 

anisotropy is present in FTO due to uncompensated spins of iron 

contents. 
37, 38

 In this report, we have investigated EB properties of 

ferromagnetic Ni/permalloy NWs and NTs embedded in AFM FTO 

for the first time. Field cool (FC) and zero field cool (ZFC) magnetic 

hysteresis loops were measured at 5K after field cool under 1T 

external magnetic field, are shown in Fig. S4. ZFC hysteresis loops 

for all samples showed symmetrical behavior, whereas FC loops are  
 
 

 

 

Fig. 9 Temperature dependence of (a) coercivity, and (b) exchange 

bias after field cool under magnetic field of 1T. 
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shifted in opposite direction to cooling field. This is because, during 

zero field cool, the spins of magnetic moments in AFM remain dis-

orient while in field cool process; all the magnetic moments 

become parallel to the applied magnetic field. 

Another remarkable difference occurs in Fig. S4(c) where 

magnetization is clearly larger in FC loop. It is believed that 

exchange bias field generally originates through interfacial coupling 

between ferromagnetic Ni/permalloy core and antiferromagnetic 

FTO shell. Whereas, difference in magnetic properties at 1T field 

cool and zero field is probably because of aligned uncompensated 

spins after field cool in AFM FTO shell. Temperature dependent 

exchange bias and magnetic coercivity of these systems is depicted 

in Fig. 9. EB is observed in all samples and it appeared below Neel 

temperature (TN = 59K). Below this temperature there are free 

magnetic moments because of iron presence in FTO which we have 

discussed earlier in detail and play vital role for the mechanism 

under study. Coercivity Hc decreased monotonically from low 

temperature to room temperature whereas exchange bias EB is 

maximum at low temperature and vanished at or above Neel 

temperature of AFM FTO. There are several studies where scientists 

have demonstrated increasing trend of both Hc and EB below Neel 

temperature.
34,37

 However, coercivity of elongated systems arises 

due to strong effect of magnetic anisotropy. So, we argue that 

coercivity of FTO-Ni(permalloy) increases depending on magnetic 

anisotropy. Furthermore, the results showed that temperature 

dependent coercivity unambiguously causes exchange bias 

mechanism and due to decrease in coercivity, exchange bias also 

decreases by increasing temperature 5K to 59K. The trend is similar 

for FTO-Ni(permalloy) core-shell nanostructures. Another possible 

justification to this enhancement might be endorsed to the 

presence of uncompensated spins at FTO (AFM) and Ni/permalloy 

(FM) interface. 

Conclusions 

In summary, we have presented a new hybrid core-shell 

nanostructure consisting of FeTiO3 antiferromagnetic shell and 

Ni/permalloy ferromagnetic core. Firstly, growth of FeTiO3 

nanotubes in alumina templates with average wall thickness of 

25nm was controlled via sol-gel method. Afterwards, Ni/permalloy 

nanowires and nanotubes were electrodeposited in FTO nano-

channels. Microstructural characterizations confirmed Ilmenite 

phase of FTO and peak shift towards lower angle has been observed 

due to the doping of iron contents in Ni core. SEM and TEM 

micrographs depicted clean, smooth and homogeneous growth of 

core-shell nanostructures. Low temperature magnetic 

characterizations predicted that FTO aligned its magnetic moments 

at 59K. The estimated value of magnetic moments was 4.979 μ) 

which is slightly higher than theoretical magnetic moment of FTO 

(4.899 μ)). This is the evidence that only FTO without any impurity 

phases is deposited in AAO membrane which supports XRD results. 

Exchange anisotropy has been observed due to the enhancement in 

magnetic coercivity after field cool under applied magnetic field of 

1T. Magnitude of exchange bias can be controlled by external 

magnetic field at low temperatures. The exchange bias 

phenomenon has been observed below Neel temperature due to 

perfect alignment of magnetic moments in AFM. This shows that 

once the ordering of magnetic moments in AFM shell is lost then 

exchange bias vanishes, indicating vital role performed by AFM shell 

in the observed exchange bias interaction. Therefore, we suggested 

that FTO-permalloy core-shell nanostructure might represent 

optimal magnetic properties for industrial applications, for 

example, automotive systems and wireless communications where 

broader bandwidths and smaller sizes are required. Magnetic 

nanowired substrates made of embedded nanowires in AAO 

templates are most suitable candidates for such applications 

because of their applicable magnetic properties and opportunity to 

construct tunable nanomagnetic devices. 
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